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Effective Adsorption of Pb(II) Ions by Gel Beads of 
Sodium Alginate and Polyethylene Glycol

DAOJI WU1,2, ZHIMIN GAO1,2, HUIXUE REN1,2,*, JIAHUI JIANG1,2, FENGXUN TAN1,2 and BING XU1,2 
1School of Municipal and Environmental Engineering, Shandong Jianzhu University, Jinan 250101, P. R. China

2Co-Innovation Center of Green Building, Jinan, 250101, P. R. China

ABSTRACT: Novel gel beads were prepared using sodium alginate and polyethylene 
glycol to remove Pb(II) ions from aqueous solutions. The biopolymeric beads were char-
acterized through scanning electron microscopy and energy-dispersive spectroscopy 
analyses. Effects of experimental parameters including initial pH, adsorbent dosage, 
reaction temperature, contact time, and initial metal ion concentration were discussed. 
The adsorption of Pb(II) ions followed the pseudo-second-order kinetics and fitted the 
Freundlich adsorption isotherm. Thermodynamic study also suggested that the adsorp-
tion reaction was spontaneous and exothermic. Chemical adsorption was found to be 
the main mechanism of Pb adsorption. The fabricated biosorbent exhibits potential for 
removal of Pb(II) ions.

INTRODUCTION

LEAD is a heavy metal found widespread in indus-
trial effluents [1,2]. This element causes various 

diseases and disorders even at low concentrations be-
cause of physiologically toxic and non-biodegradable 
properties [3]. Bioadsorbents have recently gained 
wide attention for Pb removal because of their high ef-
ficiency, relatively low cost, and simplicity [4].

Sodium alginate (SA), a negatively charged poly-
saccharide, is composed of β-D-mannuronic acid (M 
units) and α-L-guluronic acid (G units) [5]. SA fea-
tures formability, hydrophilicity, biocompatibility, bio-
degradability, and efficiency and exhibits high activity 
with the carbonyl and hydrogen groups on the chain 
[6]. However, the natural property of SA is unstable 
in several cases.SA preserved for long periods dem-
onstrates severe thermal degradation and poor water 
resistance, thereby requiring modification [7,8].

Polyethylene glycol (PEG), a linear or branched 
polyether, is formed through ring-opening polymer-
ization of ethylene oxide [9]. PEG presents a special 
structure and is usually used as a grafting agent, cosol-
vent, and porogen [10, 11]. PEG also exhibits stability, 
hygroscopicity, dispersibility, biocompatibility, non-
toxicity, and non-irritability [12].

SA and PEG can be feasibly combined to be suit-
able for significant applications. Siddaramaiah et al. 
[13] studied the miscibility of SA and PEG. Moreover, 
Chen [14] investigated Cr(III) ion adsorption by using 
SA-based porous membrane adsorbents prepared with 
PEG as porogen.

In this study, we combined SA with PEG to syn-
thesize SA-PEG-Ca gel beads (hereinafter referred to 
as SA-PEG) with excellent performance and reduced 
cost. The composite was characterized through scan-
ning electron microscopy (SEM) and energy-disper-
sive spectroscopy (EDS) analyses. The optimum ad-
sorption conditions were determined by experiments. 
The performance of the developed gel beads for Pb(II) 
adsorption were assessed by determining adsorption 
isotherms, kinetics, thermodynamics, and mechanism.

MATERIALS AND METHODS

Materials

SA (chemicallypure), PEG (chemicallypure), lead 
nitrate(analytically pure ),and sodium hydroxide (ana-
lytically pure) were purchased from National Pharma-
ceutical Group Chemical ReagentCo., Ltd. Anhydrous 
calcium chloride (analytically pure) was provided by 
Tianjin BoDie Chemical Co., Ltd. Concentrated hy-
drochloric acid (analytically pure) was purchased from 
Laiyang Kant Chemical Co., Ltd.*Author to whom correspondence should be addressed.  

E-mail: renhx138@163.com; Tel: +86-531-86361570; Fax: +86-531-86361273

Journal of Residuals Science & Technology, Vol. 13, Supplement 1

1544-8053/16/01 S001-07 
© 2016 DEStech Publications, Inc. 

doi:10.12783/issn.1544-8053/13/2/S1



D. WU, Z. GAO, H. REN, J. JIANG, F. TAN and B. XU S2

SA-PEG Preparation

SA and PEG (1:1) was mixed, stirred, and mixed 
uniformly to prepare 2 wt% mixed solution. The mix-
ture was added transferred using a 10 mL syringe into 
100 mL of 1 wt% calcium chloride solution under 
magnetic stirring. The produced beads were allowed 
to harden for 24 h, filtered, washed, and then dried to 
obtain the desired adsorbents. A photograph of the ob-
tained beads is shown in Figure 1. The diameter of the 
SA-PEG bead is about 4 cm. Stock metal ion solutions 
were prepared with a final concentration of 1 gL–1.

Bead Characterization

Polymer surface morphologies were recorded using 
a JSM-6380LASEM (Japan Electronics Co., Ltd.) at 
an accelerating voltage of 20 kV. Elemental analysis of 
the beads was conducted through EDS with an electron 
beam under 15 kV acceleration voltage and 15 mmWD. 

Adsorption

Pb(II) ion sorption experiments were performed in 
an SHZ-B water bath equipped with a constant tem-
perature vibrator (110rmin-1). Simulated wastewa-
ter with different Pb(II) concentrations (i.e., 1.0, 5.0, 
10.0, 15.0, and 20.0 mgL–1) were prepared by diluting 
the stock Pb(NO3)2 standard solution. The effects of 
experimental conditions were investigated by adjust-
ing pH, adsorbent dosage, temperature, and time. The 
beads were separated through centrifugation, and the 
supernatant was analyzed by atomic absorption spec-
trometry. Removal rate was calculated as follows [15].

Removal rate (%) 
 ( )C C

C
0

0

100

Where C0 and C are the initial and final concentra-
tions of Pb(II) ions, respectively.

RESULTS AND DISCUSSION

Structural Characterization of SA-PEG 

SEM Analysis

SEM images of fabricated beadsare presented in 
Figure 2. Surface morphology of beads shows a rela-
tively homogeneous porous structure conducive to ad-
sorption reaction from theoretical and practical aspects.

EDS Analysis

Specific images and quantitative elemental compo-
sition of the composites are listed in Figure 3. The EDS 
spectrum shows that the main elements are C, O, Ca, 
and Pb. The amount of Pb(II) ions in the cross-section 
is higher than that on the surface. This finding may be 
ascribed to the intra-particle diffusion of Pb(II) ions 

Figure 1. Photograph of SA-PEG.

Figure 2. SEM micrographs of the bead surfaces(a) and (b) and cross-sectional image (c).

(1)
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into the adsorbent, thereby inducing the formation of a 
network structure ofgel beads.

Factors Affecting Pb(II) Ion Adsorption

Effect of pH on Pb(II) Ion Adsorption

As illustrated in Figure 4, the removal rate for Pb(II) 
increased as the pH increased from 2 to 5.This finding 
can be attributed to two aspects. First, in acidic pH, the 
functional groups on the adsorbent surface are proton-
ated, which results in considerable repulsion between 
the positively charged adsorbent, surface and Pb(II) 
ions. Second, excess hydrogen ions in the solution may 
interact with the functional groups of SA-PEG, thereby 
occupying the active sites of the adsorbent. The maxi-
mum Pb2+ removal efficiency of approximately 100% 
was reached at pH 5.0, which is the closest pH to the 
pK of SA, the main component of SA-PEG. Pb2+ re-
moval efficiency decreased with further increase in 
solution pH. This result could be attributed to the for-

mation of the hydroxyl species of Pb. Thus, adsorption 
was performed at the optimal pH of 5.0 in the follow-
ing experiments. 

Effect of Adsorbent Dosage on Pb(II)  
Ion Adsorption

Adsorbent dosage was varied from 0.2 g to 1.6 g 
in 100 mL sample volume. As shown in Figure 5, the 
removal efficiency increased with increasing adsor-
bent dosage. This phenomenon can be explained by 
the increased number of functional groups and active 
sites on the SA-PEG surface. Adsorption was mild and 
gradual at adsorbent dosages higher than 0.8 g, which 
could be due to the fixed amount of Pb(II) ions in the 
solution. As such, sample solutions with the optimal 
adsorbent dosage of 0.8 g were used for further adsorp-
tion experiments.

The effects on initial adsorbent concentration and 
temperature on Pb(II) adsorption are shown in follow-
ing Figure 6 and 7, respectively. 

Figure 4. Effects on pH (experiment condition: put 0.8g SA-PEG gel 
beads into 100 mL 5 mg L–1 lead solution, control the reaction time 
7h at 298.15 K, change pH from 2 to 7).

Figure 5. Effects on dosage of beads 9experiment condition: put a 
certain amount SA-PEG gel beads into 100 mL 5 mg L–1 lead solu-
tion, adjust pH to 5.0 and control the reaction time 7 h at 298.15 K).

Figure 3. EDS spectrum of a surface and b cross-section of the beads.
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Adsorption Isotherms

Empirical models such as Langmuir, Freundlich, 
and Dubinin–Radushkevich (D–R) were applied to test 
the?experimental data [16–18].

The parameters and correlation coefficients of the 
isotherm equations for Pb(II)ions adsorbed on SA-
PEG are summarized in Table 1. All the coefficient R2 

values of the Freundlich model at different tempera-
tures were higher than 0.99. Results suggest that the 
adsorption of Pb(II) ions on the prepared adsorbent is a 
heterogeneous process.

Essential characteristics of Langmuir, Freundlich, 
and D–R models can be expressed by the dimension-
less constant (RL), linear fitting value of n, and free en-
ergy of adsorption (E), respectively. The significance 
of these parameters is discussed in the literature. In 
the Langmuir model, the RL(RL = 1/(1 + KLC0)) values 
were all less than 1.0, implying that Pb(II) adsorption 
on SA-PEG is a favorable process. In the Freundlich 
model, the n values of the linear fitting were between

0 and 1, which indicates that Pb(II) adsorption easily 
occurred. From the linear plot of the D-R isotherm, the 
calculated E values were within the range of 8.45 kJ 
mol–1 to 9.13 kJ mol–1.This finding could be attributed 
to the chemisorption between the adsorbent and Pb. 

Adsorption Kinetics

The uptake–time curves at different concentrations 
are shown in Figure 8. Results suggest adsorption of 
Pb(II) ions rapidly increased during the initial 3 h and 
reached about 85% of the equilibrium value. Subse-
quently, the adsorption rate gradually increased and 
remained in equilibrium after 7 h. Several empirical 
models were applied to test the experimental data and 
evaluate the adsorption mechanism [16–18].

The fitting curves and parameter values of the kinet-
ic equations for Pb(II) ions adsorbed on the SA-PEG 
surface are listed in Table 1 and Figure 9, respectively. 
The R2 values of the pseudo-second-order model at dif-
ferent adsorbent concentrations were closer to 1.0 and 

Figure 6. Effects on initial concentration (experiment condition: put 
0.8 g SA-PEG gel beads into 100 mL lead solution with the con-
centration ranging from 1mg L–1 to 20 mg L–1, adjust pH to 5.0 and 
control the reaction time 7 h at 298.15 K).

Figure 7. Effects on temperature (experiment condition: put 0.8 g 
SA-PEG gel beads into 100 mL 5 mg L–1 lead solution, adjust pH 
to 5.0 and control the reaction time 7 h, changing temperature from 
293.15K to 313.15K). 

Table 1. Adsorption Constant of the Four Isotherm Models.

T (°C)

Langmuir Freundlich D-R

qm(mg g–1) KL R2 n KF R2 β(mol2 kJ–2) qm (mg g–1) R2

20 17.5039 0.0058 0.9357 1.0310 0.1014 0.9996 –0.0076 82.21899 0.9994
25 21.3038 0.0048 0.9419 1.0253 0.1018 0.9997 –0.0074 85.72389 0.9994
30 26.0213 0.0039 0.9520 1.0210 0.1021 0.9998 –0.0071 88.39295 0.9993
35 30.5530 0.0034 0.9645 1.0182 0.1026 0.9999 –0.0069 90.37930 0.9992
40 35.4359 0.0029 0.9384 1.0158 0.1031 0.9999 –0.0067 92.45699 0.9991
qm is saturation adsorption capacity (mgg–1); KL is Langmuir adsorption constant; KF is Freudlich adsorption constant; n is empirical constant; β is adsorption constant representing 
free energy adsorption in D-R model (mol2/J2).
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higher than those of the other models. These results 
demonstrate that the pseudo-second-order model is the 
best-fitting model to describe the adsorption process 
of Pb(II) on the gel bead adsorbent. Hence, chemical 

adsorption is considered the rate-limiting step of the 
adsorption mechanism.

The intra-particle diffusion curve of Pb(II) did not 
pass through the origin. Hence, intra-particle diffusion 
was not the only rate-limiting step. External particle 
diffusion (such as surface adsorption and liquid film 
diffusion) may also limit the reaction rate.

In summary, the mechanism of Pb(II) ion 
sorption?with SA-PEG consisted of three parts:(1)
rapid?adsorption, dominated by chemical adsorption; 
(2)gradual adsorption, controlled by intra-particle dif-
fusion; and (3) general equilibrium.

Adsorption Thermodynamics

Thermodynamic experiments were conducted by 
varying the solution temperature between 293and 313 
K. Parameters including standard free energy change 
(ΔG°, kJ mol–1), standard entropy change (ΔS°, kJmol-
1K–1), and standard enthalpy change(ΔH°, kJ mol–1) 
were calculated using the Van’t Hoff equation [16–
18].

Figure 8. Effects on adsorption time on Pb(II) ion removal (initial 
adsorbent concentration and volume = 5 mgL–1 and 100 mL, respec-
tively; mass of SA-PEG gel beads = 0.8 g; pH = 5.0; and temperature 
= 298.15 K).

Figure 9.  Linear fitting graphs of pseudo-first-order (a), pseudo-second-order (b) and intra-particle diffusion (c).
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The parameters of the thermodynamic equations for 
Pb(II)ions adsorbed on SA-PEG are summarized in 
Table 3. The linear fitting graph of the thermodynamic 
model is shown in Figure 10. Negative ΔG° indicates 
that the adsorption process is spontaneous. The results 
showed that ΔG° values slightly decreased with in-
creasing temperature; hence, adsorption was not favor-
able at?high temperatures. Negative ΔS° reflects that 
the adsorption reaction reduces the randomness of the 
solid–solution interface. The obtained negative ΔH° 
value confirmed?that the adsorption process is exother-
mic. According to other similar studies, the negative 
value of ΔH° (–26.57 kJ mol–1) suggests that the main 
mechanism of Pb(II) ion adsorption on gel beads is 
chemical adsorption; this finding is in good agreement 
with the result of the D–R isotherm.

CONCLUSION

This study shows that SA-PEG is an excellent ad-
sorbent for effective removal of Pb(II) ions from 
aqueous solutions. Summarizing, first, SEM and EDS 
techniques were applied to characterize SA-PEG. The 
results indicate that the main components of the bio-
sorbent exhibit good miscibility. The adsorbent also 
presents a homogeneous porous structure, which is 
conducive for the adsorption reaction. Second, the 
maximum adsorption of Pb on SA-PEG was attained 
under the optimized conditions of 25°C, pH 5.0, 5 
mg/L initial?Pb concentration, and 0.8 g of the sorbent. 
Finally, Adsorption isotherms, kinetics, and thermody-
namics were used to study the adsorption mechanism 
of SA-PEG. The results best fitted the Freundlich and 

pseudo-second-order models; hence, the adsorption 
mechanism is a chemical adsorption process, as con-
firmed by the E value derived from the D–R model. 
Furthermore, the thermodynamic study indicated the 
spontaneous and exothermic nature of Pb(II) adsorp-
tion.
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ABSTRACT: A pilot-scale Composite Biofilter was applied to treat the effluent of sec-
ondary sediment tank from a Sewage Treatment Plant, which Total Nitrogen (TN) was 
mainly composed of nitrate, sodium acetate was added into it as external carbon source, 
and the results indicated that, the optimal conditions for Composite Biofilter was about 
at, HRT of 2 h and sodium acetate of 100 mg/L, the concentrations of ammonia, TN 
and TP of treated effluent was averagely about at 0.95 mg/L, 9.2 mg/L and 0.05 mg/L 
respectively, which was measured up to strict local standards, in addition, the Composite 
Biofilter had the advantage on phosphorous removal either, and a good performance of 
denitrification was achieved on low temperature (5–15ºC).

INTRODUCTION

TOTAL NITROGEN (TN) and ammonia is regarded 
as important pollutants to lead to water eutrophi-

cation [1,2] maximizing emission concentration is 
strictly restricted by China Integrated Wastewater Dis-
charge Standard (First class A, GB18918-2002), when 
“Cyanobacteria break-out Incident in Taihu Lake” hap-
pened in 2007, about 20,000 chemical factories sur-
rounding the Taihu Lake had been shut down by Wuxi 
Governments, then a more strict local standards “Water 
Pollutants Discharge Standard for Municipal Sewage 
Plant and Industrial Factories surrounding the Taihu 
Lake DB32/1072-2007 ”has been carried out since 
Jan 1, 2008, therefore all those operating wastewater 
treatment facilities were confronted with challenges of 
upgrade or reconstruction to achieve deep denitrifica-
tion, many post-treatment facilities were used to treat 
the emission effluent, such as absorbance system [3], 
anaerobic/anoxic/aerobic (A2/O)-biological aerated 
filter (BAF) [4], flocculation-coagulation-filteration 
system, sand filter [5] and constructed wetlands [6], 
however, the treated discharge effluent cannot reach 
the local standards effectively, Such factors as floccu-
lation of temperature and C/N(CODcr/TN) ratio, made 
the treating process much complicated.

Deep-bed Filter is an effective way for deep deni-
trification [7]. Owing to its small covers, ease of auto-

mation and steady removal efficiency for low content 
of NOx

− ,  it may be an ideal way for nitrogen removal 
in sewage effluent [8]. Quatz sand, with the diameter 
range from 2 to 4 millimeter, was commonly used 
as the packing of Deep-bed Filter, the denitrfication 
bacterium, attached on the quatz sand can transform 
nitrate-nitrite to nitrogen gas [9], during this process, 
the generated nitrogen gas accumulated and released 
intermittently out gap of filter sand, thus contact oxi-
dation between sewage effluent and microbe was in-
creased, and the removal efficiency of nitrogen was 
promoted [10].

But little was known about the nitrogen removal ef-
ficiency to sewage effluent by Deep-bed Filter under 
the condition of low temperature and aerobic water, 
in this study, a pilot-scale Composite Biofilter (5~10 
m3/d), was designed according to the operational prin-
cipal of Deep-bed Filter, to investigate the influence of 
nitrogen removal by low temperature, normal DO (dis-
solved oxygen) and HRT (Hydraulic Retention Time), 
which filling materials was mainly composed of sea 
sand, quartz and oyster shell. 

EXPERIMENTAL

Pilot-Scale Composite Biofilter Set-Up

An integrated pilot-scale Composite Biofilter, set up 
in Wuxi Donggang Sewage Treatment Plant, was car-
ried out to treat effluent from secondary sedimentation 
tank, the main body of Composite Biofilter was a stain-*Author to whom correspondence should be addressed.  
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less steel cylinder with height of 4.93 m (abbreviation 
of meters) and diameter of 0.63 m and packing thick-
ness of 1.83 m, which treatment scale is 5~10 m3/d. 
External carbon source, necessary for denitrificaiton, 
was provided continuously by addition of sodium ac-
etate, on the other hand, external nitrogen source, nec-
essary for rapid acclimation of denitrifying bacterium, 
was provided only by addition of urea and potassium 
nitrate for one month, then stopped. 

The sand components of Composite Biofilter is 
listed in Table 1. The main components of the media 
is sea sand (another kind of quartz) with diameter of 
1~4 mm, density of 1385 kg/m3 and sphericility degree 
of 0.8–0.9. All the medium parameters, including with 
uniformity, Mohs hardness, specific density and acid-
solubility, measured up to specifications of American 
Water Works Association. The filtration blocking was 
resolved by online backwashing of wash water and air 
scour every 24 hour, and the accumulated nitrogen gas 
was released periodically by wash water every 2 hour, 
The Temperature ranged from 8.6–33.8°C, the HRT 
was determined as: 1.5 h; 2.0 h; 3.0 h respectively; The 
concentrations of added sodium acetate was determined 
as: 0; 0.05; 0.10; 0.35; 0.37; 0.69 g/L respectively.

Water Quality 

The raw water treated by Composite Biofilter, was 
effluent from secondary sediment in Wuxi Donggang 
Sewage Treatment Plant, its water quality was as fol-
lowings: COD (chemical oxygen demands) 13.50–
912.98 mg/L, TN 0.90–57.64 mg/L, TP (total phos-
phorus) 0.00–0.68 mg/L, pH 7.28–9.10 mg/L, NO3-N 
0.25–23.04 mg/L, NO2-N 0.00–5.82 mg/L, NH3-N 
0.00–4.25 mg/L, TOC (total organic carbon) 7.1–
1026.0 mg/L, DO 0.39–10.93 mg/L, SS (suspended 
solid) 0–57 mg/L, the water sample components indi-
cated that TN was composed mainly about NO3-N.

The Plant, with treatment capacity of 1000 m3/d, 
located on Donggang Town in China Wuxi city, run 
since Nov 26, 2011, its main treatment process was 
Anaerobic-Anoxic-Oxic reacting tanks and Biologi-

cal Aerated Filter, and its influent was from the mixed 
municipal wastewater and industrial wastewater. The 
quality of COD, ammonia and TP in effluent measured 
up to strict local standard “DB32/1072-2007”, but that 
of TN exceeded frequently over this strict criteria. 

Analytical Method

The measurements of COD, NH4-N, NO2-N, NO3-
N, TN, TP, SS and TOC were conducted according to 
the Standard Methods [11], The temperature and DO  
were determined by PB-10 (Sartorius, Germany), a Ja-
pan Shimadzu spectrophotometer UV1700 and a Japan 
Shimadzu TOC-5000 analyzer were used. 

RESULTS AND DISCUSSION

Effect of Temperature on TN Removal

When wastewater temperatures lower 15°C, the 
enzymatic activity of denitrifying bacterium usually 
would be weaken or even completely inhibited, that 
would cause low efficiency of denitrificaton, but that 
was not observed obviously in Composite Biofilter, as 
shown in Figure 1, although the wastewater tempera-
tures lowered 15°C for 3 months, the TN removal ef-
ficiency was still maintained at 40–60%, occasionally 
even more than 80–90%. The results indicated that, a 
good performance of nitrogen removal could be ob-
tained by Composite Biofilter, even under low tem-
perature (5–15°C).

Effect of DO on TN Removal

When oxygen is adequate, the electron could be 

Figure 1. Effects  of  wastewater  temperature  on  TN  removal  effi-
ciency.

Table 1. Sand Components in the  
Composite Biofilter.

Components Producing Area Granularity, mm Height, cm

Pebble Nanjing Yuhua Stone 3–6 30

Quartz sand Shantou sea sand

6–12 20

12–16 10

16–32 10
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transferred from carbohydrates to oxygen by aerobic 
bacteria, while oxygen was lacking, the electron could 
be transferred from carbohydrates to nitrate by anoxic 
bacterium [12]. The DO concentration was decreased 
from top to bottom of Composite Biofilter, at the top, 
the DO concentrations was high, thus ammonia could 
be nitrified to nitrite and nitrate, at the bottom, the DO 
was scarce, nitrite and nitrate would be transformed to 
nitrogen gas by denitrifying bacterium, The effect of 
DO on TN removal is presented in Figure 2. It seemed 
that, the TN removal efficiency was not affected obvi-
ously by DO concentrations, The results demonstrated 
that, there happed aerobic denitrification in Compos-
ite Biofilter that was different from the conventional 
Deep-Bed Filter.

Effect of HRT on TN Removal

Contact time between wastewater and bacterium at-
tached on the sand, could be affected by HRT, at low 
HRT, the residence time of pollutants in wastewater 
was very long, enough to biological degradation of 
nitrogen, but it was negative for treatment capacity, 
on the other hand, an high HRT could result in incom-
plete biological degradation of nitrogen and scour out 
a little of biofilm. As seen in Figure 3, when the HRT 
was fixed at 1.5 h, the TN removal efficiency was low, 
about 20% at early stage, after twenty days, the TN 
removal efficiency was increased to 40–60%, as HRT 
was set at 2.0 h, that was maintained at 50–80%. 

Effect of Sodium Acetate on TN Removal

As the raw water of Composite Biofilter was from 
effluent of secondary sediment tank of Donggang Sew-
age Treatment Plant, there was insufficient available 

carbon source for bacterium to assimilate residual ni-
trogen in wastewater, therefore, it was necessary to add 
some external carbon source to maintain a normal C/N 
ratio, such as methanol, sodium acetate and glucose, in 
this experiment, sodium acetate was added continuous-
ly as external carbon source, because of some advan-
tages of rapid assimilation and low cost [13], as Figure 
4 showed, when the concentrations of added sodium 
acetate was 690 mgg/L, the TN removal efficiency 
was  at 40–50%, and the treated effluent had anaerobic 
smell. When the concentrations of sodium acetate was 
decreased to 350 mg/L, the TN removal efficiency was 
20–40% and the odor got weaker. when the concentra-
tions of sodium acetate was adjusted to 50 mg/L, the 
TN removal efficiency was declined rapidly to zero, 
Based on the above results, 100 mg/L was regarded as 
optimal concentration of sodium acetate. 

Removal Efficiency of Ammonia and TP by 
Composite Biofilter

Removal efficiencies of ammonia and TP was also 

Figure 2.  Effects of wastewater DO on TN removal efficiency.

Figure 3.  Effects of wastewater HRT on TN removal efficiency.

Figure 4.  Effects of sodium acetate on TN removal efficiency.



Y. DING, Q. WANG, H. REN, Y. QIAN and G. ZHOUS12

examined in detail, As seen in Figures 5 and 6, the av-
eraged concentrations of ammonia and TP in treated 
effluent, was 0.95, 0.05 mg/L respectively, it seemed 
that, ammonia was changed into nitrite and nitrate by 
nitrifying bacterium in aerobic conditions, while phos-
phorous was possibly adsorbed onto sand.

CONCLUSIONS

The pilot-scale experiments indicated that, as a sin-
gle facilities, the Composite Biofilter could be used to 
achieve deep nitrogen removal of effluent in Sewage 
Treatment Plant, different from the conventional Deep-
Bed Filter, it could be run well on the condition of low 
temperature (5–15°C) and aerobic water, perhaps there 
happed aerobic denitrification to maintain a good ni-
trogen removal, and had an advantage of phosphorous 
removal either, while Deep-Bed Filter was usually run 
under anoxic environment and normal temperature to 
achieve a good denitrification. The treated water was 

measured up to strict local standards, the treated con-
centrations of ammonia, TN, TP and SS was less than 
5 mg/L, 15 mg/L, 0.5 mg/L and 10 mg/L respectively. 
The optimal conditions for Composite Biofilter was 
HRT of 2 h and sodium acetate of 100 mg/L.
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ABSTRACT: The Chinese government recently planned to supply financial support for 
comprehensive prevention and control of heavy metal pollution in 30 cities nationwide, 
among which Baiyin city took the first place. The present study aimed to investigate 
the chemical fractions and mobility of Cd, Pb, Cu and Zn in the soil profile (0–60 cm 
depth) of cornfields in the Dongdagou region, Baiyin city, Northwest China. The modi-
fied BCR (now the Standards, Measurement and Testing Programme of the European 
Community) method was employed to analyse the chemical fractions of heavy metals, 
and mobility index used to assess heavy metal mobility. Besides, Pearson correlation 
matrix was adopted to study the effects of soil properties (depth, total organic matter 
and pH) on heavy metal mobility. Results show that the soils are seriously polluted with 
heavy metals, especially by Cd. Cadmium is particularly presented in the acid soluble 
fraction, while Pb is mainly in the reducible fraction. As for Cu and Zn, they are likely to 
be retained in the residual fraction. With few exceptions, heavy metal concentrations in 
non-residual fractions generally decrease with the deepening of soil depth. Heavy metal 
pollution in soils has reached at least 60 cm deep, and the main pollution is found in the 
soils of 0–30 cm depth. In soil profile, heavy metal mobility is in the order of Cd > Cu > Pb 
> Zn; meanwhile, total organic matter has a significant role in retaining heavy metals in 
soils. Immediate measures should be taken to prevent the potential risk of heavy metals 
for local agro-ecosystem and the public.

INTRODUCTION

IN the last decade, several heavy metal pollution 
events have taken placed in China [1]. Heavy metal 

pollution in farmlands not only decreases crop yield and 
quality, but also threatens ecosystem safety and human 
health, especially for those near mining and smelting 
sites [2]. In China, about 12.1% of farmlands showed 
heavy metal concentrations over relevant standards 
[3], where Cd, Ni, Cu, As, Hg and Pb were deemed as 
the dominating pollutants [4]. For comprehensive pre-
vention and control of heavy metal pollution, in May 
2015, the Chinese government planned to strengthen 
management and provide special financial support for 
30 cities nationwide, amongst which Baiyin city took 
the first place.

Baiyin city was a famous base of non-ferrous metal 
mining and smelting in Gansu province, Northwest 
China. It is also well known as a sewage irrigation 
region. Due to lack of strict supervision system, acid 

mine drainage and poorly-treated industrial effluents 
had been discharged into Dongdagou stream (a local 
drain ditch) and severely contaminated the river eco-
system. Even worse, sewage from the stream had been 
utilized to irrigate the surrounding farmlands for years. 
It is reported that farmlands here have been contami-
nated by several heavy metals [5,6]. For the sake of 
mitigating pollution in Baiyin city, the Dongdagou re-
gion should be on the top of the agenda. However, data 
of heavy metal status in local farmlands is very limited, 
especially for these regarding chemical fractions and 
mobility in the soil profile.

Total metal content is a poor indicator that cannot 
provide sufficient information on heavy metal bioavail-
ability [7,8]. Heavy metals in soils can be categorized 
into different chemical fractions [9,10], and only those 
in particular fractions are bioavailable for plants [11]. 
Accordingly, many studies have been developed to fig-
ure out the chemical fractions of heavy metals, and the 
BCR (now the Standards, Measurement and Testing 
Programme of the European Community) method has 
been widely adopted [12]. It divides heavy metals into 
four operationally defined geochemical fractions, i.e., *Author to whom correspondence should be addressed.  
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the acid soluble fraction (F1), reducible fraction (F2), 
oxidizable fraction (F3) and residual fraction (F4) [10]. 
Heavy metals in F1 are bioavailable, while heavy met-
als in F2 and F3 may become bioavailable, when soil 
pH or redox potential changes [12]. These three frac-
tions are also called as the non-residual fraction (NRF) 
versus F4 which is thought to be inactive.

The primary objective of the present study is to in-
vestigate the status of Cd, Pb, Cu and Zn in the soil 
profile of cornfields in the Dongdagou region, Baiyin 
city, Northwest China. To the best of our knowledge, 
there are scarce reports on chemical fractions and mo-
bility of heavy metals in soil profile. The data produced 
here will provide significant guidance for local pollu-
tion prevention and control. 

MATERIALS AND METHODS

Study Area and Sampling

Baiyin city has an arid and semi-arid climate with 
average annual precipitation and temperature of 220 
mm and 6–9°C. Because of high yield and economic 
benefit, maize which serves as food both for human 
being and live stocks becomes the staple crop here. 

The study area, the Dongdagou region, is located in 
the vicinity of Baiyin city and named after Dongdagou 
stream. Acid mine drainage and industrial effluents 
had severely contaminated the aquatic environment 
of Dongdagou stream which originates in the mining 
and smelting sites and drained into the Yellow River, 
and further polluted the surrounding farmlands as 
a result of flooding irrigation with sewage from the 
stream.

In November 2014, five sampling sites were chosen 
in the cornfields along Dongdagou stream from up-
stream to downstream (Figure 1). In our previous study, 
we collected soil samples every 20 cm in soil profile; 
however, we found this sampling method sometimes is 
not very accurate and may conceal some useful infor-
mation. Thus, in the present study, we collected the soil 
samples every 10 cm. At each site, soil samples with 
five replicates were collected using a stainless drill at 
the depths of 0–10, 10–20, 20–30, 30–40, 40–50 and 
50–60 cm in sequence. In situ, subsamples at the same 
depth were thoroughly mixed for a composite one. In 
total, 30 composite samples (6 samples per site × 5 
sites) were collected. They were then stored in sealed 
bags and transported to the lab immediately for further 
analysis.

Figure 1. Map of the study area and sampling sites.
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Analysis

In lab, all soil samples were air-dried, ground and 
sieved as required before analysis. Soil pH was mea-
sured in a 1:2.5 (w/v) solid-to-water ratio with a pH 
electrode (PB-10, Sartorius, Germany). Total organic 
matter of soils (TOM) was determined with the method 
of potassium dichromate oxidation. The results of soil 
pH and TOM are shown in Figure 2. As shown, soil pH 
varies greatly with sampling sites and soil depth, while 
TOM decreases along the soil depth gradient. Overall, 
the study area has slight-alkaline soils (pH 7.5–8.7) 
with low TOM content (1.72–0.44%).

Chemical fractions of heavy metals were deter-
mined by the BCR method with some modifications, 
and the detailed procedures were described elsewhere 
[13]. In the present study, F1, F2, F3 and F4 are used to 
represent the four chemical fractions obtained from the 
modified BCR method, respectively. For total diges-
tion, 0.30 g soil (fine particle < 2 mm) was accurately 
weighed into a teflon crucible. It was primarily digest-
ed with concentrated HCl (5 ml), and further digested 
with a mixed acid system of “HNO3 (5 ml) + HF (4 ml) 
+ HClO4 (2 ml)”. Finally, the digestion solution was 
diluted with deionized water to a volume of 50 ml. The 
concentrations of Cd, Pb, Cu and Zn in solutions were 
detected by the flame atom absorption spectrophotom-
eter (FAAS, ZEEnit700P, Analytik Jena, Germany) at 
the experiment center in the school of life science, Lan-
zhou University.

Heavy Metal Mobility in Soil Profile

To compare the mobility of heavy metals in soil pro-

file, the mobility index (MI) was calculated [14,15]. 
The formula is as follows:

MI = (Ctopsoils – Cdeep soils)/Δh

where Ctopsoils and Cdeep soils are total contents (the sum 
of heavy metal concentrations in all four chemical frac-
tions) in the topsoils and deep soils, respectively; Δh 
is the height difference. The lower the MI value, the 
stronger the heavy metal mobility is.

Statistical Analysis

Statistical analysis was made with SPSS16.0 soft-
ware package (SPSS Inc., Chicago, Illinois, USA), and 
variation distributions of heavy metals in soil profile 
were constructed by OriginPro 8.0 software (Origin-
Lab Inc., Hampton, Massachusetts, USA).

RESULTS AND DISCUSSION

Accuracy of the Modified BCR Method

To check the accuracy of the modified BCR method, 
the topsoils were chosen as standard materials which 
were subjected to both methods of modified BCR and 
total digestion. The recovery was calculated as follows 
[16]:

Recovery (%) = (CF1 + CF2 + CF3 + CF4)/CT ×100

where CF1, CF2, CF3 and CF4 are heavy metal concen-
trations in F1, F2, F3 and F4, respectively; CT is heavy 
metal content obtained from the total digestion.

Figure 2.  Variation distributions of soil pH and TOM in soil profile of cornfields in the Dongdagou region.

(1)

(2)
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The recovery in the present study is in the range of 
74.51–139.3%, which agrees with the results of 75.53–
136.5% obtained by [17]. This indicates that the meth-
od used in this study is reliable and repeatable.

Variation Distributions of Heavy Metals in Soil 
Profile

To determine the accurate soil depth that heavy met-
als have reached is difficult and costly, because it is 
generally far deeper than the actual sampling depth 
[14,15]. In the current study, the soils of 0–60 cm 
depth are taken into account. Variation distributions 
of heavy metals in each chemical fraction are shown 
in Figures 3 and 4. As shown, much higher concentra-
tions and greater NRF proportions of heavy metals are 
found at S3 and S4 (the middle reaches of Dongdagou 
stream), while S2 and S1 (the downstream of Dongda-
gou stream) are relatively less polluted.

Cadmium

In general, Cd concentration in each chemical frac-
tion arranges as follows: F1 > F2 > F3 > F4. At S1 and 
S2, Cd concentrations are low and change little with 
depth. However, at S3, S4 and S5, Cd levels in NRF 
decrease from the surface to 30-cm depth, and then re-
main stable. Surface enrichment of Cd may be due to 
the fact that exogenous Cd initially deposits in topsoils, 
and then sinks into deeper positions [16]. Pollution be-
comes increasingly slight along the depth gradient, and 
Cd concentrations in soils deeper than 40 cm are simi-
lar among all sampling sites, indicating that the dis-
tribution of heavy metals mainly depends on the soils 
itself in deep soils [18]. A similar vertical variation of 
Cd is also found in agricultural soils near a lead-acid 
battery factory in Baoding city (China) [13].

Compared to the background (0.116 mg kg–1), Cd 
pollution in soils has reached at least 60-cm depth 
(deeper position was not considered in the current 
study), and the main pollution is found in the soils of 
0–30 cm depth. High heavy metal concentrations in 
NRF reflect great bioavailability [7]. In the study area, 
Cd is the most labile metal pollutant which may be eas-
ily assimilated by biota.

Lead

In the soil profile at S1 and S2, Pb concentrations 
are relatively stable, while it decreases with depth at 
S3. Contrastingly, Pb displays distinct distribution pat-

terns at S4 and S5, where Pb levels in all fractions reach 
peak concentrations at the depth of 50-cm and 40-cm, 
for each. As shown, Pb concentrations in F1 are usually 
less than 20 mg kg–1 (representing less than 10% of the 
total content), and Pb levels in F3 are slightly greater 
than those in F1. For F4, its proportions are nearly sta-
ble at all sites, occupying about 30%. Lead is mainly 
bound with the reducible fraction. Pb in F2 has an aver-
age concentration of 277.3 mg kg–1 (about 47%) at S5, 
210.3 mg kg–1 (about 58%) at S4, and 163.4 mg kg–1 
(56%) at S3, respectively. With regard to S1 and S2, 
the proportions reach 49% and 33%, respectively.

The findings of previous reports also support our re-
sults that Pb is more likely to be enriched in F2 (i.e., 
the reducible fraction) as a consequence of combining 
with Fe-Mn oxides and hydroxides [8,19]. This sug-
gests that Pb should be managed cautiously because of 
its potential bioavailability.

Copper

With few exceptions, Cu concentrations usually 
change little along the depth gradient at S1, S2 and S5, 
where it is mainly retained in F4 (more than 50% of 
total content). At S3 and S4, Cu concentrations in all 
fractions decrease from surface to 60-cm depth, whilst 
the proportions in F4 increase from 30–70%. Heavy 
metals in F4 are incorporated into aluminosilicate and 
unlikely to be released [18]. In the study area, domi-
nant Cu presented in F4 indicates that it has limited 
bioavailability. Even so, both S3 and S4 show more 
than 60% and 143 mg kg–1 of Cu in NRF in the soils 
of 0–20 cm depth, indicating a considerable potential 
risk. Besides, about 13% of the total Cu is presented 
in F3 at all sites, whereas only 3–10% of Cu is found 
in F1.

Zinc

Variation distribution of Zn in soil profile is similar 
among these five sampling sites: fluctuating little from 
surface to 20-cm depth, then decreasing dramatically 
(20–40 cm depth), and finally remaining stable at a low 
level in deep position (40–60 cm depth). The highest 
Zn concentration seems to be accumulated in F4, fol-
lowed by F2 and F3, while Zn in F1 is very low. In the 
soils of 0–20 cm depth at S3 and S4, however, both the 
F1 concentrations of Zn are about 140 mg kg–1 and ac-
count for more than 26% of the total content, compara-
ble to those in F2. For other sites, the F1 proportions of 
Zn vary with depth within the range of 0–20%, while 
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Figure 3.  Variation distributions of Cd and Pb in each chemical fraction in soil profile of cornfields in the Dongdagou region.
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Figure 4.  Variation distributions of Cu and Zn in each chemical fraction in soil profile of cornfields in the Dongdagou region.
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F2 proportions are generally in the range of 20–40%, 
and F3 proportions are about 10%.

Heavy Metal Mobility in Soil Profile

The MI values for heavy metals roughly arrange 
in a decreasing order of Zn > Pb > Cu > Cd (Table 
1). According to MI, Cd has the strongest mobility in 
the soil profile. Similar results are also found in other 
areas worldwide [14,15,20]. This is interpreted as the 
fact that Cd mainly exists in F1 which shows a high 
potential of exchangeability and mobility. However, 
the mobility of Cu at S2 is somehow stronger than 
Cd. Lead has stronger mobility than Zn, except for at 
S3. Overall, heavy metal mobility in the soil profile of 
cornfields in the Dongdagou region is in the order of 
Cd > Cu > Pb > Zn.

Once getting into the soils, soil properties (soil 
depth, pH and TOM, etc.) are important internal fac-
tors affecting heavy metal mobility in soil profile [15]. 

The relationships between soil properties and heavy 
metals in the soil profile of cornfields in the Dongda-
gou region are shown in Table 2. Heavy metal concen-
trations generally decrease with the deepening of soil 
depth [18], while TOM plays a fundamental role in re-
taining heavy metals [21]. In the present study, with 
few exceptions, strong and negative correlations are 
observed between soil depth and heavy metal concen-
trations (Table 2), while TOM is positively correlated 
with Cd, Zn, and partially with Cu and Pb (p < 0.05). 
Thus, increasing TOM content in soils may be an ef-
fective measure to prevent heavy metal from moving 
down in the soil profile. Comparatively, soil pH has 
a poor relationship with heavy metals, and significant 
correlation is only observed between soil pH and Pb at 
S2. This may be due to the narrow interval of soil pH 
value [22].

CONCLUSIONS

Heavy metal pollution in cornfield soils varies 
greatly with the sampling site and soil depth in the 
Dongdagou region, Baiyin city, Northwest China. The 
most polluted area is found at the middle reaches of 
Dongdagou stream, while the lightest pollution is at 
the downstream region. Cadmium is the priority pol-
lutant in local cornfield soils. The analysis of chemical 
fractions indicates that Cd mainly in the acid soluble 
fraction has the greatest bioavailability, and Pb shows 
a high potential ecotoxicity in the reducible fraction, 

Table 1. The Mobility Indexes of Heavy Metals in Soil 
Profile at All Sampling Sites.

S1 S2 S3 S4 S5

Cd 0.03 0.02 0.58 0.43 0.16
Pb 0.75 — 8.00 4.73 —
Cu — 0.01 3.79 4.25 0.92
Zn 1.85 1.43 7.88 8.39 4.22

—Abnormal vertical distribution of heavy metals is not considered.

Table 2. Relationships Between Soil Properties (Depth, TOM and pH) and Heavy Metal Concentrations  
in the Soil Profile of Cornfields in the Dongdagou Region.

Site Soil Property Depth TOM pH Cd Pb Cu Zn

S1
Depth 1 –0.813* –0.891* 0.200 –0.819*
TOM –0.854* 1 0.968** 0.871* 0.251 0.983**
pH 0.892* –0.706 1 –0.703 –0.763 0.292 –0.648

S2
Depth 1 –0.903* 0.233 –0.445 –0.928**
TOM –0.896* 1 0.934** –0.564 0.393 0.972**
pH 0.300 –0.678 1 –0.569 0.892* 0.018 –0.534

S3
Depth 1 –0.906* –0.903* –0.878* –0.947**
TOM –0.866* 1 0.965** 0.928** 0.973** 0.899*
pH 0.040 0.201 1 –0.038 –0.169 –0.029 –0.118

S4
Depth 1 –0.882* 0.100 –0.967** –0.917*
TOM –0.760 1 0.931** 0.327 0.803 0.900*
pH 0.356 –0.083 1 –0.268 0.228 –0.361 –0.362

S5
Depth 1 –0.888* 0.319 –0.893* –0.878*
TOM –0.846* 1 0.915* -0.463 0.623 0.915*
pH –0.721 0.397 1 0.580 -0.216 0.605 0.566

*Correlation is significant at the 0.05 level (2-tailed).
**Correlation is significant at the 0.01 level (2-tailed).
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while dominant Cu and Zn are retained in the residual 
fraction. Heavy metal concentrations generally de-
crease with the deepening of soil depth, and then re-
main stable at relatively low levels in deep position. 
Total organic matter plays a fundamental role in retain-
ing heavy metal mobility in soil profile. Heavy met-
al pollution in soil profile of local cornfield soils has 
reached the depth of 60 cm, and the main pollution is 
found in the soils of 0–30 cm depth. We suggest that 
further pollution prevention and control in the Dongda-
gou region should pay specially attentions to Cd in the 
soils of 0–30 cm depth.

ACKNOWLEDGEMENTS

This work was financially supported by the Na-
tional Natural Science Foundation of China (Grant No. 
41171391). The first author was particularly grateful to 
Dr. Jin Baocheng and Ms. Du Ping for their technical 
assistances and writing help, respectively.

REFERENCES

1. Lu Y, Song S, Wang R et al. Impacts of soil and water pollution on food 
safety and health risks in China. Environ Int, 77, 2015. 5–15. http://
dx.doi.org/10.1016/j.envint.2014.12.010

2. Bai J, Xiao R, Gong A et al. Assessment of heavy metal contamination 
of surface soils from typical paddy terrace wetlands on the Yunnan Pla-
teau of China. Phys Chem Earth Vol. 36 No. 9. 2011. 447–450. http://
dx.doi.org/10.1016/j.pce.2010.03.025

3. MEP (Ministry of Environment Protection of the People’s Republic 
of China). Report on the state of the Environment in China. 2000. (In 
Chinese)

4. MEP&MLR (Ministry of Environment Protection and Ministry of 
Land Resources of the People’s Republic of China). Nationwide Soil 
Pollution Survery Report. 2014. http: //www.zhb.gov.cn/gkml/hbb/
qt/201404/t20140417_270670.htm. (In Chinese)

5. Nan ZR, Zhao CY. Heavy metal concentrations in gray calcareous soils 
of Baiyin region, Gansu province, PR China. Water Air Soil Poll Vol. 
118, No. 1. 2000. 131–142. http://dx.doi.org/10.1023/A:1005135618750

6. Si WT, Ji WH, Yang F et al. The function of constructed wetland in 
reducing the risk of heavy metals on human health. Environ Monit As-
sess, Vol. 118 No. 1. 2011. 531–537. http://dx.doi.org/10.1007/s10661-
010-1847-z

7. Zhong XL, Zhou SL, Zhu Q et al. Fraction distribution and bioavail-
ability of soil heavy metals in the Yangtze River Delta—A case study of 
Kunshan City in Jiangsu Province, China. J Hazard Mater, 198. 2011. 
13–21. http://dx.doi.org/10.1016/j.jhazmat.2011.10.003

8. Jiang M, Zeng GM, Zhang C et al. Assessment of heavy metal contami-
nation in the surrounding soils and surface sediments in Xiawangang 

River, Qingshuitang District. PloS One Vol. 8 No. 8. 2013. e71176. 
http://dx.doi.org/10.1371/journal.pone.0071176

9. Tessier A, Campbell PG, Bisson M. Sequential extraction procedure 
for the speciation of particulate trace metals. Anal Chem Vol. 51 No. 7. 
1979. 844–851. http://dx.doi.org/10.1021/ac50043a017

10. Ure A, Quevauviller P, Muntau H et al. Speciation of heavy met-
als in soils and sediments. An account of the improvement and har-
monization of extraction techniques undertaken under the auspices 
of the BCR of the Commission of the European Communities. Int 
J of Environ An Ch Vol. 51 No. 1. 1993. 135–151. http://dx.doi.
org/10.1080/03067319308027619

11. Walter I, Martinez F, Cala V. Heavy metal speciation and phytotoxic 
effects of three representative sewage sludges for agricultural uses. En-
viron Pollut Vol. 139 No. 3. 2006. 507–514. http://dx.doi.org/10.1016/j.
envpol.2005.05.020

12. Rodríguez L, Ruiz E, Alonso-Azcárate J et al. Heavy metal distribu-
tion and chemical speciation in tailings and soils around a Pb–Zn mine 
in Spain. J Environ Manage Vol. 90 No. 2. 2009. 1106–1116. http://
dx.doi.org/10.1016/j.jenvman.2008.04.007

13. Liu GN, Yu YJ, Hou J et al. An ecological risk assessment of heavy 
metal pollution of the agricultural ecosystem near a lead-acid battery 
factory. Ecol Indic 47. 2014. 210–218. http://dx.doi.org/10.1016/j.
ecolind.2014.04.040

14. Sterckeman T, Douay F, Proix N et al. Vertical distribution of Cd, 
Pb and Zn in soils near smelters in the North of France. Environ Pol-
lut Vol. 107 No. 3. 2000. 377–389. http://dx.doi.org/10.1016/S0269-
7491(99)00165-7

15. Liu GN, Xue W, Tao L et al. Vertical distribution and mobility of heavy 
metals in agricultural soils along Jishui river affected by mining in Ji-
angxi Province, China. CLEAN–Soil Air Water Vol. 42 No. 10. 2014. 
1450–1456. http://dx.doi.org/10.1002/clen.201300668

16. Yuan CG, Shi JB, He B et al. Speciation of heavy metals in marine sedi-
ments from the East China Sea by ICP-MS with sequential extraction. 
Environ Int Vol. 30 No. 6. 2004. 769–783. http://dx.doi.org/10.1016/j.
envint.2004.01.001

17. Sow AY, Ismail A, Zulkifli SZ. Geofractionation of heavy metals and 
application of indices for pollution prediction in paddy field soil of 
Tumpat, Malaysia. Environ Sci Pollut R Vol. 20 No. 12. 2013. 8964–
8973. http://dx.doi.org/10.1007/s11356-013-1857-9

18. Nemati K, Bakar NKA, Abas MR et al. Speciation of heavy metals 
by modified BCR sequential extraction procedure in different depths 
of sediments from Sungai Buloh, Selangor, Malaysia. J Hazard Ma-
ter Vol. 192 No. 1. 2011. 402–410. http://dx.doi.org/10.1016/j.
jhazmat.2011.05.039

19. He ZL, Yang XE, Stoffella PJ. Trace elements in agroecosystems and 
impacts on the environment. J Trace Elem Med Bio Vol. 19 No. 2. 2005. 
125–140. http://dx.doi.org/10.1016/j.jtemb.2005.02.010

20. Nannoni F, Protano G, Riccobono F. Fractionation and geochemical 
mobility of heavy elements in soils of a mining area in northern Kosovo. 
Geoderma Vol. 161 No. 1. 2011. 63–73. http://dx.doi.org/10.1016/j.
geoderma.2010.12.008

21. Bhuiyan MA, Parvez L, Islam M et al. Heavy metal pollution of 
coal mine-affected agricultural soils in the northern part of Bangla-
desh. J Hazard Mater Vol. 173 No. 1. 2010. 384–392. http://dx.doi.
org/10.1016/j.jhazmat.2009.08.085

22. Micó C, Recatalá L, Peris M et al. Assessing heavy metal sources in 
agricultural soils of an European Mediterranean area by multivariate 
analysis. Chemosphere Vol. 65 No. 5. 2006. 863–872. http://dx.doi.
org/10.1016/j.chemosphere.2006.03.016



S21

The Input and Characteristics of Exotic Uranium in the  
Soils Around a Uranium Waste Rock Dump in South China

ZHI-GANG FENG1,*, XIAO-LONG WANG1,2, RONG CHEN1,2, XIAN-ZHE DUAN1, QIANG MA1 and SHI-LI HAN1

1School of Nuclear Resource Engineering, University of South China, Hengyang 421001, China 
2Key Discipline Laboratory for National Defense for Biotechnology in Uranium and Hydrometallurgy, 

University of South China, Hengyang 421001, China

ABSTRACT: Five soil profiles were sampled around a uranium waste rock dump in 
South China, which included two unpolluted and three potentially uranium-polluted pro-
files. Through the comparison of the uranium distribution characteristics and the analysis 
of the uranium chemical forms of these profiles, the following conclusions can be drawn: 
(1) significant uranium pollution to the surrounding soils was caused by the dump, and 
the average uranium in these soils, such as the profiles WP1, WP2 and WP3, was 633.6, 
9 and 2.7 times more enriched than the background value; (2) the exotic uranium, which 
was preferentially aggregated in the upper layer of the soils near the pollution source, 
would be gradually precipitated in the lower layer of the soils away from the pollution 
source; (3) the input flux of the exotic uranium of each chemical form would be larger in 
the soils closer to the pollution source.

INTRODUCTION

URANIUM, which is a toxic and radioactive element, 
can cause potential threats to human health and 

ecological security when it is accumulated in the su-
pergene environment, in which the soil is an important 
uranium-hosted medium [1–3]. Generally, the uranium 
anomalies in soils are mainly considered as a result of 
human activities, e.g., nuclear test, mining, phosphate 
fertilizer application and nuclear fuel cycle [1–4]. 
The uranium pollution of the soils in uranium mining 
and metallurgy regions has attracted considerable in-
terests [5–8]. In China, there are about 200 sites for 
the storage of waste rocks and tailings, with the total 
weight of approximately 58 million tons, which were 
produced by uranium mining operation [9], and the re-
gions around such sites have become the main targets 
of recent remediation of uranium polluted soils [9–10]. 
However, there is still lack of studies on the quantita-
tive assessment and chemical forms of the exotic urani-
um in soils, which is an important basis for objectively 
assessing the soil quality and effectively remediating 
uranium polluted soils. 

In this study, we reported the uranium distribution 
characteristics of five soil profiles around a waste rock 

dump of a granite-type uranium mine in South China. 
On this basis, we quantitatively estimated the input flux 
of exotic uranium and its variation along the depth of 
the uranium polluted soils and along the downstream 
runoff direction of the waste rock dump, and character-
ized the chemical forms of exotic uranium by sequen-
tial chemical extraction procedure.

MATERIALS AND METHODS

Sampling

The studied region is located in a granite-type ura-
nium mine that was exploited underground in northern 
Guangdong Province, South China. Large amounts of 
waste rocks produced by mining operation were open-
air stacked in a valley with gentle side slopes in the 
mine area, and thus became a waste rock dump with 
an area of about 3000 km2 and a mean thickness of 
20 m. This dump, whose waste rocks have uranium con-
tents of 1-2 orders of magnitude higher than bedrocks in 
this region, is a potential pollution source of uranium. In 
this study, five soil profiles were collected as follows: 
two soil profiles (i.e., BP1 and BP2), which were re-
garded as the profiles unpolluted by uranium, were 
located in the upstream of the dump, and were 20 m 
and 10 m away from the dump, respectively. The other 
three soil profiles (i.e., WP1, WP2 and WP3), which *Author to whom correspondence should be addressed.  
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were located in the downstream and were 50 m, 100 m 
and 180 m away from the dump, respectively, were con-
sidered as the profiles potentially polluted by uranium. 
Each profile, which grew on granites, was a natural oc-
currence generally with a thickness of a few tens of cen-
timeters. The bottom-up notching of these profiles was 
sampled, and each sampling length was 10 cm or 5 cm.

Sequential Chemical Extraction

A modified sequential chemical extraction proce-
dure was adopted, which was based on previous stud-
ies on the analysis of the chemical forms of radionu-
clides in soils and sediments [11]. In this procedure, 
six chemical forms (i.e., six fractions) were obtained. 
They were exchangeable (including water-soluble) 
(Fraction I), associated with carbonates (Fraction II), 
co-precipitated with amorphous ferromanganese oxy-
hydroxides (Fraction III), associated with crystalline 
ferromanganese oxyhydroxides (Fraction IV), organic 
matter-bound (Fraction V) and associated with residue 
phases (Fraction VI), respectively. 

Measurement Methods

The trace elements of the bulk samples were mea-
sured by ELAN DRC-e quadrupole inductively cou-
pled plasma mass spectrometer (Q-ICP-MS) at the 
State Key Laboratory of Ore Deposit Geochemistry, 
Chinese Academy of Sciences. The analytical accura-
cies monitored by the two soil standards (GSS-4 and 
GSS-6) showed that the relative deviations between 
the measurements and the recommended values of Zr 
and Hf were < 15% and that of uranium was < 10%, 
respectively. Uranium of various chemical forms in the 
soils was analyzed using a WGJ-III type trace uranium 
analyzer at the University of South China, with a de-
tection limit of 0.02 ng/mL, and a relative deviation 
< 5% controlled by uranium standard solution. All the 
reagents used in this study were analytical grade.

RESULTS AND DISCUSSION

Homogeneity Test of the Soil Parent Materials

During weathering of rocks, both Zr and Hf are co-
variant and considerably inert elements [12–13]. All 
the Zr-Hf correlation diagrams of the samples in each 
soil profile showed good linear relationships (Table 1 
and Figure 1), indicating that the profiles were pro-
duced by weathering of homogeneous granites.

Uranium Distribution Characteristics in the  
Soil Profiles 

The uranium distribution characteristics in the soil 
profiles were determined. The uranium contents of 
BP1 and BP2 were 7.95 mg/kg and 7.32 mg/kg on av-
erage (i.e., sample length-weighted average value ex-
cept bedrock, hereafter), respectively, which displayed 
no obvious variation in depth and were close to each 
other. In addition, the uranium contents of the bed-
rocks (i.e. granites) of the five soil profiles generated 
by weathering of homogeneous parent rocks were rela-
tively uniform, ranging from 10.2 mg/kg to 12.9 mg/kg 
(Table 1 and Figure 2). These profiles, whose distance 
from the bedrock surface were ≤ 45 cm, were weakly 

Figure 1. The correlation diagrams between Zr and Hf of  the five 
soil profiles. The contents of Zr in the profile WP1 were expressed 
as Zr × 10–1.

Figure 2. Variation of uranium contents in the five soil profiles along 
the depths.
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weathered and similar to each other in pedogenesis fea-
tures, so the distribution characteristics of the uranium 
in BP1 and BP2 could reflect the background condition 
of the soils in the region.

Concerning WP1, WP2 and WP3, their uranium 
contents (excluding the bedrocks) were 820–7420  
mg/kg, 56.1–99.2 mg/kg and 15.6–49.5 mg/kg, respec-
tively, with average values of 4848 mg/kg, 76.36 mg/kg 
and 28.1 mg/kg, respectively, which were respectively 
633.6, 9 and 2.7 times higher than the average uranium 
content (i.e., 7.64 mg/kg) of BP1 and BP2. This indi-
cated that these profiles underwent significant uranium 
pollution. Moreover, the soil closer to the pollution 
source was more severely polluted by uranium.

Input of Exotic Uranium in the Soils

Assuming that the average uranium content of BP1 
and BP2 is regarded as the background value of ura-
nium in the studied soils, excess uranium of the pro-
files WP1, WP2 and WP3 relative to the background 
value was attributed to the input of exotic uranium. The 
uranium contents of WP1, WP2 and WP3 at different 
depths were higher than those of BP1 and BP2 (Figure 
2), indicating that there is an input of exotic uranium 
in their whole profiles. The input fluxes of uranium 
of WP1, WP2 and WP3 were 4840.36 mg/kg, 68.72 
mg/kg and 20.46 mg/kg, respectively, which were cal-
culated by subtracting the background value from the 
average uranium content of the soil profiles. These re-
sults indicated that the soil profile closer to the waste 

rock dump along its downstream runoff direction had a 
larger input flux of exotic uranium. In addition, in the 
soil profile closer to the dump, a larger amount of ex-
otic uranium was mainly aggregated in the upper layer 
(e.g., WP1), while the exotic uranium was gradually 
precipitated in the lower layer (e.g., WP3) when the 
profile was away from the dump.

Chemical Forms of Uranium in the Soils

The uranium contents of various chemical forms in 
the profiles BP2, WP1, WP2 and WP3 were listed in 
Table 2. The absolute values of the deviations between 
the total uranium contents of all chemical forms and 
the bulk sample were < 10% for most samples, and 
10–20% for the rest samples, indicating that analyti-
cal results of the sequential chemical extraction of ura-
nium were reliable.

The uranium of each chemical form in WP1, WP2, 
and WP3 was more enriched than that of BP2 at differ-
ent depths, with an exception of the Fraction I of WP3, 
which was below the detection limit (Figure 3). This 
indicated that uranium was introduced to the whole 
profiles from the pollution source. In addition, the 
uranium of each chemical form of BP2 was very low  
(< 5 mg/kg) and even cannot be detected (e.g., Fraction 
I and Fraction IV), so the characteristics of uranium 
distribution of various chemical forms in WP1, WP2 
and WP3 might reflect the variation trends of the ura-
nium pollution degree. Concerning Fraction I [Figure 
3(a)], its uranium contents in WP1 and WP2 showed 

Table 1. The Contents (mg/kg) of the Elements U, Zr and Hf in the Five Soil Profiles Studied in Depth.

Sample No.* Depth (cm) Zr Hf U Sample No.* Depth (cm) Zr Hf U

BP1-T5 0~5 94.2 3.73 8.72 WP1-T2 15~20 476 10.6 2730 
BP1-T4 5~15 106 4.13 8.35 WP1-T1 20~25 142 4.24 820
BP1-T3 15~25 74.4 3.09 7.41 WP1-Y 25~35 44.5 0.92 10.2

BP1-T2 25~35 89.2 3.4 6.99 WP2-T5 0~10 77.6 3.03 80.6
BP1-T1 35~40 104 3.92 9.34 WP2-T4 10~20 59.6 2.35 71.6
BP1-Y 40~45 111 4.1 10.5 WP2-T3 20~25 84.8 3.2 99.2

BP2-T5 0~5 95.8 3.51 7.46 WP2-T2 25~30 66.7 2.52 74.8
BP2-T4 5~15 115 4.12 7.66 WP2-T1 30~35 71.3 3.32 56.1
BP2-T3 15~25 89.4 3.45 8.15 WP2-Y 35~45 66.6 2.86 12.9

BP2-T2 25~35 91 3.55 6.73 WP3-T5 0~10 41.5 2.02 15.6
BP2-T1 35~45 78.4 3.56 6.68 WP3-T4 10~15 67.8 3.01 19
BP2-Y 45~55 68.7 2.36 11.2 WP3-T3 15~20 51.4 2.87 27.8

WP1-T5 0~5 675 14.5 6010 WP3-T2 20~25 95.6 3.81 41.1
WP1-T4 5~10 1120 23 7420 WP3-T1 25~30 52 2.28 49.5
WP1-T3 10~15 1040 23 7260 WP3-Y 30~40 64.5 2.32 10.4
*BP1-Y, BP2-Y, WP1-Y, WP2-Y and WP3-Y stand for the bedrocks of the profiles BP1, BP2, WP1, WP2 and WP3, respectively; BP1-T1~BP1-T5, BP2-T1~BP2~T5, WP1-
T1~WP1-T5, WP2-T1~WP2-T5 and WP3-T1~WP3-T5 denote the soil samples of the profiles BP1, BP2, WP1, WP2 and WP3, respectively.
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increasing tendencies from the bottom to the top; the 
uranium contents of Fractions II-VI [Figures 3(b)–3(f)] 
displayed increasing tendency in WP1, but no obvious 
change in WP2 and decreasing tendency in WP3 from 
the bottom to the top. On the other hand, the input 
fluxes of various chemical forms of uranium in WP1, 
WP2 and WP3, in which Fraction II and Fraction V 
were more prominent, showed the same trend as WP1 
> WP2 > WP3 (Figure 4). 

Uranium Pollution Mechanism in the Soils 

The above results demonstrated that exotic uranium 
could exist in all the six chemical forms in the soils 
polluted by uranium, implying that the transfer of ura-
nium from the pollution source into the surrounding 
soils might be mainly in three ways including water-
soluble, colloidal and clastic states. In these states, the 
uranium transferred into the soils in water-soluble state 

might occur in Fractions I–II through direct precipi-
tation or redistribution; the uranium into the soils in 
colloidal state might occur in Fraction III and Fraction 
V by coagulation; the uranium into the soils in clastic 
state might occur in Fraction VI. For the exotic ura-
nium of Fraction IV in the soils, it might be mainly 
derived from the crystallization of Fraction III. In ad-
dition, the input fluxes of the exotic uranium that was 
associated with carbonates (Fraction II) and organic 
matter-bound (Fraction V) were obvious larger than 
those of the other Fractions (Figure 4), implying that 
the uranium might be transferred preferentially into 
water-soluble state and organic colloid from the pol-
lution source.

CONCLUSIONS

1. The uranium waste rock dump generated signifi-
cant uranium pollution to the surrounding soils, 

Table 2. The Uranium Contents (mg/kg) of Various Chemical Forms in the Four Soil Profiles (i.e. BP2, WP1, WP2 
and WP3) and Their Deviations (%) to the Analytical Results of Bulk Samples.

Sample No.*

Fraction

Sun of I to VI Deviation**I II III IV V VI

BP2-T5 – 2.14 0.9 – 2.04 1.65 6.73 –9.79
BP2-T4 – 1.9 0.39 – 2.88 1.65 6.82 –10.97
BP2-T3 – 4.93 0.19 – 2.43 1.4 8.95 9.82
BP2-T2 – 2 0.16 – 2.01 1.89 6.06 –9.96
BP2-T1 – 2.05 0.35 – 2.16 2.35 6.91 3.44

BP2-a – 2.66 0.34 – 2.33 1.8
WP1-T5 89.47 1642.81 374.29 34.3 3914.41 11.03 6066.31 0.94
WP1-T4 354.44 2935.47 1058.86 56.67 3616.52 19.83 8041.79 8.38
WP1-T3 134.6 2275.79 493.54 32.4 3130.76 21.94 6089.03 –16.13
WP1-T2 15.97 1447.25 140.23 17.97 833.42 4.89 2459.73 –9.9
WP1-T1 2.24 450.61 73.86 15.71 335.25 2.54 880.21 7.34

WP1-a 119.34 1750.39 428.16 31.41 2366.07 12.05
WP2-T5 11.11 32.48 4.97 0.25 23.39 2.98 75.18 –6.72
WP2-T4 8.47 39.4 4.43 0.21 23.36 7.11 82.98 15.89
WP2-T3 4.73 57.74 5.77 0.34 31.5 7.09 107.17 8.03
WP2-T2 3.66 48.62 4.2 0.36 21.82 3.63 82.29 10.01
WP2-T1 0.12 42.74 3.75 0.19 14.92 2.74 64.46 14.9

WP2-a 6.81 41.84 4.65 0.26 23.11 4.81
WP3-T5 – 7.94 0.92 – 3.28 2.55 14.69 –5.83
WP3-T4 – 10.94 0.99 0.11 4.11 2.67 18.82 –0.95
WP3-T3 – 16.42 1.46 0.18 5.52 1.64 25.22 –9.28
WP3-T2 – 29.18 2 0.24 10.64 3.19 45.25 10.1
WP3-T1 – 35.29 2.3 0.25 13.18 3.75 54.77 10.65

WP3-a – 17.95 1.43 0.13 6.67 2.73
*Sample No. is the same as that shown in Table 1 except BP2-a, WP1-a, WP2-a and WP3-a, which denote the sample length-weighted average values of the profiles BP2, WP1, 
WP2 and WP3, respectively. 
**Deviation = [(Sum of I to VI) – (bulk sample)]/(bulk sample)×100%, where the analytical result of the bulk sample is shown in Table 1. In addition, in the data of the table, “–” 
denotes below the detection limit.
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and the soils closer to the pollution source had 
more severe uranium pollution.

2. The exotic uranium was preferentially aggregated 
in the upper layer of the soils near the pollution 
source, while it would be gradually precipitated in 
the lower layer of the soils away from the pollution 
source.

3. The input flux of exotic uranium of each chemical 

form would be larger in the soils closer to the pol-
lution source.
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ABSTRACT: The objective of this work was to investigate the performance and archaeal 
community of methanogenic digester under different temperatures (35°C, 55°C) and pH 
values (6.5, 7.0, 7.5, 8.0 and 8.5) in two-phase anaerobic digestion of pig manure and 
maize straw. The specific CH4 yields decreased by 22.6%, 60.0% and 94.1% for pH 
7.5, 8.0 and 8.5 compared with pH 7.0 (277 N mL·g–1 CODadd) at 35°C, and decreased 
by 31.6%, 70.9% and 95.0% compared with pH 7.0 (253 N mL·g–1 CODadd) at 55°C 
The methane productions of mesophilic digestion at five pH levels were 13.6%, 9.7%, 
24.1%, 50.8% and 30.0% higher than that of thermophilic digestion. Terminal restriction 
fragment length polymorphism (T-RFLP) analyses combined with clone library indicated 
that Methanosaeta and Methanosarcina were the dominant genus at 35°C and 55°C, 
respectively, and the relative abundance decreased significantly with the pH increasing 
from 7.5 to 8.5.

INTRODUCTION

ANAEROBIC DIGESTION (AD) process has been re-
ported more and more for treating organic wastes 

and produce renewable energy. Wide range of organic 
waste including municipal, agricultural, and food in-
dustry wastes were used as feedstock for AD [1–3].

The production of plant residual and breeding waste 
were in large quantities in China. The crop straw and 
manure productions are more than 700 million and 3.0 
billion tons, respectively [4]. These wastes caused se-
rious environmental problems, because much of them 
were discharged without any treatment and resulted in 
organic pollution and microbial loads increasing. The 
energy production from these agriculture wastes by 
means of AD was a valuable alternative for fossil en-
ergy resources, especially in rural area [4]. However, 
conventional anaerobic digestion exhibits some disad-
vantages related to feedstock characteristics, such as 
the imbalance of C/N [5], the inhibition of VFAs in 
rich carbon waste digestion [6] due to the rapid acidifi-
cation, drop of pH and succedent inhibition of metha-

nogens activity. For the feedstock rich of nitrogen, 
ammonia inhibition which induced by high ammonia 
concentrations were considered to be destructive for 
AD [7]. What’s more, the pollution induced by large 
quantity effluent from low solid digestion processes 
was very common. Thus, the application of the con-
ventional AD is limited. Many processes have been 
applied to upgrade AD in order to overcome the limita-
tions above-mentioned.

Co-digestion of different substrates has become 
more and more popular since it can increase the biogas 
production and improve the stability which was nec-
essary for the process. Many researches have focused 
on co-digestion of different wastes [8–10]. Compared 
with manure alone, the feedstock including 30% of 
energy crops increased methane production by 16–
65% per digester volume [8]. Furthermore, two-phase 
AD has obvious advantages over the single phase 
AD since they (1) screening and enrichment of com-
pletely different microbial in each phase, (2) protec-
tion methanogens from substantial VFAs, and (3) re-
duce the amount of effluent through the recycling of 
methanogenic effluent to solid feedstock in acidogenic 
digestion [11,12].

In AD, no matter single or two-phase digestion, *Author to whom correspondence should be addressed.  
Email: dulianzhu99@163.com, Tel.: +86 22 23616673

Journal of Residuals Science & Technology, Vol. 13, Supplement 1

1544-8053/16/01 S027-06 
© 2016 DEStech Publications, Inc. 

doi:10.12783/issn.1544-8053/13/2/S5



L. ZHANG, K. ZHANG, W. GAO, Z. ZHAI, J. LIANG, L. DU and X. FENGS28

many factors influence the performance of the process, 
among which temperature and pH value are two im-
portant ones. Some researches showed that the ther-
mophilic temperature was favorable for AD compared 
with mesophilic process, especially for the co-diges-
tion process [13–15]. Compared with 35°C, anaerobic 
digestion of livestock manure at 55°C showed a kinetic 
advantage [16]. Meanwhile, many studies revealed 
the influence of pH on AD, especially on ammonia 
inhibition in the digestion for nitrogen-rich feedstock 
[13,17]. Although the influence of pH and temperature 
on AD has been studied widely, the relevant researches 
on methanogenic digestion in two-phase anaerobic di-
gestion, especially in co-digestion of pig manure with 
maize straw has not been reported.

The aim of this work was to investigate the influ-
ence of temperature and pH values on methanogenic 
digestion of effluent from acidification digester in lab-
oratory scale. In addition, their influence on archaeal 
community structure was also explored.

MATERIAL AND METHODS 

Design and Operation of Semi-continuous 
Laboratory Scale Reactors

The solid acidogenic fermentation reactor of two-
phase AD was fed with mixture of fresh pig manure, 
maize straw and inoculum. The characteristics of feed-
stock and inoculum such as total solid, volatile solid, 
total Kjeldahl nitrogen, total carbon are given in Table 
1. The ratio of fresh pig manure to maize straw was 
10:17 on a dry weight basis to obtain a suitable C/N. 
The TS of the feedstock in acidogenic fermentation 
reactors was 24–30%. These reactors were performed 
under mesophilic condition (30°C). The solid acido-
genic fermentation reactor was as same as that used 
in the previous work [18]. The laboratory-scale metha-
nogenic reactors were processed semi-continuously 
and fed daily with acidogenic leachate taking from the 
two-phase digestion system. The characteristics of the 
acidogenic leachate are showed as follow: pH 5.8–7.2, 
COD 19125–31241 mg·L–1, alkalinity 5237–7079 
mg·L–1, total ammonia 992–1316 mg·L–1, VFA 2.57–
4.34 g·L–1. The high concentration of alkalinity can 
be explained by the ammonium salt generated by am-
monia and dissolved CO2 which produced during the 
acidogenic digestion [19]. The semi-continuous meth-
anogenic digestion was performed in 500 mL bottles 
(effective volume 200 mL) in triplicate. Before start-
ing this experiment, the inoculum was incubated for 2 

weeks at 35°C and 55°C respectively to acclimatize the 
microorganisms to experimental conditions. The sec-
ond phase reactor at different pH (6.5, 7.0, 7.5, 8.0 and 
8.5) was incubated in water bath at temperature 35°C 
or 55°C, respectively. The COD loading rate was 2.5 
g·L–1·d–1 and the HRT was 10 d. The pH was adjusted 
daily to the setting value with a mixture of HCl (4.5%) 
and H3PO4 (12.5%) after feeding. Recorded the biogas 
yield and withdrawed the samples from methanogen-
ic reactors before feeding. The pH, ammonia, COD, 
VFA, alkalinity and content of CH4 were analyzed ev-
ery two days. The homogenized samples taken from 
every reactor were kept at –80°C for DNA extraction 
and archaeal community structure analysis.

Chemical Analysis 

The pH, COD and ammonia were performed with 
standard methods [20]. Free ammonia (FA) was calcu-
lated by Equations (1) and (2) [13]:

FA TAN
pKa

1 10( )-pH

pKa
T

 


0 09018 2729 92
273 15

. .
.

TAN is total ammonia, mg·L–1; pKa is the dissocia-
tion constant of ammonium ion, and T is the tempera-
ture in °C.

For VFAs, samples were freezed at –20°C, and 
centrifuged at 3000 r·min–1 for 5 min after unfreezed. 
The supernatant was filtered with 0.45 µm membrane 
and then analyzed with liquid chromatography (LC-
10AVP, Shimadzu, Japan). 0.005 mol·L–1 H2SO4 aque-
ous solution was use as mobile phase at a flow rate of 
0.8 mL·min–1. The temperature of column oven was 
30°C, and injection volume was 25 µL.

Biogas production was recorded by a wet-tip coun-
ter with liquid displacement [13]. The composition of 
biogas was analyzed using a gas chromatograph [21].

Table 1. Characteristics of Substrates and Inoculum.

Material TS, % VS, % pH TC/TS, % TKN/TS, %

Pig Manure 27.8 78.3 6.5 43.20 3.72
Maize Straw 86.2 91.3 — 56.01 1.09
Inoculum 5.4 81.7 7.9 — —

Dry basis.

(1)

(2)
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DNA Extraction

Samples were centrifuged at 14,000 g for 10 min. 
After removing the supernatants, the Fast DNAs Spin 
Kit for soil (Mpbio, USA) were used to extract DNA. 
The genomic DNA was kept at –20°C for the follow-
ing T-RFLP analysis, archaeal 16S rRNA gene library 
construction and sequencing.

T-RFLP Analysis

Labeled the 5′ end of the Arc912R primer with 6-car-
boxy fluorescein (FAM). PCR products were digested 
with enzyme HhaI at 65°C for 3 h [22]. Details of other 
treatment and data analysis have been described else-
where [23].

Cloning and Sequencing

The extracted DNA from different reactors were 
mixed and used as templates. The primer pair described 
elsewhere [24] was used to amplify the archaeal 16S 
rRNA gene. PCR products were cloned into a pGEM-
T Easy plasmid (Promega, USA). 147 colonies were 
picked up and sequenced by Sangon Biotech (Shang-
hai). The obtained 16S rDNA gene sequences were 
aligned on the website of NCBI.

RESULTS AND DISCUSSION

FA in Semi-continuous Methanogenic Reactors

Total ammonia concentration under different condi-
tions reached to 1.1–1.3 g·L–1, and the values at low-
er pH were higher than those at higher pH, no mat-
ter mesophilic or thermophilic digestion. Normally, 
the inhibition of ammonia, mainly attributed to FA 
(NH3), is very common in digestion with manure as 
the feedstock [25]. Figure 1 shows that FA concentra-
tions in these reactors operating at 55°C were higher 
than those at 35°C, and it increased rapidly with the 
pH increasing. Many researches have proved the inhi-
bition of FA on methanogens [26,27], but these results 
often conflicted with each other about the threshold 
concentration of FA because the inhibitory threshold 
concentration depended on temperature, pH and in-
oculum greatly [28]. At higher temperature, the biogas 
process became more sensitive to ammonia when pH 
values increased [29]. According to the early findings, 
FA concentration ranging from 80–150 mg·L–1 at pH 
7.5 induced inhibitory in mesophilic digestion, but the 

inhibitory concentration could increase to 700 mg·L–1 
if the inoculum was well acclimated under high am-
monia level. In this study, the inoculum was taken 
from well operating anaerobic reactors digested with 
pig manure at the total ammonium between 1200–1600 
mg·L–1 (FA concentration was from 130–550 mg·L–1), 
which might not lead to the inhibition of biogas and 
methane production at the pH 7.0 and 55°C (about 425 
mg·L–1 free NH3). However, the inhibition might hap-
pen when pH was higher than 7.0 at thermophilic di-
gestion. Thus, thermophilic digestion was unsuitable to 
treat protein-rich wastes such as manure, even though 
the kinetic rate was more favorable compared with me-
sophilic digestion.

Biogas Production 

The biogas production (Calculated to be at 0°C and 
1 atm) during the digestion under different conditions 
is showed in Figure 2.  

It shows that the daily specific biogas yields at 35°C 
were a little higher than that at 55°C at the same pH 
level. It decreased with the increase of pH in thermo-
philic, and the same trend could be observed in meso-
philic digestion except at pH 7.0. The maximum aver-
age specific biogas yield at 35°C was 428 N mL·g–1 

CODadd at pH 7.0, while that obtained at 55°C diges-
tion was 398 N mL·g–1 CODadd at pH 6.5.

Figure 3 shows that the average specific methane 
yields at 35°C digestion were 265, 277, 215, 111 and 16 
N mL·g–1 CODadd at these five pH levels, respectively. 
The largest decrease (by 94.1%) in methane produc-
tion was from 277 N mL·g–1 (pH 7.0) to 16 N mL·g–1 
(pH 8.5). The average specific methane yields at 55°C 
were 233, 253, 173, 74 and 13 N mL·g–1  CODadd, and 
it decreased by 31.6%, 70.9% and 95.0% with pH in-

Figure 1. Un-ionized ammonia (NH3, as N) profiles under different 
temperatures and pH values.
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creasing from 7.0 to 7.5, 8.0 and 8.5, respectively. This 
drastic reduction in methane yield may be caused by 
the sharp increase of un-ionized ammonia (Figure 1). 
Angelidaki and Ahring [30] have reported that FA 
concentration at 700 mg·L–1 caused 50% inhibition 
of anaerobic digestion. In this work, the methane pro-
duction decreased by 60.0% (35°C) and 70.9% (55°C) 
when pH increased from 7.0 to 8.0. The methane yields 
at five pH levels (pH from 6.5 to 8.5) at 35°C were 
13.6%, 9.7%, 24.1%, 50.8% and 30.0% higher than 
that at 55°C. No matter mesophilic or thermophilic di-
gestion, the maximum specific methane yields could 
be achieved at pH 7.0, and it had an increase by 9.7% 
at mesophilic digestion than that at thermophilic di-
gestion. Compared with pH 7.0, the specific methane 
yields at pH 6.5 decreased by less than 8.0% at 35°C 
and 55°C. This semi-continuous experiment clearly 
demonstrated that reduction of pH enhanced the meth-
ane production effectively and pH 7.0 was most suit-
able pH for anaerobic digestion of acidogenic leachate, 
which was consistent with the results of digestion with 
piggery wastewater as feedstock [31]. Hashimoto also 
confirmed that lowering pH to 6 was responsible for 
the lowest digestion efficiency [32].

Archaeal Community Structure 

Methane production is apparently correlated to the 
methanogenic microorganisms. The environmental 
factors, e.g., pH and temperature, usually impact on 
the microbial growth and metabolism, and finally af-
fect the biogas yield. 

The results of T-RFLP showed that Methanosaeta 
and Methanosarcina were the dominant methane-pro-
ducing genus in the thermophilic and mesophilic di-
gestion, respectively. Although they are attributed to 
the same order, Methanosaeta has a relatively higher 

conversion rate for acetate compared with Methano-
sarcina, but Methanosarcina preferred higher tempera-
ture compared with Methanosaeta, which led to higher 
methane production at 35°C and higher Methanosar-
cina relative abundance at 55°C digestion.

Methanosarcina and Methanosaeta are attributed 
to Methanosarcinales, which was the dominant order 
in anaerobic digestion, the relative abundances were 
higher than 50% except that at pH 8.5 under 35°C, 
which was consistent with the previous reported results 
[23,33]. Moreover, at both 35°C and 55°C, the relative 
abundance of Methanosarcinales first increased and 
then decreased as the pH elevated. At 55°C, the rela-
tive abundance achieved the maximum value at pH 7.0, 
which was in accordance with the change of the spe-
cific CH4 yield (Figure 3). However the relative abun-
dance of methanosarcinales at pH 7.5 under 35°C was 
slightly higher than that at pH 7.0, although the specific 
methane yield was lower. These results showed that 
Methanosarcinales was inhibited severely at pH higher 
than 7.5 at both mesophilic and thermophilic digestion. 
As a consequence of that, the methane production de-
creased greatly decreased.

Figure 2.  Daily specific biogas yields under different temperatures and pH values.

Figure 3. Specific CH4 yield under different temperatures and pH 
values.
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CONCLUSIONS

Anaerobic digestion process is subjected to the in-
hibitions due to the sensitivity of archaeal community 
to environmental factors. The influence of tempera-
ture and pH value on co-digestion of pig manure with 
maize straw was firstly studied in detail and the main 
conclusions are as follows:

1. pH levels have significant effect on the specific 
CH4 yields, regardless of mesophilic or thermo-
philic digestion. 

2. The relatively lower pH was more appropriate for 
the co-digestion process. Compared with pH, tem-
perature was more prominent factor which affected 
the community of methanogens.
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ABSTRACT: The presence of streptomycin (STR) in honey has potentially undesirable 
effects on humans. This study evaluated the effect of conventional processing on STR 
levels and investigated a new approach to further removing STR using various types of 
resins. The use of cation-exchange resin (LS-904) after conventional processing, signifi-
cantly reduced STR residues, with loss rate of approximately 100%. The optimal adsorp-
tion time and temperature were 60 min and 45°C, respectively. Moreover, compared with 
an anion-exchange resin (LS-905) or macroporous-adsorption resins (LS-200, NKA-9), 
LS-904 was more effective in removing STR from honey. The processed honey can be 
widely used as natural sweeteners.

INTRODUCTION

AN antibiotic is a type of pharmaceutical that has the 
ability to kill or inhibit the growth of microorgan-

isms. Antibiotics are extensively used in agriculture. In 
the field of apiculture, bees are treated with antibiot-
ics to fight diseases such as American and European 
foulbrood diseases [1]. In the European Union, it is il-
legal to treat honeybees with antibiotics. However, in 
some developing countries, antibiotics are still used for 
this purpose; therefore, antibiotic-contaminated honey 
products can be found in the global marketplace [2].

Streptomycin (STR) is an aminoglycoside antibiotic 
which is produced by Streptomyces griseus. It can ef-
fectively inhibit gram-positive and gram-negative bac-
teria by causing codon misreading, which thus inhibits 
protein synthesis and leads to the death of the microbial 
cells [3]. Due to its inhibitory effects, STR has numer-
ous applications in a wide range of human therapies 
and animal husbandry and agricultural practices, in-
cluding apiculture (keeping honeybees) [4]. However, 
when this antibiotic is overused, STR residues may ap-
pear in many foodstuffs, e.g., meat products, animal 
livers, milk and, above all, in honey. Although it is 
debatable whether STR residues have a direct impact 
on human health, many cases of allergic attacks have oc-
curred in recent years, and STR can induce severe skin 
rashes [3,5]. Furthermore, certain other negative effects 

of this antibiotic, such as increasing the risk of hearing 
loss and toxicity to the kidneys, have also been claimed 
[6]. The long-term use of STR can induce bacterial 
resistance, and some studies have shown that E. coli, 
Salmonella and Shigella may carry this resistance [7].

Therefore, to protect human health against the dan-
gers of STR residues, maximum residue limits (MRLs) 
for some food products were established by certain 
organizations. For example, the European Commis-
sion stipulated that the MRLs for STR in milk, porcine 
kidney and porcine muscle are 200, 1,000 and 500 mg 
kg–1, respectively [7]. Moreover, Switzerland and Ger-
many imposed a regulation that the MRL in honey is 
20 µg kg–1. Due to concerns for human health, many 
countries have banned the use of STR in natural prod-
ucts such as honey [7–8].

Honey is a sweet substance, produced from the nec-
tar of flowers by honeybees. From ancient times, honey 
has been favored for its nutritional and medicinal qual-
ities such as antibacterial and dermatological disorders 
[9–10]. Moreover, the antioxidant activity of honey 
can reduce the risk of degenerative diseases of aging 
[11]. Unfortunately, honey is vulnerable to contamina-
tion with antibiotics, such as STR, which are applied 
to treat honeybee diseases. Generally, once the amount 
of STR residues reaches the MRL, the tainted honey 
should be discarded. However, this practice may re-
sult in great waste because tainted honey still contains 
valuable substances that are underutilized. Considering 
these reasons, controlling the level of STR residues in 
honey is extremely urgent.
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It is gratifying that several studies have shown that 
the processing of honeys is highly effective in reduc-
ing the detrimental effects of organophosphorus com-
pounds and antibiotics [12–14]. However, few studies 
have investigated the effect of honey processing on the 
level of STR residues in honey. And there is little re-
search on removing STR from honey. The present study 
aimed to determine how the honey processing steps, 
such as preheating, filtration, vacuum concentration, 
and pasteurization, affect the level of STR residues and 
to explore a simple, highly efficient, economical and 
safe method to remove STR from honey. 

MATERIALS AND METHODS

Chemicals

Analytical grade STR and phosphoric acid were ob-
tained from Sigma-Aldrich (St. Louis, MO, USA).

An STR quantification kit (batch number HE09024) 
was provided by Huaan Magnech Co., Ltd. (Beijing, 
China) and was used to conduct the enzyme-linked im-
munosorbent assay (ELISA), which utilized a specific 
rabbit anti-streptomycin antibody. The STR kit includ-
ed all of the solvents and reagents necessary for the 
ELISA.

Adsorbents

The following resins were prepared for the study: 
the cation-exchange resin LS-904, the anion-exchange 
resin LS-905, and the macroporous adsorption resins 
LS-200 and NKA-9. The LS-904, LS-905 and LS-
200 resins were provided by Xi’an Lanshen Exchange 
and Adsorbent Material, Ltd. (Xi’an, China), and the  
NKA-9 resin was purchased from Tianjin Nanda Ad-
sorbent Material, Ltd. (Tianjin, China). 

Honey Samples

Preparation of Raw Honey Samples

The raw honey samples were provided by beekeep-
ers and were confirmed to be antibiotic-free.

Preparation of Spiked Honey Samples

The spiked honey samples were prepared accord-
ing to the following steps. First, defined amounts of 
the STR standard were introduced into the raw honey 

samples (200 g); next, the mixtures were homogenized 
in a water bath for 4 h at 25°C; the samples were then 
stored in the refrigerator until use.

ELISA Procedure

The concentration of STR in the honey samples 
was determined with an ELISA according to the 
manufacturer’s instructions. The procedure was as 
follows: the spiked honey sample (2 g) and puri-
fied water (2 mL) were mixed to prepare the dilut-
ed honey sample. Then, phosphoric acid (0.04 mol 
L–1, 4 mL) was added to the diluted honey sample, 
and the mixture was thoroughly homogenized. The 
pH value of the sample was adjusted to approxi-
mately 8.0 using sodium hydroxide (1 mol L–1, 350 
µL). After that, the STR-containing diluent was pre-
pared by mixing the concentrated STR sample dilu-
ent and purified water at a ratio of 1:1 (v:v). The ho-
mogenates were centrifuged at 4,800 rotations/min 
(rpm) for 10 min, and the supernatants (100 µL) were 
removed and added to the STR-containing diluent, the 
samples were thoroughly mixed. 

The absorbance of a 50 µL aliquot of the aqueous 
layer at 450 nm was measured with an ELISA Reader 
(Infinite M200 Pro, Tecan Austria GmbH, Grödig, Aus-
tria). The STR levels were calculated using a calibra-
tion curve. The concentration of STR was expressed 
in the form of µg kg–1 honey. In this study, the limit 
of quantification of STR was 4 µg kg–1. The average 
recovery rates ranged from 95.6–97.3% for all of the 
samples.

Processing of the Spiked Honey Sample

The procedure for processing the honey was orga-
nized into 4 consecutive steps according to the con-
ventional method [15], including preheating, filtration, 
vacuum concentration, and pasteurization. After each 
step, the samples were collected, and the concentration 
of STR was determined using the ELISA.

Static Adsorption Experiments

Pretreatment of the Resins

Four different resins, i.e., the LS-904, LS-905, LS-
200, and NKA-9 resins, were selected for the study, 
which required different pretreatments before use.

The cation-exchange resin (LS-904) and the anion-
exchange resin (LS-905) were soaked in HCl (4%) and 
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NaOH (4%), respectively, for 2 h using a volume of the 
corresponding solvent that was three times greater than 
that of the resin volume. The macroporous adsorption 
resins (LS-200, NKA-9) were first soaked in ethanol 
(95%) for 24 h and then rinsed with purified water until 
the resins were ethanol-free; finally, these resins were 
soaked in a mixture of HCl (5%) and NaOH (5%) at a 
ratio of 1:1 to eliminate porogenic agents and mono-
mers that had been trapped within the pores during the 
synthesis process. Eventually, all of the resins were 
rinsed using purified water until the resins were chemi-
cally neutral.

Screening the Adsorption Resins 

To determine the optimal resin among the LS-
904, LS-905, LS-200 and NKA-9 resins, the follow-
ing experiment was conducted. Pre-weighed hydrated 
resins were added to a diluted honey sample (25 g) 
[honey:purified water (m:m) at 1:1.5] containing a 
certain concentration of STR, and the mixtures were 
stirred in a water-bath at the rate of 120 rpm at 25°C 
for 1 h. Then, the percentage of STR remaining in the 
honey was determined using the ELISA.

STR-adsorption Experiment

In this experiment, the influence of resin dose, con-
tact time and temperature on adsorption process were 
explored. The diluted honey sample containing a cer-
tain concentration of STR (25 g) was added to the se-
lected resin and swirled in a water-bath shaker at 120 
rpm at 25°C. The amount of the resin was increased 
from 0.5–3.0 g. After 90 min, 4 g of honey sample was 
removed to determine the STR content. To study the 
effect of time, the adsorption time was increased from 
30–90 min (in increments of 30 min), while the water-
bath temperature and amount of resin were maintained 
at 25°C and 2 g, respectively. Similar methods were 
applied to assess the effect of temperature on STR ad-
sorption by increasing the temperature from 25–65°C 
(in increments of 10°C).

Statistical Analysis

The assays were performed in triplicate, and the re-
sults were expressed as the mean values with the stan-
dard deviation (SD). The differences between values 
with P < 0.05 were considered significant. The statis-
tical analyses were performed using Origin software, 
version 8.0 and Microsoft Office Excel 2010.

RESULTS AND DISCUSSION

Effect of the Processing Procedures on the 
Streptomycin Level

The effect of the processing procedures on the re-
duction of the STR level was determined by perform-
ing an ELISA, and the results are presented in Figure 
1. The spiked honey samples were preheated at 45°C 
for 60 min to make them liquid. After the preheating 
processing, the STR level was decreased by 34.84%, 
indicating that STR is a thermally unstable antibiotic. 
A similar result was obtained in a previous study by 
Landerkin and Katznelson [16].

The preheated honey samples were then filtered to 
remove the suspended particles, including the bodies 
of honeybees, beeswax particles, and pollens. The de-
crease of STR content that occurred during the filtration 
process was not significant. Nevertheless, it has been 
shown that filtration significantly contributes to remov-
ing other types of antibiotics and organophosphorus 
insecticides from honey. This occurrence appears to 
depend on the degree of lipophilicity of the antibiot-
ics (e.g., chloramphenicol) and parathion, which favors 
the association of these compounds with the fatty frac-
tions [14]. However, STR does not tend to be retained 
in pollen or beeswax due to the hydrophilicity of STR. 
Therefore, the STR concentration had nearly no reduc-
tion after the filtration processing, which is consistent 
with the results of a study by Chen et al. [17].

Next, vacuum preconcentration was conducted at 
55°C and 0.08 MPa for 45 min. Vacuum preconcentra-
tion plays a vital role in eliminating microorganisms 
and reducing the moisture content to a degree that re-
tards fermentation [14]. In addition, vacuum precon-

Figure 1. Changes of the streptomycin (STR) content in honey dur-
ing conventional processing. Different lower case letters indicate sig-
nificant differences at P < 0.05.
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centration contributes to maintaining the honey in a 
liquid state for a long period due to melting the invis-
ible crystals in honey [15]. After this procedure was 
performed, the STR residue was decreased by 54.9%.

For honey to become a commodity, it must be pas-
teurized at 85°C for 15 min. The mean loss of STR 
caused by pasteurization process was 28.54%, indicat-
ing that STR is unstable at high temperatures.

Screening to Determine the Optimal Resin

Despite being effective, the normal processing pro-
cedures did not completely remove the STR from hon-
ey. The level of STR residues after the 4 procedures 
were performed was 651 µg kg–1, which far exceeded 
the MRL. Therefore, using absorption resins may be 
an efficient method to remove STR from honey. In the 
static adsorption tests, the performance of the 4 resins 
in removing STR was determined, as shown in Figure 
2. The adsorption rates of the LS-905, NKA-9, LS-904, 
and LS-200 resins were 26.76%, 21.29%, 65.77%, 
24.09%, respectively. Obviously, the LS-904 resin had 
the highest adsorption rate.

Compared with the macroporous adsorption resins 
(LS-200, NKA-9), the performance of ion-exchange 
resin is related to the properties of the exchange groups. 
Ion-exchange resins generally carry cations or anions 
that are exchanged with similarly charged ions in so-
lution via electrostatic interactions. Hence, the ionic 
groups in a solution migrate to the resins and the other 
ion groups migrate in the opposite direction until elec-
troneutrality is achieved. The LS-904 resin is a cation-
exchange resin, whereas the LS-905 resin is an anion-
exchange resin. The highest adsorption rate caused by 

the LS-904 resin could be attributed to the fact that the 
STR became Str-H3

3+ in the honey sample, which had 
a pH of 3.2–4.5, so that the H+ ions produced by the 
LS-904 resin would be exchanged with Str-H3

3+.The 
schematic diagram of this process is illustrated in Fig-
ure 3. Therefore, considering its adsorption capacity, 
the LS-904 resin was selected as the optimal resin to 
remove STR from honey.

Effect of the Adsorption by the Cation-exchange 
Resin on the STR Levels

In the static adsorption assay, the amount of LS-904 
resin, the adsorption time and the temperature were 
varied to determine the optimal conditions. The results 
were depicted in Figure 4. 

As shown in Figure 4(a), the optimal amount of LS-
904 resin was determined. The STR content in honey 
samples decreased with an increase in the amount of 
resin and finally attained an equilibrium above 80 g 
LS-904 resin kg–1 honey, at which the STR residue 
was nearly zero. The efficiency of STR-residue re-
moval using this method was satisfactory, reducing 
the STR content from 76.8 µg kg–1 to nearly 0. The 
final STR content was far below the MRL, which in-
dicated that the LS-904 resin is highly suitable for re-
moving STR.

The effect of time on the adsorption of STR by the 
LS-904 resin was observed, and the results are shown 
in Figure 4(b). The STR level, which was initially at 
68 µg kg–1, decreased sharply within the first 30 min, 
then stabilized between 30 and 60 min. The STR level 
eventually remained unchanged after approximately 
60 min, demonstrating that the maximum adsorption 
efficiency had been attained. More significantly, the re-
duction rate was approximately 100%. Based on these 
results, the optimum adsorption period is 60 min.

Figure 4(c) illustrates the effect of temperature on 
the adsorption of STR residues in honey by the LS-

Figure 2. Rates of streptomycin (STR) adsorption by four types of 
resins. Different lower case letters indicate significant differences at 
P < 0.05.

Figure 3. Process of streptomycin (STR) adsorption using a cation-
exchange resin.
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904 resin. When the temperature was increased from 
25–45°C, the rate of STR adsorption increased to 
86.72%. It is noteworthy that the adsorption rate was 
apparently greatest at 45°C, at which the STR content 
was approximately 10 µg kg–1, lower than the MRL. 
However, after this point, the adsorption rate began 
to decrease with increasing temperature. Moreover, 
an unadvisable adsorption process is likely to impair 
the quality of the honey. As reported by Turkmen et 
al. [18], both high-temperature and a long exposure 
directly affect the bioactivities and qualities of honey, 
particularly some of the antioxidant properties. There-
fore, although the STR content in honey was reduced 
by increasing the temperature, taking all the facts into 
consideration, 45°C was chosen as the most appropri-
ate adsorption temperature.

CONCLUSIONS

This study investigated the effect of conventional 
honey processing on the removal of STR residues from 
honey and explored an efficient method of further re-
ducing the STR concentration using ion-exchange res-
ins. The results indicated that vacuum concentration 
was the most efficient process for removing STR resi-
dues from honey. In addition, among the four candidate 
resins (LS-904, LS-905, LS-200 and NKA-9), the LS-
904 resin had the highest adsorptive capacity for STR 
in honey, and the best adsorption time and temperature 
were determined to be 60 min and 45°C, respectively. 
By leveraging the method proposed in this paper, taint-
ed honey could be widely used in food industry as a 
safe and acceptable natural sweetener.
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ABSTRACT: Effects of chlorine and phosphor on the transformation of zinc during com-
bustion of sewage sludge (SS) was investigated by two approaches: combustion experi-
ment and thermodynamic simulation. The result of thermodynamic simulation predicted 
that zinc existed as ZnSO4 (s) below 400°C, while mainly as phosphate in solid phase 
when the combustion temperature was in the range from 500–1200°C but was released 
as metallic vapor at higher temperatures (>1300°C). NaZnPO4 and Zn(PO3)2 were ex-
perimentally detected by X-ray diffraction in sewage sludge slag (SSA) at 900°C. The 
volatilization rate of zinc was below 10.00% in all cases, and increased slowly along 
with the combustion time and temperature. However, this volatilization rate significantly 
increased with chlorine addition through the formation of metal chloride, while phosphor 
additives restrained the volatilization of zinc.

INTRODUCTION

THE sewage sludge (SS) contains vast inorganic 
pollutants and abundant nutrients [1,2] that must 

be treated properly. Combustion of sewage sludge (SS) 
has significant advantages over landfill and compost-
ing. For example, it could decrease the volume of SS 
obviously, reduce organic pollution, save energy and 
land resources [3,4]. But the removal of heavy met-
als, the key pollutants, cannot be achieved during SS 
combustion, since some of them will volatilize in the 
flue gas or be adsorbed by the fine particles, and release 
into the environment eventually [5]. Zinc is the main 
heavy metal in SS in China [6,7], so it is important to 
research the migration and transformation of zinc dur-
ing combustion of SS.

Thermodynamic simulations have been widely used 
in the research of the behavioral characteristics of 
heavy metals during waste combustion [8,9]. However, 
it must be pointed out that these thermodynamic simu-
lations were based on the equilibrium of chemical re-
action, not paying attention to the reaction time, which 
is important to the reaction. For example, Fraissler 
simulated the behavioral characteristics of zinc during 
combustion of SS, studying the influence of CaCl2 and 
found that calculated and experimental data differed 
one from each other due to the dynamic effect [10]. 

Therefore, the results of thermodynamic simulations 
should be corrected by the experiment test results. The 
aim of this article was to experimentally evaluate the 
effects of chlorine and phosphor on the distribution of 
zinc during SS combustion and to analyze the chemical 
speciation of zinc by thermodynamic simulations. 

MATERIALS AND METHODS

Materials

The SS samples were collected from Kunshan city, 
which was near to Shanghai city. The principal elements 
of the SS, such as C, H, O, N, S, Cl, were analyzed 
by an X-ray fluorescence spectrometer (ZSX100e, Ja-
pan). The content of P in the SS was measured by a 
SMT program for phosphorus fractionation, which was 
described elsewhere [11,12]. The contents of heavy 
metals were measured by an atomic absorption spec-
trometer (AAS 200, Perkin Elmer, US). The measured 
results are reported in Table 1. SS samples with the 
chlorine addition of 2.00 wt%, 4.00 wt% and 8.00 wt% 
were prepared using NH4Cl, while SS samples with the 
phosphor addition of 5.00 wt%, 10.00 wt% and 15.00 
wt% were obtained using (NH4)3PO4.

Experimental Methods

The experimental setup used in this work included 
a tubular resistance furnace (high-temperature tube at-*Authors to whom correspondence should be addressed.  
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mosphere furnace SGQ-6-12 type, diameter = 72 mm, 
length = 1000 mm) and an impinger train (Figure 1) 
which was made to adsorb the zinc present in the flue 
gas.

For the research of the combustion time and tem-
perature effects on the volatilization of zinc, a series 
of combustion experiments of SS was carried out at 
900°C with varied combustion time (20, 40, 60, 90 
and 120 min), and a series of combustion experiments 
for 60 min at varied combustion temperatures (900, 
950 and 1000°C). For the research of the chlorine and 
phosphor effects on the volatilization of zinc, SS with 
three levels of chlorine addition (2.00%, 4.00% and 
8.00%) and phosphorus addition (5.00%, 10.00% and 
15.00%) were then combusted to study their impacts 
on the zinc volatilization at 900°C during 60 min. All 
these combustion experiments were carried out in air 
with a gas flow of 3.00 L/min (0°C, 101KPa). 

After those combustion experiments, the residues in 
the quartz glass tube were collected as SSA, and the 
zinc volatilized into the flue gas was adsorbed by the 
impinger train. The contents of zinc in the SSA and 
the impingers train were then analyzed by the atomic 

absorption spectrometer (AAS 200, Perkin Elmer, US) 
after digestion, as described elsewhere [13]. X-ray dif-
fraction (XRD-X Pert PRO, Holland) was used to ana-
lyze the combined form of zinc in SSA over a range of 
2θ angles between 10° and 80° using Cu Kα radiation 
at 40 KV and 30 mA setting.

The volatilization rate of zinc was calculated ac-
cording to the following formula:

Volatility  








 1 100

C M
C M

slag slag

sludge sludge
%

where Cslag and Csludge are the contents of zinc in SSA 
and SS, respectively; Mslag and Msludge are the masses 
of SSA and SS, respectively.

THERMODYNAMIC EQUILIBRIUM  
SIMULATION

A conventional thermodynamic calculation was 
carried out by HSC-Chemistry 5.0 software [14,15] 
based on the free Gibbs energy minimization in order 

Figure 1. Scheme of the experimental apparatus. 1-gas bottler, 2-gas valve, 3-tubular resistance fur-
nace, 4-quartz glass tube, 5-temperature controller, 6-the impinger train for gas adsorption.

Table 1. Elemental Analysis of the SS and the Contents of Heavy Metals in SS (dry basis).

Element C H O N Cl S p Si

Content (wt%) 12.36 1.80 13.30 2.05 0.03 0.59 0.92 5.01

Element Zn Cu Pb Ni Cd Cr

Content (mgt/kg) 1580.92 648.60 15.93 89.97 1.32 444.79

(1)
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to simulate the chemical speciation of zinc in SS com-
bustion. The calculations were performed in air atmo-
spheres (79.00% N2 and 21.00% O2), considering an 
air excess number (α) of 1.4 in SS combustion. Then, 
the main elements considered were C, H, O, N, Si, S, P, 
Cl and Zn with the input value of 10.30, 18.00, 34.37, 
99.50, 7.85, 0.19, 0.30, 8.60 × 10–3 and 2.42 × 10–2 
mol in the HSC-Chemistry 5.0 software, respectively, 
which were calculated from the real elemental contents 
of SS and air. The calculations were performed in a 
temperature range between 100°C and 1600°C under 
atmospheric pressure. In the results of the calculations, 
“s” represented the solid phase and “g” represented the 
gas phase.

RESULTS AND DISCUSSION

Impacts of Combustion Time and Temperature

Figure 2(a) and 2(b) show that the volatilization 

rates of zinc of all samples were below 10.00%, and 
most of the zinc was solidified in the SSA. The vola-
tilization rate of zinc rises gradually with the increase 
of combustion time and temperature, but the impact 
of both factors was small. The results of experimen-
tal mass balances of zinc are shown in Figure 2(b), 
in which “Slag” represents the percentage of zinc in 
SSA; “Adsorbent” represents the percentage of zinc 
in the impinger train; “Cleaning solution” represents 
the percentage of zinc remained in the quartz burner 
tube, which was washed by 3% HNO3; and “Loss” rep-
resents the percentage of zinc that could not be mea-
sured. The result of the experimental mass balances of 
zinc showed that the loss of zinc was slight [Figure 
2(b)]. According to thermodynamic equilibrium data, 
the dominant chemical speciation of zinc below 400°C 
was ZnSO4(s) [Figure 2(c)]; however, it was mainly 
in the form of phosphate in the solid phase when the 
combustion temperature increased from 500–1200°C, 
which was experimentally detected by XRD in SSA 

Figure 2. The effects of combustion time and temperature on the distribution of zinc: (a) volatility of zinc; (b) mass balance of zinc; (c) 
thermodynamic simulation results; (d) XRD results of a representative sample of SSA (900°C, 60 min).
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at 900°C [Figure 2(d)]. According to thermodynamic 
equilibrium data, at temperatures above 1300°C, zinc 
was released as metallic vapor. Comparing the theoret-
ical and experimental results, it could be found that the 
thermodynamic equilibrium simulation could describe 
the tendency of the chemical reaction and the specia-
tion of the reaction products, but the prediction of the 
volatilization rate of zinc greatly varied from the ex-
perimental results due to chemical reaction dynamics. 

Impact of Chlorine 

To determine the effects of chlorine on Zn distribu-
tion, different samples of SS were combusted with the 
addition of 2.00–8.00% chlorine. As shown in Figure 
3(a), it could be found that the volatilization rate of 
zinc increased significantly with chlorine addition. In 
addition, the volatilization rate of heavy metals zinc in 
the treated SSA appeared in the trend of increased than 
decreased, and the increasing speed is fast, the vola-
tilization rate of zinc had been increased from 6.37% 
without chlorinating addition to 45.7% with chlorinat-
ing addition 8%.

As seen in Figure 3(b), zinc was mainly in ZnSO4(s) 
at lower temperature, and with the increasing of temper-
ature, ZnSO4(s) transforms gradually to Zn3(PO4)2(s), 
and then, transformed to Zn(g) and ZnCl2(g) with the 
presence of NH4Cl. The comparison of Figure 3(a) and 
3(b) proved that the presence of the chlorine promotes 
zinc volatilization in chloride form. 

As shown in Figure 3(c), the main crystal compo-
nent of SSA were SiO2 and Fe2O3, and Zn(PO3)2 also 
was detected in the SSA by XRD analysis with chlo-
rine addition of 2.00%, which also could prove the re-
sult of thermodynamic calculation that the main form 
of zinc at 900°C was phosphate.

Impact of Phosphorus

To demonstrate the influence of the phosphor ad-
dition (added in the form of (NH4)3PO4) on the vola-
tilization rate of zinc, some similar experiments were 
exerted. The results in Figure 4(a) show that the vola-
tilization rate of zinc in the treated SSA appears in the 
trend of first decreased then increased (V-shape). The 
volatilization rate of zinc declined from 6.37–4.05% 
when phosphor addition increased from 5.00% to 
10.00%, and then, increased to 5.65% when phosphor 
addition was 15%. According to the equilibrium data, 
phosphor addition in the form of (NH4)3PO4 could in-
hibit the volatilization of zinc.

Figure 3. Effects of chlorine on the distribution of zinc: (a) volatility 
of zinc; (b) results of the thermodynamic calculation with the addition 
of 2.00% chlorine; (c) XRD results of a representative sample of SSA 
with the addition of 2.00% chlorine.
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As seen in Figure 4(b), ZnSO4(s) was the main 
chemical speciation below 700°C without phosphor. 
With the increase of temperature, ZnSO4(s) trans-
formed to ZnO(s) and ZnSiO3(s), and when the tem-
peratures was above 1100°C, zinc volatilized in the 
form of Zn(g). However, in the presence of phosphor, 
when the temperatures was below 1100°C, the main 
form of zinc was Zn3(PO4)2(s). Compared with Figure 
4(a), it can be proved that phosphorus addition in the 
form of (NH4)3PO4 could inhibit the volatilization of 
zinc through formation of Zn3(PO4)2, which was iden-
tified by the XRD analysis of the SSA with phosphor 
addition of 10.00% as shown in Figure 4(d).

CONCLUSIONS

According to the results of experiments, the phos-

Figure 4. Effects of phosphor on the distribution of zinc: (a) volatility of zinc; (b) results of the thermodynamic calculation without phosphor; 
(c) results of the thermodynamic calculation with the phosphor addition of 10.00%; (d) XRD results of a representative sample of SSA with the 
phosphor addition of 10.00%.

phor addition could raise the proportion of zinc in SSA 
through the formation of NaZnPO4 and Zn(PO3)2. 
However, zinc volatilization during SS combustion 
significantly increased after chlorine addition, reach-
ing 45.70% when the chlorine addition in the SS was 
8.00%. 

The results of thermodynamic calculations indicat-
ed that ZnSO4(s) was the main chemical speciation at 
the lower combustion temperature. However, zinc was 
mainly in the form of phosphate in solid phase at high-
er temperatures (up to 1200°C) and it existed as gas-
eous substance above 1200°C. In addition, the fraction 
of ZnCl2(g) obviously increased with chlorine addition 
and the fraction of Zn3(PO4)2(s) obviously increased 
with phosphor addition.

Comparing the thermodynamic calculation results 
with those combustion experiment results, it could be 
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found that the volatilization rate of zinc increased with 
chlorine addition significantly through the formation of 
metal chloride. However, phosphor additive restrained 
the volatilization of zinc.
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ABSTRACT: The model predictive control (MPC) with a nonlinear back propagation 
(BP) was used to design activated sludge process control system, and then a new im-
proved dynamic matrix controller (IDMC) design method was proposed. The method 
was tested with the digital simulation analysis in a small-scale wastewater treatment 
plant based on benchmark simulation model No.1 (BSM1). The results showed that 
IDMC designed by the method has good dynamic characteristics and strong adaptability 
to stock load, and thus improves stability of the control system.

INTRODUCTION

ACTIVATED SLUDGE process is widely applied in 
wastewater treatment [1–6]; many wastewater 

treatment methods are based on it, such as oxidation 
ditch, sequencing batch reactors (SBR) [7], anaerobic-
anoxic-oxic process (A2/O process) [8]. To improve 
effluent quality and reduce energy consumption, a 
combination of activated sludge process and excellent 
control technology is needed.

The mechanism of wastewater treatment is com-
plicated and difficult to model. The treatment process 
is strongly nonlinear and severely interfered by many 
factors. Therefore, common control techniques are not 
effective [9–12]. 

Activated sludge process is too complicated for a 
precise model to be built and it is strongly nonlinear 
with severe interference. Model predictive control 
(MPC) can work without a precise model. It has good 
stability and anti-interference ability. The understand-
ing of MPC has significant implications in the area of 
wastewater treatment. In this paper, the model predic-
tive control (MPC) with a nonlinear back propagation 
(BP) was used to design activated sludge process con-
trol system, and then a new design method improved 
dynamic matrix controller (IDMC) method was pro-
posed. 

SIMULATION MODEL 

Benchmark Simulation Model No.1 (BSM1) is a 
simulation environment developed by the European 
Cooperation in the field of Scientific and Technical Re-
search (COST) [13]. It defines a wastewater treatment 
plant layout, process models, influent data, simulation 
procedure and performance index [14]. BSM1 provides 
a reliable, convenient, perfect simulation environment, 
and it is an ideal tool for researchers to design, debug 
and compare control algorithms.

Plant Layout

The BSM1 plant is composed of 5 biological reac-
tors and a secondary settling tank. Its layout is shown in 
Figure 1. The biological reactors include two 1000-m3 
anoxic tanks and three 1333-m3 aerated tanks. For the 
first two aerated tanks, the default value of oxygen trans-
fer coefficient (KLa) is 10/h. For the third aerated tank, 
KLa is 3.5/h without control action. The secondary set-
tling tank is divided into ten 0.4-m-high layers. After the 
biological treatment, part of the wastewater returns to 
the first anoxic tank at a default flow rate of 55338 m3/d 
to go through the reactions again, which is called the 
internal recycle. The left flows into the secondary set-
tling tank from the 6th layer and precipitates. After set-
tling, clean water flows out from the 10th layer. Muddy 
water flows out from the 1st layer and returns to the first 
anoxic tank as well, which is called the external recycle. 
The waste sludge is discharged at a rate of 385 m3/d.
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Process Models

The above biological process is simulated using 
the Activated Sludge Model No.1 (ASM1) developed 
by the International Association of Water Quality 
(IAWQ). The above settling process is modeled using 
the double-exponential settling velocity function. Both 
models are recognized worldwide.

Influent Data

The influent data designed by the IAWQ for BSM1 
are based on a large amount of actual data [15]. The 
data include 3 weather conditions, i.e., dry, rainy and 
stormy weather. For each weather condition, data over 
14 days are included and the sample time for each day 
is 15 minutes. There are 15 data for each sampling 
point: t, SI, SS, XI, XS, XB,H, XB,A, XP, SO, SNO, SNH, 
SND, XND, SALK and Q. The influent SNH concentration 
in dry weather is shown in Figure 2.

Control Variable

SNH is one of the main wastewater pollutants, and 
denitrification is an important step in wastewater treat-
ment. In this paper, KLa for the last aerated tank is cho-

sen as a manipulated variable to control the effluent 
SNH.

DESIGN OF A NONLINEAR DYNAMIC  
MATRIX CONTROL (DMC) ALGORITHM 

MPC was introduced in the 1970s. It has been de-
veloping with the rapid development of computer tech-
nology and successfully applied in industry practice. 
MPC is not only a kind of control algorithm but also a 
generalized method of control, including model algo-
rithmic control (MAC), DMC, generalized predictive 
control (GPC).

This paper focuses on DMC. According to its prin-
ciple [16], DMC is a control algorithm based on an 
approximate linear model which can be obtained by 
the step response of the controlled object. DMC can 
achieve the desired control effect when the controlled 
object is linear or a weakly nonlinear system. How-
ever, if the controlled object is a strongly non-linear 
system, linear model-based DMC would lead to model 
mismatch, resulting in poor control performance and 
big errors in control results.

Artificial neural network (ANN) is a kind of intel-
ligent algorithm [17]. It can establish a mathematical 
model of the object by learning the historical informa-

Figure 1. BSM1 plant layout.

Figure 2.  Influent SNH concentration in dry weather.
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tion of the object. In this paper, back propagation (BP), 
which is the most widely applied in neural network 
modeling, is used to establish a nonlinear model of the 
controlled object. And the model is then used as a pre-
diction model in DMC to improve predictive accuracy.

The Principle of Nonlinear DMC Algorithm

The principle of nonlinear DMC algorithm is shown 
in Figure 3. The method to improve DMC is to replace 
the linear model with the nonlinear model built with BP:
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y(k) is the output of the controlled object at mo-
ment k; u(k) is the manipulated variable at moment 
k. 
y k( )+1  is the predictive output at moment k + 1. 

Here, m = n = 2.
It is worth noting that the prediction model should 

predict P output: � …y k i i P( ), ;    1  when i = 1, all 
the dependent variables of ( )f iˆ  take their real values, 
but when i > 1, y(k + 1),  will be replaced by the predic-
tive value of y k i( ).+

In order not to increase computational complexity, 
the part of rolling optimization remains the same as 
that in general DMC.

In order to deal with interference and avoid model 
mismatch, feedback calibration is performed.

Simulation and Analysis

Figure 4 shows the simulation results of DMC and 
BP-DMC.

As shown in Figure 4, BP-DMC was superior at 
some times but inferior at the other times to the general 
DMC. The mean deviation of general DMC was 1.2488 
while that of BP-DMC was 1.2565. Overall, BP-DMC 
was inferior because: There were errors in the model; 
the training information was incomplete, and the errors 
of the model at some times were too large; except for 
the predictive output at moment k + 1, those at mo-
ments k + 2, … , k + P used the predictive value of 
last moment as one of the dependent variables, which 
caused rapid increase in error.

In conclusion, BP-DMC needs further improvement.

IMPROVEMENT OF NONLINEAR DMC 
ALGORITHM

According to the conclusion of the previous section, 
because of large errors at some times, BP-DMC is not 
better than general DMC. In this section, BP-DMC is 
to be supplemented by DMC to improve predictive ac-
curacy.

Specifically, BP-DMC and general DMC were put 
in parallel and the predictive outputs of the two algo-
rithms were compared to the real output at each mo-
ment. Then the algorithm with a smaller difference 
was used to obtain the manipulated variable u at the 

Figure 3. The principle of nonlinear DMC.

Figure 4. Comparison between DMC and BP-DMC simulation results.
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moment. The principle of the improved BP-DMC is 
shown in Figure 5.

The simulation result is shown in Figure 6. 
As shown in Figure 6, the improved BP-DMC had 

an ideal effect with a mean deviation of 1.0673, de-
creasing by 14.5 percent.

CONCLUSION

The improved BP-DMC takes the advantage of the 
high accuracy at some times of BP-DMC and the sup-
plementation of general DMC at the other times. Sim-
ulation experiments on benchmark simulation model 
No.1 (BSM1) were conducted. The results showed that 
the improved DMC predicted more accurately and had 
an ideal effect with a mean deviation of 1.0673, de-
creasing by 14.5 percent. The improved BP-DMC has 
practical value in modeling of activated sludge process.

In the future, how to choose representative training 
data to make BP-DMC useful in more areas is worth 
exploring.
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ABSTRACT: This study explored the constituents of syngas and the distribution of chro-
mium metal when different calcium compounds (Ca(NO3)2, CaCO3 and CaO) were used 
as additives. In this experiment, artificially simulated waste was taken as the biomass for 
gasification and chromium metal was used as the heavy metal in the simulated waste. 
The syngas composition, the yield of H2 and the retention of chromium metal were ana-
lyzed. Results showed that all the three calcium compounds could increase the propor-
tion of H2, but that there was no significant difference between them. The contents of 
chromium in the bed materials with different particle size were measured and displayed 
that the concentrations of chromium were higher in the bed materials with particle diam-
eters above 1.00 mm and below 0.35 mm. Under the operation temperature of 700°C, 
the calcium compounds retained the highest content of chromium metal, for it evapo-
rated only a little under this low temperature. Therefore, adding calcium compounds into 
the fluidized bed during the gasification of the waste could enhance the yield of H2 in the 
syngases and increase the content of retained chromium metal in the sand bed.

INTRODUCTION

CURRENTLY, there are 24 large incineration plants 
in Taiwan, which treat over 6 million tons of waste 

and generate about 1 million tons of combustion resi-
due and about 300,000 tons of fly ash. According to the 
statistics released by Taiwan Environmental Protection 
Bureau, the disposal rate of urban solid waste has been 
99.9% since 2008, and 97% of the waste (excluding 
the recycled one) is incinerated [1]. After recycling, 
most of the rest waste is organic. If the waste is gas-
ified rather than incinerated, the waste can be decom-
posed and re-usable energy is generated, which creates 
positive effects on the sustainable development of the 
resources on the earth. In gasification,carbon materials 
(e.g., biomass and coal) are partly gasified under a high 
temperature into compound gases (H2, CO and CH4). 
In general, the frequently-seen operation parameters 
in gasification include feeding material, temperature, 
pressure, feeding particle diameter, the particle diam-
eter of bed material, the type of gas, equivalence ratio 
(ER), and steam/biomass ratio [2,3]. Many researches 

have shown that operation temperature and ER have 
major influences.

Luo et al. [4] pointed out that the carbon conver-
sion efficiency would increase from 61.96–92.59% 
and the yield of gases would rise from 1.15 Nm3/k to 
2.53 Nm3/kg when the operation temperature climbed 
up from 600–900°C. According to Alauddin et al. [3], 
temperature had significant impact on thermal trans-
mission, as a higher temperature inside the gasifier 
would enhance the thermal transmission rates of the 
bed materials and the feeding materials and then influ-
ence the constituents of the generated gases. Schuster et 
al. [5] proposed that a high temperature would quicken 
dissociation, generate more gases, increase the thermal 
energy for the water gas shift reaction, and promote the 
endothermic reaction. Luo et al. [4] found that a higher 
operation temperature would accelerate the methane-
steam reforming, the water-gas shift reaction and the 
Boudouard reaction, and thus create more H2 and CO. 
These relative reaction mechanisms show as follows:

Methane-steam reforming 

CH H O 3H CO          H  kJ/mol4 2 2    ∆ 206
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CH H O 4H CO           H  kJ/mol4 2 2 2    2 165∆

CH CO 2H CO          H  kJ/mol4 2 2    2 247∆

Water-gas shift reaction

C H O CO H           H  kJ/mol2 2    ∆ 131

Boudouard reaction

C CO CO          H  kJ/mol2   2 171∆

Another important parameter is ER, which is de-
fined as “actual air fuel ratio/stoichiometric air fuel 
ratio”. Lv et al. [6] explored the influence of the ad-
justment of ER on the constituents of generated gases 
in gasification and found that when ER rose from 0.19 
to 0.27, the CO2 in the generated gases increased while 
CO and H2 slightly decreased, for a higher ER led to 
more oxygen in the reaction and fasten carbon conver-
sion. Li et al. [7] indicated that in the gasification pro-
cedure of a fluidized-bed gasifier, the content of H2 and 
CO declined when the ER increased from 0.31 to 0.47. 
According to Basu [8], an ER lower than 0.2 would 
result in inadequate oxygen in the gasifier and the dis-
sociation of gasification, which would generate more 
char, while an ER higher than 0.4 would lead to exces-
sive fully combusted materials like CO2 and H2O in the 
gasifier, which would result in a low heating value of 
syngases. Therefore, Alauddin et al. [3] found that an 
appropriate ER range was from 0.2 to 0.4 in a gasifier. 
Maglinao et al. [9] suggested that the typical ER ratio 
in a pilot scale bubbling fluidized bed biomass gasifier 
was from 0.20 to 0.50. Therefore, ER parameter con-
trolled at 0.3 seems to be a suitable value.

Currently, two kinds of gasifiers (the fluidized bed 
gasifier and the fixed bed gasifier) are widely used in 
business and various researches. The fluidized bed gas-
ifier features an effective mass and thermal transmis-
sion, a good mixture of bed materials, an even bed tem-
perature, and high flexibility of feeding. It is suitable 
for developing technologies to generate more syngas 
from biomass, which makes it very popular. Another 
advantage of the fluidized bed is that adsorbents can be 
added into the furnace to increase the yield of syngas 
or adsorb heavy metals in waste or biomass. In general, 
there is 0.22–0.34% of non-iron metals in waste when 
the gasification temperature stays in the range of 700–
900°C, so it is possible that some heavy metals will 
emit into the environment and cause secondary pollu-

tion or harm to human body [10]. Under a high tem-
perature, heavy metals cannot be destroyed and would 
become metal vapor or small particles, which would 
be emitted with flue gas or attach to the bed materials 
[11], so it is very important to control the heavy metals 
in gasification. 

According to Ho et al. [12], heavy metals could be 
controlled through inhibiting the evaporation of metal 
compounds and adding solid adsorbents. The reactor of 
the fluidized bed allows effective contact between ad-
sorbents and metal compounds as well as a mixed reac-
tion, so it is the best reactor to control the evaporation 
of heavy metals by adding adsorbents. The frequently-
used adsorbents include calcium-based and silica alu-
mina adsorbents. Ho et al. [13] took adsorbents such 
as limestone, bauxite and zeolite as the bed materials 
of the fluidized bed and added heavy metals like Cr, 
Pb and Cd into the stimulated wastes to investigate the 
effects of the adsorbents on controlling the heavy met-
als. The research results showed that limestone was the 
best to adsorb the three heavy metals. Liu et al. [14] 
used CaO and CaCO3 as additives to control heavy 
metal emission during waste incineration. The results 
showed that the defluidization time was prolonged and 
the emission of heavy metals was decreased. For waste 
thermo treatment, the control of heavy metal emission 
is an important problem. If adding calcium compounds 
can decrease the emission of heavy metals in the gas-
ification of waste and may increase the content of H2 in 
the syngases at the same time, it will greatly enhance 
the popularity of the waste gasification. Hence, this 
study focused on the influences of different calcium 
compounds (CaO, CaCO3, Ca(NO3)2) on the syngas 
generation and the chromium metal distribution in the 
bed materials in a gasifier with fluidized bed, so as to 
provide references for the future development of waste 
gasification technologies.

METHODS

Experimental Materials

Most of the gasification biomass in the experiment 
was artificially stimulated waste, including sawdust, 
polypropylene (PP), polyethylene (PE) plastic bags and 
chromium metal solution. Table 1 showed the ultimate 
analysis. Table 2 listed the results of heating value and 
proximate analysis of the artificially stimulated waste. 
The main operation parameters of the experiment were 
gasification temperature (700°C, 800°C, 900°C) and 
types of added calcium compounds (Ca(NO3)2, CaCO3 

(2)

(3)

(4)

(5)
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and CaO). Three calcium compounds and the chromi-
um metal solution were added into the PE plastic bags 
with PP plastic particles and sawdust. In the gasifica-
tion, the parameters were set unchanged, including gas 
velocity (1.3 U/Umf), particle diameter of silica sand 
bed material (0.775 mm) and ER (0.3).

Experimental Procedures

The bubbling fluidized bed gasifier was employed 
in this research, which had been reported in a previous 
paper [15]. This gasifier is made of stainless steel (AISI 
310), with gasifier walls of about 0.3 cm, height of 120 
cm and inner diameter of 10 cm. The heating system 
is based on electricity, and there is a 3-inch layer of 
heat insulation fiber on the external wall of the gas-
ifier, which is used to prevent heat dissipation. In the 
gasifier, there are three thermocouples used to record 
the temperature in the gasifier and report to the tem-
perature control system to control the operating tem-
perature of the gasifier. Under the sand bed is a stain-
less steel dispersion board, and the silica sand was used 
as bed material with a fixed particle diameter of 0.775 
mm. The density of silica sand was about 2,600 kg/m3. 
To prevent the gases generated in the gasification from 
emitting and prevent external air from entering the gas-
ifier during the process of feeding, the feeding part is 
equipped with a double-valve device.

As for the sampling of the gases generated in the 
gasification, the sampling gases passed through a glass 

fiber filter and an impinger (with 100 ml of heavy metal 
absorption solution containing 33 ml of H2O2, 7.67 ml 
of HNO3, and 100 ml of deionized water) in a low-tem-
perature water tank. Then, the gases were cooled and 
the heavy metals in them were absorbed. Subsequently, 
the GF/A filter paper and silica gel were used to filter the 
remaining ash and water vapor, and an active pump was 
adopted to collect the sample which was then put into 
a sampling bag. After that, a gas chromatography (GC) 
with a thermal conductivity detector (TCD) was used to 
analyze the constituents of the syngases. After the gas-
ifier was cooled, the bed material was collected after the 
experiment. An ASTM standard sieve was adopted to 
collect bed materials with different particle diameters, 
which were digested by a microwave digester. After 
that, the concentration of chromium metal was detected 
by a flame atomic absorption spectroscopy (FAAS).

RESULTS AND DISCUSSION

Influence of Different Calcium Compounds on the 
Constituents of the Generated Gases

As shown in Figure 1, before the addition of cal-
cium compounds, there was about 10 mol% of H2 in 
the syngas, while the proportion of H2 increased after 
the calcium compounds were added. After 19 minutes 
at the operation temperature, there was more signifi-
cant increase in the proportion of H2 which climbed up 
to about 20 mol% (Figure 1). Chiang et al. [16] added 
10% of CaO as an additive into the biomass and found 
that the proportion of CO2 decreased by 7.5% while 
the proportion of H2 slightly increased, for CaO could 
adsorb the CO2 generated in the gasification. Except 
the first minute of sampling, the proportion of CO2 in 
the gases declined along with the operation time. The 
results also showed that different types of the calcium 
compounds had no significant difference though they 
could increase the proportion of H2. With the drastical-
ly growing impact of climate changes in recent years, 
all countries around the world have paid attention to 
the issues about CO2 emission. According to this study, 
calcium-based additives can help reduce CO2 emission 
and generate more H2. This could be taken as a refer-
ence for practical operation of factories.

Influence of Different Calcium Compounds on the 
Distribution of the Chromium Metal in the Bed 
Materials

After the gasification and the gasifier cooled down 

Table 1. The Ultimate Analysis of Artificial Waste.

Species
Polypropylene 

(wt%)
Polyethylene 

(wt%)
Sawdust 

(wt%)

C 86.16 85.71 43.12
H 12.20 13.04 5.80
O 0.52 0.39 46.0
N 1.12 0.86 5.01

Table 2. The Heating Value and Proximate Analysis  
of Artificial Waste.

Species
Polypropylene 

(wt%)
Polyethylene 

(wt%)
Sawdust 

(wt%)

Proximate Analysis

Moisture 0.01 0.01 0.74
Volatile matter 99.99 99.99 81.60
Fixed carbon 0.00 0.00 16.60
Ash 0.00 0.00 1.07

Heating Value Analysis

LHV (MJ/kg) 45.63 44.92 15.10
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to the room temperature, the silica sands were taken 
out and divided into eight groups according to their 
particle diameters. After they were digested in a micro-
wave digester, FAAS was used to detect the concentra-
tion of the chromium metal. Of the eight bed material 
samples, the ones with particle diameters above 1.00 
mm and below 0.35 mm contained high concentrations 
of chromium metal (Figure 2). 

The possible reason for the higher concentrations 
of chromium metal in the bed material with a particle 
diameter above 1.00 mm might be agglomeration or 
sintering. Al-Otoom et al. [17] illustrated that agglom-
eration included relatively high proportions of calcium 
after fluidized bed combustion. Additionally, the im-

Figure 1.  The constituents of syngas in the gasification with different calcium compounds under an operation temperature of 800°C.

Figure 2. The chromium metal distribution in silica sand with different particle diameters.

purities of some bed materials may become a liquid 
featuring with a low melting point and high viscosity 
[18]. Therefore, the bed material and calcium additives 
may agglomerate or sinter to increase the diameter. 
The chromium metal may attach to or be covered by 
the sintered liquid material on the bed material. 

The possible reason for a high concentration of 
chromium metal in the bed material with a particle di-
ameter lower than 0.35 mm may be that there is attri-
tion between the particles and the gasifier wall during 
the fluidization, so that the particles gradually become 
smaller. Ayazi Shamlou et al. [19] suggested that the 
attrition in the fluidized bed combustor was caused by 
thermal stress, static stress, chemical stress and kinetic 
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stress. Lee et al. [20] also showed that many param-
eters, such as particle size, porosity, density and shape, 
could affect attrition during fluidization. Aside from 
the attrition among the bed materials, Lin and Wey 
[21] illustrated that the thermal and chemical stresses 
in the high-temperature incineration could create sig-
nificant impact on the abrasion of the particles of bed 
materials because of the complicated constituents of 
the waste. The high temperature and the thermal shock 
might greatly wear the particles and thus increase the 
proportion of the bed material with a small particle di-
ameter, whose greater surface area would adsorb more 
chromium metal. According to Kuo et al. [22], for the 
adsorption of chromium metal in the bed material with 
a small particle diameter, chemical adsorption plays a 
dominant role. Its adsorption reaction is as follows:

Cr O 4SiO 2CrSi 11/2O2 3 2 2 2  

In an exploration into the distribution of heavy met-
als with bed materials with different particle diameters, 
Lin [23] also noticed the high concentration of heavy 
metals in the bed material with a larger or smaller par-
ticle diameter. Whether heavy metals are distributed in 
the bed materials or evaporated with the gases depends 
on their boiling points. Clark [24] indicated that most 
of the heavy metal compounds with high boiling points 
existed in the residue or thick ash, whereas most of the 
highly evaporable ones were in the ash or gases. Chro-
mium metal has a high boiling point (2672°C), so most 
of them were retained in the bed materials.

The Proportion of Retained Chromium Metal in 
the Gasifier

In this study, the bed materials made of silica sand 
could adsorb heavy metals, which was similar to the 
research of Chen et al. [25] that many heavy metals 
were adsorbed by the silica sand during the opera-
tion, with an adsorption efficiency of “Cr > Pb > Cd”. 
Therefore, silica sand plays a highly important role in 
adsorbing heavy metals during the fluidized bed com-
bustion process. However, there is close relationship 
between the adsorption rate and the boiling points of 
heavy metals, so the retentions of chromium metal in 
the bed materials under different operation tempera-
tures were compared. There was a higher proportion 
of retained chromium metal under the temperature of 
700°C, because chromium metal evaporated less at a 
lower temperature (Figure 3). 

Additionally, Chen et al. [26] and Yao and Naruse 

[27] indicated that calcium-based additives could be 
used to adsorb heavy metals (Pb, Cd and Cr) during 
combustion procedure. Before calcium compounds 
were added, the proportion of retained Cr was about 
20% under different operation temperatures in the bed 
material made of silica sand, but there was significant 
increase in the proportion (over 40%) of retained chro-
mium metal in the bed materials after the calcium com-
pounds were added. The retention of chromium metal 
by the three calcium compounds ranked as “Ca(NO3)2 
> CaCO3 > CaO”. However, in general, there was no 
significant difference between Ca(NO3)2 and CaCO3 in 
term of the retention of Cr. 

CONCLUSIONS

This study explored the constituents of syngases 
and the distribution of chromium metal when differ-
ent calcium compounds (Ca(NO3)2, CaCO3 and CaO) 
were used as additives under different gasification 
temperatures. The results showed that all the three 
calcium compounds could increase the proportion of 
H2, but that there was no significant difference be-
tween them. The chromium was mainly distributed in 
the bed materials with particle diameters above 1.00 
mm and below 0.35 mm. Under the operation tem-
perature of 700°C, the calcium compounds retained 
the highest content of chromium metal, for the chro-
mium metal evaporated only a little under such a low 
operation temperature. In conclusion, adding calcium 
compounds into the fluidized bed during gasification 
could enhance the proportion of H2 in the syngases 
and increase the content of retained chromium metal 
in the sand bed.

(6)

Figure 3. The  influence  of  operation  temperatures  and  calcium 
compounds on the retention of chromium metal in the bed materials.
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Crystallization Behaviour of Chromium in Stainless Steel Slag: 
Effect of Feo and Basicity
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ABSTRACT: The synthetic stainless steel slag systems with different basicity and dif-
ferent FeO contents were prepared using reagent powders, the crystallization of which 
was experimented by cooling from melt to 1400°C in N2 atmosphere. The crystallization 
in the collected slag was studied using X-ray diffraction (XRD), scanning electron mi-
croscope (SEM) and energy dispersive spectrometer (EDS). It was found that an amor-
phous structure in slags with FeO was easier to be formed in low basicity (CaO/SiO2) 
of 1.0 than the basic slags, while in slag systems with high basicity of 1.25 or 1.5, well 
crystalline phases including spinel and merwinite were formed, irrespective of FeO con-
tent. The results also showed that higher FeO content and lower basicity improved the 
precipitation of Cr2O3 into Mg(Al,Fe,Cr)2O4 spinel solid solution.

INTRODUCTION

DURING the smelting of ferrochromium and the re-
fining of stainless steel, significant amount of slag 

is annually generated worldwide, which mainly con-
sists of SiO2, CaO, Al2O3, Fe2O3, FeO, Al2O3 and MgO. 
Different from ordinary steel slag, stainless steel slag 
also includes considerable amount of chromium oxide 
(typically as Cr2O3, 1.5–4.5 wt%). If it is not treated 
properly, even Cr3+ in the slag is gradually oxidized to 
Cr6+ over time when free lime and oxygen are avail-
able during or even after cooling [1,2]. Since Cr6+ is 
highly soluble in water, it would leach out from waste 
and cause the environmental pollution [3]. Therefore, 
researches on stainless steel slag have been receiving 
more and more attentions all around the world [4–5]. 

As all known, due to the complex of chemical com-
positions, solidified slag or chromium-containing re-
siduals has a multicrystalline structure and consists of 
several different phases [6,7]. In order to recycle it effi-
ciently, the stainless steel slag has to be further treated; 
therefore, it is important to figure out the physicochem-
ical property and the crystallization behaviour of chro-
mium in the slag. H. Shen et al. [6] collected two types 
of stainless steel slags from different factory and found 
that chromium was mainly precipitated in Fe–Cr–Ni 
alloys and Fe–Cr oxides. However, S. Mostafaee [8] 

investigated the slags at three stages from seven EAF 
duplex stainless steel heats and found that all slag 
samples included molten oxides, magnesiochromite 
spinels and metallic droplets, while other solid phases 
formed depended on basicity. All these results demon-
strated that the chemical components of factory slag 
were different and thus phase compositions varied dra-
matically. 

In order to further investigate the effect of chemical 
composition on the crystallization characteristics, syn-
thetic slag system was used. It was reported by Mud-
ersbach et al. [9] that formation of the spinel phase 
was hindered in CaO–MgO–SiO2–Cr2O3 synthetic 
slag with CaO/SiO2 higher than 1.6. Hugo Cabrera-
Real and et al. [10] investigated the effect of MgO and 
CaO/SiO2 on the crystallization of CaO–SiO2–Cr2O3–
CaF2–MgO synthetic slags and found that in slags with 
CaO/SiO2 = 1 and high content of MgO, the only Cr-
contained compound formed was MgCr2O4 spinel. In 
slag with CaO/SiO2 = 2, MgCr2O4, CaCr2O4, CaCrO4 
and Ca5(CrO4)3F were formed. Jian-li Li et al. [11] 
suggested that FeO could enhance the content of Cr of 
spinel phases in CaO-SiO2-MgO-Al2O3-Cr2O3 system 
with the presence of low melting point CaF2. Neverthe-
less, limited information is available for the effect of 
all the concerned slag compositions due to the complex 
of components in stainless steel slag systems.

So, in this paper, synthetic slags with different ba-
sicities (CaO/SiO2) and contents of FeO were designed 
based on stainless steel slag with a view to study the *Author to whom correspondence should be addressed.  

Email: wuxingrong66@163.com

Journal of Residuals Science & Technology, Vol. 13, Supplement 1

1544-8053/16/01 S057-06 
© 2016 DEStech Publications, Inc. 

doi:10.12783/issn.1544-8053/13/2/S10



X. WU, X. DONG, R. WANG, H. LÜ, F. CAO and X. SHEN S58

Table 1. Mixture Compositions of The Expermental Slags, Wt %.

Slag No. CaO SiO2 MgO Al2O3 Cr2O3 Fe2O3 FeO
Basicity 

(CaO/SiO2)

S1 40.00 40.00 5.00 4.50 4.00 6.50 0.00

S2 38.84 38.84 4.85 4.37 3.88 6.31 3.00 B = 1.0
S3 37.74 37.74 4.72 4.24 3.77 6.13 6.00
S4 36.70 36.70 4.59 4.13 3.67 5.96 9.00
S5 44.44 35.56 5.00 4.50 4.00 6.50 0.00
S6 43.15 34.52 4.85 4.37 3.88 6.31 3.00 B = 1.25
S7 41.93 33.54 4.72 4.24 3.77 6.13 6.00
S8 40.77 32.62 4.59 4.13 3.67 5.96 9.00
S9 48.00 32.00 5.00 4.50 4.00 6.50 0.00
S10 46.60 31.07 4.85 4.37 3.88 6.31 3.00 B = 1.5
S11 45.28 30.19 4.72 4.24 3.77 6.13 6.00
S12 44.04 29.36 4.59 4.13 3.67 5.96 9.00

crystallization characteristics of slags and then to in-
vestigate the precipitation of chromium in the slag 
phases. This study would be helpful to properly treat 
the residual of chromium component in stainless steel 
slag further.

EXPERIMENTAL PROCESS

Selected slag compositions for present study were 
listed in Table1. Reagent-grade powders of CaO, MgO, 
SiO2, Al2O3, Cr2O3, Fe2O3 were used for slag synthe-
sis. FeC2O4·2H2O was used as FeO source in the batch. 
These powders were accurately weighed according to 
required proportions and then grounded well in an ag-
ate mortar. In this study, the mixtures have a basicity 
(CaO/SiO2) of 1.0, 1.25 and 1.5, and FeO contents of 
0.00, 3.00, 6.00 and 9.00 wt%. About 10 g powders for 
each batch in high pure MgO crucibles were heated to 
1000°C to allow FeC2O4·2H2O decomposed into FeO 
in N2 atmosphere with a flow rate of 1L/min in a ver-
tical electric furnace. Temperature was controlled and 
measured by a PtRh6-PtRh30 thermocouple. The over-
all error in the measurement and control of the tem-
perature was less than ± 5°C. The mixtures were then 
heated to 1600°C and reserved at 1600°C for 30 min to 
ensure the formation of homogeneous melting. Then 
the slag samples were cooled at a rate of 3°C min–1 to 
1400°C and held isothermally at 1400°C for 300 min 
to ensure complete precipitation of minerals in the slag 
samples. At the end of holding time, the samples were 
rapidly taken out from the furnace and quenched in an 
oil pool. 

After being dried, each slag sample was cut into two 
parts. One was grounded into fine powder for XRD 
(X’TRA, ARL Co.) characterization, using CuKα ra-

diation in 2θ range from 10° to 80° at a step of 0.02°, 
while the other was polished and sputter coated with 
a conductive layer of carbon. The mineralogy of the 
slag sample was analyzed by SEM (Quanta 450, FEI) 
in backscattering mode. SEM-energy dispersive spec-
trometer (Apollo X, EDAX Inc.) was also applied to 
determine the elemental composition of selected re-
gions of the slag systems.

RESULTS AND DISCUSSION

XRD Characterization

XRD patterns of solid slags with different basicities 
and FeO contents were shown in Figure 1. As indicated 
in Figure 1(a), for the slag with basicity of 1.0 and no 
FeO, well crystalline structure was formed and spinel 
(MgCr2O4) and monticellite (CaMgSiO4) have been 
identified as main phases. When FeO was added in the 
slag with basicity of 1.0, a certain amount of spinel 
phase was precipitated, and a broader hump between 
the 2θ angles of 25° and 35° is found. The amorphous 
hump showed the diffraction of glass phase, meaning 
that high temperature liquid at crystallization temper-
ature of 1400°C existed. This result showed that the 
glass-crystalline structure was easier to be formed in 
slag with lower basicity with FeO of low melting point 
(1369°C). With increasing FeO content, the peaks of 
spinel were obviously enhanced, which meant more 
formation of spinel. 

As seen from Figure 1(b) and 1(c), the slags with 
basicity of 1.25 and 1.5 exhibited similar crystalliza-
tion behavior and included spinel (MgCr2O4) and mer-
winite (Ca3MgSi2O8) as two main phases, regardless 
of FeO content. However, it was found that monticel-
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lite (CaMgSiO4) disappeared and merwinite (Ca3Mg-
Si2O8) developed, as the basicity increased. 

Microscopic Investigation

Figure 2 was the typical backscattered SEM micro-
graphs for the slag samples of different basicities and 
FeO contents. Seen from Figure 2(a) and combined 
with EDS analysis, we could find that a considerable 
part of the microstructure was bimodal with dark grey 
monticellite and bright spinel grains, surrounded by the 

matrix. Furthermore, it was found that spinel was com-
posed of Mg, Al, Fe, Cr and O, while few of Cr was ex-
isted in matrix. The spinel structure had a general for-
mula of AB2O4. A can be represented by Mg, Fe2+, Mn 
or Zn and B by Al, Fe3+ or Cr3+ leading to spinel for-
mulas as (Mg, Fe2+, Mn, Zn) (Al, Fe3+, Cr3+)2O4 [12]. 
Thus, in this study, the spinel phase (MgCr2O4) char-
acterized by XRD patterns was probably the (Mg,Fe)
(Al,Fe,Cr)2O4 complex spinel. 

Figure 2(b) presented a typical microstructure of 
slag sample with B = 1.0 and FeO = 6.00%. A homog-

Figure 1. XRD patterns of slag samples with different basicity and different content of FeO. (a) B (CaO/SiO2) = 1.0; (b) B (CaO/SiO2) =1.25; 
and (c) B (CaO/SiO2) =1.5.
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enous glass phase was found throughout the micro-
structure while a large percentage of disseminated spi-
nel was found in the matrix, which indicated that when 
slag included a relative FeO, spinel was the only phase 
crystallized from the slag with B = 1.0.

However, for slag samples with high basicity, spinel 
with block shape and merwinite with grey streaks of 

Figure 2. SEM micrograghs for representive slag samples. (a) B = 1.0 FeO = 0.00%; (b) B = 1.0 FeO = 6.00%; (c) B = 1.25 FeO = 0.00%; 
(d)  B = 1.5 FeO = 6.00%;

irregular shape were observed, as shown in Figure 2(c) 
and 2(d). Chromium was mainly precipitated in spinel 
and few of chromium in matrix. All these investiga-
tions were consistent with XRD analysis above.

By the calculation based on EDS results, the content 
of Cr2O3 in spinel phase with different FeO contents 
and basicities was shown in Figure 3. In comparison, 
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Cr2O3 content of spinel solid solution in slag with 
B = 1.0 and FeO = 3.00% was slightly lower than that in 
slag with B = 1.0 and FeO = 0.00%. From XRD analy-
sis above, in slag with B = 1.0, addition of FeO would 
form spinel crystalline-glass structure, therefore, at 
1400°C, key major elements exchange between spinel 
and melt could be assessed by diffusion. Fluid activity 
during crystallization was largely responsible for car-
rying out this exchange. There was no clear variation 
in diffusion parameter (D) with the changing major el-
ement composition (Al, Cr, Fe3+), however, there were 
some variations that were related to Al or Fe content. 
This was due to the low Cr content in slag may have a 
large effect on Cr2O3 content of spinel solid solution.

As seen in Figure 3, Cr2O3 content in spinel had the 
tendency to increase with the increasing FeO content 
in slag and showed a negative correlation with basicity 
of the slag. The spinel solid solutions formed by the 
MgFexCr2 – xO4 samples had different types of center-
positive ions. The type of gap occupied by each ion 
could be determined based on the octahedral potential 
energy described in crystal field theory. The order of 
the potential energy was Cr3+ >Mg2+ >Fe3+. The ion 
with a higher potential energy would have a higher pri-
ority for entering the octahedral gap. Compared with 
Mg2+ and Fe3+, Cr3+ will be prioritized to occupy the 
octahedral gap. With more FeO in slag, higher Cr2O3 
and lower Al2O3 were found due to a large Cr-Al ex-
change rate, which indicated that there was a distinct 
advantage for the chromium incorporated in spinel 
structure with high FeO content.

Whereas, high basicity of slag prevented Cr from 

scavenging from the slag melt and then resulted in the 
chromium precipitation into spinel, which was consis-
tent with the results by the previous report [13]. Ac-
cording to viewpoint of the coexistence theory of slag 
structure, stainless steel slag system was composed of 
Ca2+, Mg2+ and O2– as simple ions, SiO4

4−  as network-
forming anions, molecules such as Al2O3, Fe2O3, and 
Cr2O3 etc. Therefore, we proposed that Cr2O3 might 
substitute for Al2O3 and/or Fe2O3 in spinel grains by 
diffusion. Meanwhile, the increase of slag basicity en-
hanced the melting temperature and viscosity of slag, 
which consequently diminished the diffusion flux or 
rate for the formation of spinel minerals, thus resulting 
in less Cr2O3 precipitating into spinel.

CONCLUSIONS

The effect of FeO content in synthetic slag with 
variable basicity (CaO/SiO2) on crystallization behav-
ior of chromium was investigated, the following find-
ings were drawn.

1. When FeO was kept constant, with slag basicity 
increasing from 1.0 to 1.5, the crystallized phases 
were not the same, but complex spinel solid solu-
tion (Mg,Fe)(Fe,Al,Cr)2O4 was formed in all slag 
samples. In comparision, variation of FeO in slags 
with the same basicity did not change crystallized 
phases.

2. Higher FeO content were beneficial to increase the 
Cr2O3 content in spinel solid solution, especially 
when coupled with slag bascity of 1.5.
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ABSTRACT: Dust pollution is one of the major environmental problems in opencast 
mining, which has a significant impact on the surrounding ecosystem. Little is known 
about the effect of coal dust deposition on plant growth in grasslands, especially on root 
growth. In this study, we studied how coal dust deposition affected plant growth, with 
a focus on root growth. Five plants which commonly can be found in Inner Mongolian 
grassland were selected and cultured with hydroponics methods in greenhouse. Two 
kind of coal dust (coal powder and granite powder) were sprayed on the plant for 35 
days. Root morphology parameters and photosynthesis parameter were determined. 
We found that among the six measured root morphological characters, root surface area 
and volume were negatively affected by coal dust in most species. Both coal powder and 
gangue powder inhibited root growth of four out of five species. Lespedeza davurica was 
the only species that was not affected by dust pollution. Coal dust can negativly affect 
the photosynthesis rate. Based on these results, we found that coal dust is harmful for 
plant growth. The growth of grass with long-term acceptance of coal dust pollution may 
be threatened, even can not be grow in the contaminated grassland.

INTRODUCTION

DUST POLLUTION is a major environmental prob-
lem occurred during the mining process of open-

pit coal mines. This problem is common in six countries 
(USA, China, India, Russia, South Africa, Australia), 
which hold 84% of world hard coal reserves [1,2]. Dust 
pollution is serious in the arid areas of Inner Mongo-
lia, China, where many open-pit coal mines have been 
established in recent years. During 2006–2010, Inner 
Mongolia was the biggest coal production province in 
China [3]. Eleven out of the 14 open-pit coal mines in 
China are located in Inner Mongolia [4]. Most of the 
open-pit coal mines are located in the Inner Mongolian 
grasslands. Meanwhile development of animal hus-
bandry and livelihood of local people highly depend 
on the health of these grasslands. Thus, dust pollution 
may pose threats to the livelihood of local people via its 
damage on grassland health. For example, in the city of 
Xilinhot at least 106 km2 of grasslands were polluted 
by coal dust, and 6.7 million Chinese Yuan was paid to 
compensate herdsmen during 2011–2013 [5].

Dust pollution has been documented to have sig-
nificant effects on the health of ecosystems and plants. 
Coal dust increases soil surface temperature [6], and 
pH value and metal ion concentrations of water leach-
ing from coal pits [7,8]. It contains toxic chemicals 
such as fluoride and sulfur compounds, which nega-
tively affects vegetation growth [9]. Coal dust emis-
sion shades off sunlight, adversely affecting photo-
synthetically active radiation [10] and photosynthesis 
performance of Avicennia marina in South Africa [2] . 
Dust particles occlude stomata [11,12]. Coal dust from 
an Indian mine alters leaf morphology and leaf physi-
ology of nearby garden plants [13]. Biomass of annual 
plants was significantly bigger on the coal dust plume 
than off the plume in Oregon, USA [14]. 

All the researches we have found focus on effects 
of coal dust pollution on plants’ aboveground parts; 
no study has assessed its effects on plant belowground 
parts. Besides this, dust of different origin and nature 
should have a different influence on the plant growth. 
There are two sources of coal dust in open-pit coal 
mining in Inner Mongolia, and we suspect the two 
types of dust have different effects on plant growth, 
due to their differences in chemical composition. Coal 
powder, coming from the pit or coal yard, should have *Author to whom correspondence should be addressed.  
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similar chemical composition as the coal itself. The 
most common coal in Inner Mongolia is lignite, which 
contains mainly C (63.73%), H (6.26%), O (28.12%), 
N (1.43%), and S (0.46%) [15]. Gangue powder, com-
ing from digging, transporting, and heaping of waste 
soils (the soild covering the coal and need to be re-
moved during mining), contains SiO2 (76–77%), Na2O 
and K2O (7.75–8.15%), and CaO (0.20–0.22%) [16]. 
Wong et al. (1984) report that road dust from different 
sources have different impacts on plants, some inhib-
iting, while others promoting, plant root growth [17]. 
Coal dust from different sources may also affect plant 
root growth differently. 

If the effects of coal powder and gangue powder on 
plant growth differ among species, then in the long-run 
some species would be threatened and may go extinct, 
while other species would increase in abundance. In 
other words, species composition in a grassland under 
long-term coal dust pollution may change significant-
ly, leading to changes in grassland state and ecosystem 
services it can provide. This study examined the short-
term effects of coal powder and gangue powder on 
plant growth of different species. Our questions were 
(1) how coal powder and gangue powder affect root 
growth, leaf photosynthesis, and plant biomass, (2) if 
coal powder and gangue powder affect the same spe-
cies differently, and (3) if the effects differ among plant 
species.

MATERIALS AND METHODS 

Monitoring the Deposition Rate of Coal Dust

Coal dust deposition rate was monitored at West #2 
Coal Mine of Shengli Coal Field, located in west Xilin-
hot, Inner Mongolia, China. The type of coal is lignite. 
The dominant wind is west wind. The average annual 
rainfall was 350 mm [18]. 

Dust deposition rate was monitored by a gravimetric 
method during Apr–Sep of 2013. Dust was collected 
following the Chinese National Standard [19,20] dur-
ing Apr-Sep of 2013 when local coal mines can only 
be working in this periods. Two collection sites were 
set up 500 m away from the coal mine, one to the east 
and the other, west. At each collection site, three col-
lection cups (15 cm in diameter and 30 cm high) were 
set up 50 m apart, each placed on a 180 cm-tall cement 
column. The collection cup was filled with glass balls 
(1.2 cm in diameter).

The dust in each collection cup was washed with 
deionized water. The dust solution, filtered through 1 

mm-sieve, was poured into a porcelain crucible. The 
porcelain crucible with dust solution was first heat-
ed dry on a hot plate, then baked in a drying oven at 
105°C. After it was weighed (W2), the crucible was 
washed with deionized water and baked in the drying 
oven at 105°C, and its weight taken (W1). The differ-
ence in the two weight measures was the dust weight 
(W2 – W1).

Laboratory Experiment Design

Five common species in the region were selected 
for the experiment: Agropyron cristatum, Chenopo-
dium album, Lespedeza davurica, Leymus chinensis, 
and Melissilus ruthenicus. Seeds were collected from 
the grassland far from the West #2 Coal Mine in Sep-
tember of 2012. During May–Jul of 2013 seeds were 
germinated and plants cultured hydroponically in a 
greenhouse. Seeds were placed in sand for 7 days to 
allow germination. On the 7th day plants were moved 
into hydroponic growing systems, each filled with 
10 L of Hoagland nutrient solution. Three treatments 
were set up: control (CK), coal powder treated (CP), 
and gangue powder treated (GP). The coal powder 
and gangue powder were collected from West #2 Coal 
Mine. Each treatment included three replicates, each 
replicate a hydroponic growing system. Each hydro-
ponic system held 10 plants, with 2 plants from each 
of the 5 species. 

Under the CP or GP treatment, either coal powder 
or gangue powder was sprayed on the plants and added 
into the nutrient solution at the same time once every 
two days. The amount of the sprayed coal powder or 
gangue powder was equal to the coal dust deposition 
rate measured at the downwind site (0.59 g/m2/d). A 
cuboid cap (100 × 50 × 160 cm) was used to cover 
the plants of the same treatment during dust spraying. 
Since the abovegroud and belowgroud part of plant 
were divided by the engraftment plate, dust sprained 
can not come into the solution. The dust sprayed were 
added dircetly into the nutrients solution based on the 
area of the plate and dust deposition rate. Physical and 
chemical properties of coal powder and gangue pow-
der from the coal mine were tested. The powder was 
sieved by a 0.149 mm and the heavy metal determined 
by Atomic Absorption Spectrometry). The pH value of 
powder was determined by a pH meter (Leici co., LTD, 
PHS-3C type) with a powder and water ratio of 1:5. All 
the determination was three replicates.

Roots of all plants were scanned with an Epson 
Perfection V700 Photo Scanner (Seiko Epson Corpo-
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ration, Nagano, Japan)once every 7 days for 35 days 
(not includes the 7 days of germination). After the scan 
the plants were put back to their origin positions in 
the hydroponic growing systems. The scanned images 
were analyzed with a WinRHIZO Root Analysis Sys-
tem (Regent Instruments Inc., Canada). Measurements 
of six root morphological variables (volume, surface 
area, number of tips, length, numbers of forks, and di-
ameter) were recorded. On the last sampling time (the 
35th day), leaf temperature, stomata conductance, and 
net photosynthetic rate were measured with a portable 
Photosynthesis System (LI-6400XT, USA). Three 
measurements were taken on each plant during 9–11:30 
A.M. under a LED light source, each on a healthy and 
fully mature leaf. Finally, all plants were harvested and 
put into a drying oven at 75°C. Root biomass and total 
plant biomass were weighed after the plants were dried 
for 24 hours. 

Data Analysis

One-way analysis of variance was used to compare 
each variable among three treatments at a sampling 
time (SPSS 13.0 for Windows). The variables were six 
root morphological characters, leaf temperature, sto-
matal conductance, net photosynthetic rate, root bio-
mass, and total plant biomass. Statistical significance 
was defined for p = 0.05.

RESULTS

Deposition Rate of Coal Dust and Chemical 
Properties of Coal Powder

Dust deposition rate was 0.26 g/m2/d at the upwind 
site (N = 3, se = 0.06) and 0.59 at the downwind site 
(N = 3, se = 0.10). Concentration of heavy metal in 
the powder was determined (Table 1). Concentration of 
chromium (Cr) and lead (Pb) were significantly small-
er in coal powder than in gangue powder (p = 0.0005 
and 0.0001, respectively).

Plant Root Morphology, Photosynthesis, and 
Biomass

Agropyron Cristatum

Measurements of all six root morphological vari-
ables in the dust treatments were smaller than those 
in the control, but the measurements were statistically 
the same between the two dust treatments (Figure 1). 
Between the dust treatments and the control, measure-
ments of five variables in the CP and GP treatments, 
and root diameter in the GP treatment became sig-
nificantly smaller than those in the control by the last 
sampling time (day 35). Root diameter in the CP treat-
ment was statistically the same as that in the control 
throughout the experiment. Between the CP and GP 
treatments measurements of all six variables were the 
same throughout the experiment.

Leaf temperature was the same among the three 
treatments (Figure 2). Stomatal conductance was sig-
nificantly smaller in the dust treatments than in the con-
trol (p = 0.016 for coal powder, and 0.011 for gangue 
powder); net photosynthetic rate in the dust treatments 
were significantly smaller than (CP) (p = 0.018) or the 
same as (GP) that in the control. Between the two dust 
treatments both stomatal conductance and net photo-
synthetic rate were statistically the same. 

Both root and total biomass were smaller in the dust 
treatments than in the control (coal powder: p = 0.035 
and 0.001, respectively; gangue powder: p = 0.014 and 
0.001, respectively, Table 2). Between the two dust 
treatments there was no difference in both variables.

Chenopodium Album

Measurements of three out of six root morphologi-
cal variables (root volume, surface area, and length) 
in the dust treatments were smaller than those in the 
control, while measurements of all six variables were 
statistically the same between the two dust treatments 
(Figure 3). Between the dust treatments and the con-

Table 1. Physical and Chemical Properties of the Two Types of Coal Dust.

Dust pH

Heavy Metal (means ± se, N = 3, mg/kg)

Cd Cr As Cu Pb

Coal powder 6.06 0.05 ± 0.01a 22.14 ± 1.56b 4.12 ± 0.16a 13.36 ± 0.74a 11.89 ± 0.15b
Gangue powder 7.27 0.018 ± 0.01b 51.07 ± 1.07a 3.77 ± 0.08a 15.13 ± 0.45a 30.03 ± 0.71a
Soil of the riginal site * 8.22 0.093 38.3 6.85 12.3 15.0

*According to the published data by Guo (2012) [21], the original grassland was the grassland before the coal mine was established.
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Figure 1. Comparison of temporal trends in six root morphology variables among three treatment groups, control (CK), coal powder (CP), and 
gangue powder (GP) for Agropyron cristatum. Different letters indicate significantly different means among treatments (—CK, —GP, —CP).

trol, root volume and surface area in the CP and GP 
treatments, and root length in the GP treatment became 
significantly smaller than those in the control by the 
last sampling time (day 35). 

Although root diameter and number of root tips in 
the CP and/or GP treatments were significantly bigger 
than those in the control on the 3rd or 4th sampling time, 
the differences disappeared by the last sampling time. 
Between the CP and GP treatments measurements of 
five out of six variables were the same throughout the 
experiment. Although number of root tips was smaller 
in the CP treatment than in the GP treatment on the 4th 
sampling time, the difference disappeared by the last 
sampling time.

Leaf temperature in the two dust treatments were 
significantly bigger than that in the control, and it was 
smaller in the CP than in the GP treatment (Figure 2). 
However, stomatal conductance and net photosynthetic 
rate were statistically the same among the three treat-
ment groups.

Root biomass was statistically the same among the 
three treatments (Table 2). Total biomass was signifi-
cantly smaller in the dust treatments than in the control; 
while it was the same between the two dust treatments.

Lespedeza Davurica 

The values of all six root morphological variables 

Table 2. Comparison of Root and Total Biomass (G, Mean +/– Standard Error)  
on the Last Sampling Time (Day 35) Among the Three Treatments.

Plant Species Biomass Control Coal Dust Gangue Powder

Agropyron cristatum
Root 0.050 ± 0.009 a* 0.013 ± 0.002 b 0.014 ± 0.004 b
Total 0.260 ± 0.055 a 0.060 ± 0.019 b 0.048 ± 0.010 b

Chenopodium album
Root 0.184 ± 0.027 a 0.123 ± 0.017 a 0.137 ± 0.022 a
Total 3.157 ± 0.341 a 1.643 ± 0.184 b 1.775 ± 0.150 b

Lespedeza davurica
Root 0.024 ± 0.007 a 0.019 ± 0.005 a 0.028 ± 0.005 a
Total 0.180 ± 0.050 a 0.187 ± 0.041 a 0.133 ± 0.047 a

Leymus chinensis
Root 0.024 ± 0.004 a 0.015 ± 0.003 ab 0.017 ± 0.002 b
Total 0.204 ± 0.050 a 0.094 ± 0.018 b 0.106 ± 0.012 b

Melissilus ruthenicus
Root 0.027 ± 0.005 a 0.010 ± 0.001 b 0.014 ± 0.002 b
Total 0.146 ± 0.027 a 0.079 ± 0.018 a 0.101 ± 0.018 a

*Different letters indicate significantly different means among the three treatments within a species.
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were statistically the same among the three treatments 
by the last sampling time (day 35) (Figure 4). Although 
number of root tips on the 3rd and 4th sampling times, 
and root length on the 3rd sampling time were different 
among treatments, the differences disappeared by the 
last sampling time. 

Leaf temperature in the dust treatments was the 

same as (CP) or bigger than (GP) that in the control; 
and it was smaller in the CP than in the GP treatment 
(Figure 2). However, stomatal conductance and net 
photosynthetic rate were statistically the same among 
the three treatments.

Both root and total biomass were the same among 
the three treatments (Table 2).

Figure 2. Comparison of three photosynthesis variables on the last sampling day (day 35) among three treatment 
groups: (a) control (CK); (b) coal powder (CP); and (c) gangue powder (GP) for all five species. Different letters indi-
cate significantly different means among treatments within a species.
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Leymus Chinensis 

Measurements of four out of six root morphological 
variables were statistically the same between the dust 
treatments and the control, while measurements of five 
variables were statistically the same between the two 
dust treatments (Figure 5). Between the dust treatments 
and the control, the two variables with different values 

were root surface area (CP = GP > control) and root di-
ameter (GP > CP = control) on the last sampling time. 
Between the CP and GP treatments, the one variable 
with different value was root diameter (CP < GP) on 
the last sampling time.

Leaf temperature was significantly bigger, stomatal 
conductance was either significantly smaller (CP) or 
the same (GP), and net photosynthetic rate was signifi-

Figure 3. Comparison of temporal trends in six root morphology variables among three treatment groups, control (CK), coal powder (CP), and 
gangue powder (GP) for Chenopodium album. Different letters indicate significantly different means among treatments (—CK, —GP, —CP).

Figure 4. Comparison of temporal trends in six root morphology variables among three treatment groups, control (CK), coal powder (CP), and 
gangue powder (GP) for Lespedeza davurica. Different letters indicate significantly different means among treatments (—CK, —GP, —CP).
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cantly smaller in the dust treatments, compared to that 
in the control (Figure 2). Between the two dust treat-
ments there was no difference in all three variables.

Root biomass in the dust treatments was the same as 
(CP) or significantly smaller (GP) than that in the con-
trol (Table 2). Total biomass was significantly smaller 
in the dust treatments than in the control (Table 2). Be-

tween the two dust treatments there was no difference 
in the two variables.

Melissilus Ruthenicus 

Measurements of four out of six root morphological 
variables were significantly smaller in the dust treat-

Figure 5. Comparison of temporal trends in six root morphology variables among three treatment groups, control (CK), coal powder (CP), and 
gangue powder (GP) for Leymus chinensis. Different letters indicate significantly different means among treatments (—CK, —GP, —CP).

Figure 6. Comparison of temporal trends in six root morphology variables among three treatment groups, control (CK), coal powder (CP), and 
gangue powder (GP) for Melissilus ruthenicus. Different letters indicate significantly different means among treatments (—CK, —GP, —CP).
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ments than in the control, while measurements of five 
variables were the same between the two dust treat-
ments (Figure 6). Between the dust treatments and the 
control, root volume, surface area, length, and num-
ber of root forks in the dust treatments became smaller 
than those in the control as early as on the 3rd sampling 
time. However, root diameter in the CP treatment was 
significantly bigger than that in the control. Between 
the CP and GP treatments, root diameter in the CP 
treatment was significantly bigger in the GP treatment 
by the last sampling time.

Leaf temperature was significantly bigger, while 
stomatal conductance and net photosynthetic rate were 
significantly smaller in the dust treatments than in the 
control (Figure 2). Between the two dust treatments 
there was no difference in all three variables.

Root biomass was significantly smaller in the dust 
treatments than in the control (Table 2), but total bio-
mass was statistically the same between the dust treat-
ments and the control. Between the two dust treatments 
there was no difference in both variables.

Comparison of Coal Dust Effects Among Species

After spraying coal powder or gangue powder on 
the plant, different plants have different reaction (Ta-
ble 3 and 4). Effects of dust addtion (CP and GP) on 
Chenopodium album, Agropyron cristatum and Melis-
silus ruthenicus contributed equally. Both dust have an 
strongest impact on Agropyron cristatum and Melissi-
lus ruthenicus, while have no effect on Lespedeza da-
vurica among the five plant species. Leymus chinensis 
was more affected by coal powder compared it to the 
gangue powder.

DISCUSSION 

On the effects of coal dust, we have found studies on 
plant species composition [14,22] and plant photosyn-
thesis [23,2], but we have found no study on plant root 
growth. This study examined the effects of coal dust 
on plant growth of five species. Lespedeza davurica 
was the only species whose root morphology was not 
affected by coal dust; the other four species were nega-
tive affected to a varying degree.

Five out of six root morphological characters were 
negatively affected by coal dust, and one appeared to 
be positively affected. Among the negatively affected, 
root surface area were reduced by coal dust in most 
species (4 species), followed by root volume (3), root 
length (2 or 3), number of root forks (2), and number of 

root tips (1). The one positively affected, root diameter, 
was increased by coal powder in Melissilus ruthenicus, 
and by gangue powder in Leymus chinensis.

The negative effects of coal dust on root morphol-
ogy was likely caused by the reduced supply of carbo-
hydrates to root, resulting from reduced photosynthetic 
efficiency by coal dust. Other people also found that 
coal dust can reduce photosynthetic performance of 
the mangrove, Avicennia marina [2]. In addition, the 
effects of gangue powder on root morphology may 
be caused by the high concentrations of toxic heavy 
metals, chromium and lead, in the powder. Root diam-
eter is found to be increased in plants under chromium 
stress [24]. The soil in the coal mining region could be 
polluted by heavy metals [25,26].

Among the five species, L. davurica was the only 
species whose root morphology, photosynthesis, and 
biomass were not affected by coal powder or gangue 
powder. Our result is consistent with other findings 
that L. davurica or Lespedeza species is/are resistant to 
disturbances such as drought [27,28] and heavy metal 
contamination [29,30]. Coal dust pollution is likely to 
reduce light availability to plants, but L. davurica is 
known to have strong adaptation to different light in-
tensities and can be cultivated widely across geograph-
ical regions [31].

Effect of coal dust pollution on photosynthetic ef-
ficiency varied by species: net photosynthetic rate was 
reduced by coal dust in three of the five species, but not 
affected in the other two species. The species-specific 
response is likely related to the capacity of leaf trap-
ping dust particles. Naidoo and Naidoo (2005) observe 
that dust particles are trapped in between leaf hairs on 
pubescent leaves and species affected least by dust are 
the ones with glabrous leaves [32]. The three species 
whose photosynthesis were negatively affected were 
either with pubescent leaves (A. cristatum and L. chi-
nensis) or with leaflets clustered together (M. rutheni-
cus). The two species whose photosynthesis were not 
affected were with glabrous leaves (L. davurica and C. 
album).

Leaf temperature was increased by coal dust in four 
of five species. We believe the cause for the increased 
leaf temperature is the same as that reported by Hirano 
et al. (1995) for cucumber and kidney bean plants: coal 
dust particles on the leaf surface absorb solar energy, 
leading to increase in leaf temperature [12].

In this study, we found that coal dust inhibited plant 
root growth and reduced photosynthetic rate of some 
species, but did not affect other species. The species 
with less resistance to coal dust pollution would gradu-
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ally decrease in abundance and may even disappear 
from the grasslands under long-term coal dust pollu-
tion, while the species with strong resistance to coal 
dust pollution are likely to stay and become dominant. 
Long-term field observations and experiments on the 
responses of grassland ecosystems to coal dust pollu-
tion are needed, so we can gain knowledge on the pat-
terns and processes related to coal dust pollution, and 
apply the knowledge to manage the grasslands better 
so the ecosystem services can be optimized to meet the 
needs of multiple land users.

CONCLUSIONS 

In this study five common plant species in an In-
ner Mongolian grassland were treated with coal dust 
to simulate the effects of coal dust deposition on plant 
growth. Our results showed that L. davurica was most 
resistant to coal dust deposition among the five species. 
Coal dust inhibited plant root growth. Among the six 
root morphological characters, root volume and sur-
face area were reduced by coal dust in most species. 
More observations and experiments should be carried 
out to study the responses of grassland ecosystems to 
coal dust pollution.
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Application of Vacuum Distillation to Treat Wastewater Coming 
from Hot Rolling Process
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ABSTRACT: Based upon the concepts of vacuum distillation and utilization of waste 
heat to treat wastewater, a vacuum distillation method has been put forward to be used 
for treatment of wastewater coming from hot rolling process. Experiments were con-
ducted to study the dependence of pH, electrical conductivity (EC), chemical oxygen 
demand (COD) and suspended solids (SS) of treated water on operating pressure and 
evaporation rate. Based upon the analysis of the results, optimum values for the operat-
ing pressure and evaporation rate were determined. The results showed that treated 
water can meet the requirements set for the recycled water in iron and steel industries.

INTRODUCTION

DISTILLATION is a process to separate various liq-
uid fractions based upon the differences in their 

boiling points. By heating the mixture to a certain 
temperature, low boiling components are evaporated 
and are condensed to complete the separation of these 
components. One of the advantages of the distillation 
is that it does not introduce any impurity to the system. 
The solvent is obtained directly from system compo-
nents. Under low pressure conditions, separation can 
be achieved at lower temperatures. It indicates appro-
priate direction for the utilization of low temperature 
waste heat [1]. The process of handling domestic waste 
landfill leachate with the method of vacuum distilla-
tion has been studied and analyzed by Tongji Univer-
sity scientific research team, who thought that the pro-
cess could solve the equipment corrosion problems in 
traditional processing technology. The process made 
efficient use of low grade heat source [2–4]. Vacuum 
distillation is usually applied in separation and refin-
ing of petrochemical and oil products, however the use 
of this technology is found to be scarce in the field of 
wastewater treatment [5–8]. Krings et al. reported a 
modified vacuum distillation apparatus to isolate vola-
tiles from lipid food matrices and systematically evalu-

ated it using neutral synthetic oil (Miglyol 812) spiked 
with 14 flavor compounds [9]. Kurganova et al. have 
reported the possibility of using vacuum distillation in 
an open system for separating oxygen and hydrogen 
impurities from arsenic selenide glass melts [10]. Ni et 
al. studied vacuum distillation system used for treating 
paper mill wastewater under the function of additives 
and reported that the initial pH plays an important role 
in the COD removal [11]. However, to the best of our 
knowledge, study of the treatment and mechanism of 
vacuum distillation for iron and steel industry waste-
water is still non-existent in the literature.

Improve the recycling rate of wastewater is the only 
way to realize water-saving targets in iron and steel 
industry. However, there are rich resources of low 
temperature flue gas waste heat in the steel industry, 
which have not been used efficiently [12–13]. Low 
temperature flue gas waste heat refers to the sensible 
heat of iron and steel industries’ waste gas, which has 
a temperature of less than 230°C [14]. Based upon the 
symbiotic status of waste water and waste heat in iron 
and steel industries, we put forward a new wastewater 
treatment technology for iron and steel industries. The 
method is based upon vacuum distillation, which uses 
low temperature flue gas waste heat as a heat source. 
In the present work, experiments have been performed 
to study and analyze the wastewater treatment process 
(coming from hot rolling process in steel industry) us-
ing vacuum distillation and the corresponding opti-
mum operating parameters.*Author to whom correspondence should be addressed.  
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MATERIALS AND METHODS

According to the water quality requirements of wa-
ter circulation in enterprises, four indicators including 
the condensate pH, electrical conductivity (EC), chem-
ical oxygen demand (COD) and suspended solids (SS) 
have been studied.

These indicators of the wastewater coming from 
the hot rolling process in steel industry and the corre-
sponding standards set by the government of China are 
shown in Table 1 and Table 2 respectively.

Parameters Studied

While using low temperature waste heat as the distil-
lation heating source, the operating pressure (vacuum) 
and the distillate flow rate are the main parameters which 
influence both the condensate water quality and quanti-
ty. Wastewater was evaporated under different operat-
ing pressures. For each group of experiments, the vol-
ume of wastewater used was 1500 ml. Samples were 
collected once the condensate volume reached 150 ml. 
Collected samples were stored in 500 ml beakers EC, 

pH, COD and SS of the samples were measured. The 
relationships between the water quality indices and the 
operating pressure were analyzed by using appropriate 
graphical techniques. From these relationships the op-
timum operating parameters were obtained.

Experimental Setup

The vacuum distillation device has been shown in 
Figure 1. Figure 1(a) is the schematic of the experi-
mental setup, while Figure 1(b) is the photograph of 
the experimental rig. The setup mainly consisted of a 
vacuum saturation cylinder (3L), electronic balance 
(having accuracy of 0.1 mg), heater with digital dis-
play (0—100°C), condensation cycle device (cooling 
water circulating pump, condensing coil and cooling 
water bucket), collection tank, buffer tank and vacuum 
pump. The vacuum saturation cylinder is equipped 
with vacuum gauge and a discharge valve.

Experimental Procedure 

Various steps for the experimental procedure have 

Table 1. Characteristics of Wastewater Coming from 
Steel Industries.

Indicators pH
EC 

µs·cm–1
COD 

mg·L–1
SS 

mg·L–1

Hot rolled comprehensive 
wastewater

7.91 1601.37 165.960 50

Table 2. Standards Set by the Government of China 
for Wastewater Quality.

Indicators pH
EC 

µs·cm–1
COD 

mg·L–1
SS 

mg·L–1

Recycling water quality 
control values

6~9 450 80 20

Figure 1. Photograph and the schematics of the experimental setup. 1: Vacuum saturation cylinder. 2: Intake valve. 3: Pressure gauge. 4: Ex-
haust valve. 5: Condensing coil. 6: Condensation cycle device. 7: Test tube rack. 8: Collection tank. 9: Vacuum pump. 10: Electronic balance.
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been shown in Figure 2. In order to avoid drying of 
the heating reactor, it takes eight samples during each 
experiment. 

RESULTS

Change in Condensed Fluid’s pH with Pressure 
and Evaporation Rate

Figure 3 shows the change in pH of condensate with 
different operating pressures and evaporation rates. 
Figure 3(a) shows the pH of condensed fluid chang-
ing with the evaporation rate under different operating 
pressures, while Figure 3(b) shows the pH values of 
condensed fluid changing with the operating pressure 
under different evaporation rates. It is clear that, under 
different operating conditions, the pH of condensed 
fluid always lies between 7.0–7.5, which meets the re-
quirements shown in Table 2. Under a certain operating 
pressure, the pH value first decreases, and then rises 

with an increase in the evaporation rate. In all stud-
ied cases, the pH value attains a minimum when the 
evaporation rate is about 50%. Similarly, at a certain 
evaporation rate, the pH value of the condensate first 
reduces and then rises with a decrease in the operating 
pressure. In all studied cases, the pH value attains a 
minimum when the operating pressure is higher than 
0.02 MPa.

Change in Condensed Fluid’s EC with Pressure 
and Evaporation Rate

Figure 4 shows the change in EC of condensed fluid 
with pressure and evaporation rate. Figure 4(a) shows 
change in condensed fluid’s EC value with the evapora-
tion rate under different operating pressures, while Fig-
ure 4(b) shows change in condensed fluid’s EC value 
with the operating pressure under different evaporation 
rates. It is clear that, under different operating condi-
tions, EC values for all condensed fluid samples meet 

Figure 2. Experimental procedure followed in the current study.

Figure 3.  Graphs showing changes in condensed fluid pH with pressure and evaporation rate.
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the requirements presented in Table 2. Under a certain 
operating pressure, the EC of condensed fluid first re-
duces and then rises with an increase in the evapora-
tion rate. In all studied cases, the EC value attains a 
minimum when the evaporation rate is about 40–50%. 
For a certain evaporation rate, the EC value of the con-
densed fluid first reduces and then rises with a decrease 
in the operating pressure. In all studied cases, the EC 
value attains a minimum when the operating pressure 
is around 0.02MPa.

Change in Condensed Fluid’s COD with Pressure 
and Evaporation Rate

Figure 5 shows changes in condensed fluid’s COD 
values with pressure and evaporation rate. Figure 5(a) 
shows changes in condensed fluid’s COD values with 

evaporation rate under different operating pressures, 
while Figure 5(b) shows changes in condensed fluid’s 
COD values with operating pressure under different 
evaporation rates. It is clear that, under different op-
erating conditions, the COD values for all condensed 
fluid samples lies between 40–80 mg·L–1, which meets 
the requirements stated in Table 2. Under a certain op-
erating pressure, the value of condensed fluid’s COD 
reduces with an increase in evaporation rate. When the 
evaporation rate is higher than 50%, the decrease in 
COD value slows down. For a certain evaporation rate, 
the COD value of condensed fluid first reduces and 
then rises with a decrease in the operating pressure. In 
all studied cases, the COD value attains a minimum 
when the operating pressure is around 0.02 MPa. If the 
operating pressure is reduced further, the COD value 
begins to increase. 

Figure 4.  Graphs showing changes in condensed fluid EC with pressure and evaporation rate.

Figure 5.  Graphs showing changes in condensed fluid’s COD with pressure and evaporation rate.
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Changes in Condensed Fluid’s SS with Pressure 
and Evaporation Rate

Figure 6 shows the variation in condensed fluid’s 
SS values with operating pressure and evaporation 
rate. Figure 6(a) shows change in condensed fluid’s 
SS values with evaporation rate under different op-
erating pressures, while Figure 6(b) shows change in 
condensed fluid’s SS values with operating pressure 
under different evaporation rates. It is clear that, un-
der different operating conditions, the SS values for all 
condensed fluid samples lie below 20 mg·L–1, which 
meets the requirements stated in Table 2. The only ex-
ception to it is the condition, when operating pressure 
is between 0.06–0.1 MPa and the evaporation rate is 
between 10–20%. The SS values for the condensed 
samples under these conditions are higher than 20 
mg·L–1. For a certain operating pressure, the SS value 
of the condensed fluid achieved the minimum when the 
evaporation rate is 50%. At a certain evaporation rate, 
the SS value of the condensed fluid first reduces and 
then rises with a decrease in the operating pressure. In 
all studied cases, the SS value attains a minimum when 
the operating pressure is around 0.02 MPa. 

DISCUSSION

Analysis of Changes in Condensed Fluid’s pH and 
EC Values with Pressure and Evaporation Rate

Changes in the values of condensed fluid’s pH an-
dEC are mainly caused by the entrainment of steam 
from waste water at the beginning of the evaporation. 
With the increase in rate of evaporation, stream entrain-

ment is gradually reduced. But in the later stages of 
evaporation, evaporation conditions were significantly 
worse due to the poor quality of the wastewater, which 
in turn increases the steam entrainment. Changes in the 
values of condensed fluid’s pH and EC with the pres-
sure are mainly caused by the air flow rate and flow 
velocity of wastewater surface evaporation. When the 
operating pressure is high, large air flow going in and 
out of the cylinder under the effect of vacuum pump 
was observed. Since the degree of vacuum in vacuum 
saturation cylinder is very small, which forms a strong 
turbulent airflow above the liquid level in cylinder, and 
then the free particles on the surface of the liquid will 
be carried into the condensed fluid, which increases the 
volatility of other substances in the wastewater. The re-
sults lead to increased content of related substances in 
the condensed fluid. On the contrary, under the condi-
tion of vacuum or close to vacuum, only little or no 
air flow going into the vacuum saturation cylinder was 
observed. Therefore, there is lesser amount of related 
substances carried by the air. But when the pressure 
is too low, the boiling point of water is reduced. It be-
comes extremely prone to boiling evaporation. The 
observed violent boiling was the effect of increasing 
the concentration of the wastewater related substances, 
which flow into the condensed fluid with steam. 

Analysis of Changes in Condensed Fluid’s COD 
with Pressure and Evaporation Rate

Variation in COD values is due to the entrainment 
of organics (present in wastewater) in vapor phase. 
The variation of COD with evaporation rate is differ-
ent from that observed for EC values. This is due to the 

Figure 6.  Graphs showing changes in condensed fluid’s SS with pressure and evaporation rate.
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reason that most of the organisms are present in the top 
layer of the wastewater. In general, the COD values 
decline with an increase in the evaporation rate.

Analysis of Changes in Condensed Fluid’s SS 
Values with Pressure and Evaporation Rate

The variation in SS values with operating pressure 
and evaporation rate is mainly due to the water quality 
in operation process and air flow of the water surface. 
At a particular operating pressure, when evaporation 
begins, part of insoluble, lighter impurities present in 
wastewater are carried to the condensed fluid by steam 
and air. Although, there are still some suspended sol-
ids in the condensate, however the contents of light 
weight insoluble impurities in wastewater decrease 
with an increase in the condensed fluid evaporation 
rate. When the evaporation rate is higher, the content 
of light weight insoluble impurities in the wastewater 
is not the main factor causing variations in SS values 
of the condensate. Instead, the main reason is that the 
concentration of insoluble impurities increases at the 
later stages of evaporation. By then, the wastewater 
evaporation becomes more intense, due to which the 
insoluble impurities in wastewater are entrained in 
vapors and are carried to the condensate. This in turn 
results in an increase in the SS value of the conden-
sate sample. 

CONCLUSIONS

Experiments have been conducted to study the treat-
ment of wastewater coming from hot rolling process 
in iron and steel industries by vacuum distillation. The 
quality of the condensate (condensed fluid) has been 
analyzed. Following conclusions are drawn from the 
analysis.

1. Using vacuum distillation to process the waste-
water coming from hot rolling process in iron and 
steel industries results in values of pH, electri-
cal conductivity (EC), chemical oxygen demand 
(COD) and suspended solids (SS) for treated 
water, all of which lie within the standards set by 
the government of China.

2. For a certain operating pressure, the values of pH, 
EC and SS first decrease and then rise with an 
increase in evaporation rate. All three indicators 

(pH, EC and SS) attain minimum values when 
the evaporation rate is about 40–50%. COD value 
reduces with an increase in the evaporation rate. 
When the evaporation rate is higher than 50%, the 
decreasing trend of COD slows down.

3. For a particular evaporation rate, the values of 
pH, EC, COD and SS first decrease and then 
increase with a decrease in the operating pressure. 
All four indicators (pH, EC, COD and SS) attain 
a minimum when the operating pressure is about 
0.02MPa.
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ABSTRACT: The objective of this research is to develop a comfortable living environ-
ment with energy-saving features. Two buildings insulated with phenolic resins were 
constructed according to experimental design to study variations of outdoor and indoor 
temperatures. The CFD program is used to simulate the large-scale environmental flow 
field analyses. Results of CFD simulation carried out for the five time intervals of a day 
show that (1) air current assists in carrying away heat from the wall surface, the indoor 
temperature drops faster and the indoor air flow becomes turbulent when the window is 
opened; (2) when the window is closed, the indoor air flow near the window varies the 
most; (3) phenoic resin insulation has good thermal property.

INTRODUCTION

MOST buildings with close environment are not 
capable of dissipating properly the thermal heat 

input; hence, the heat is accumulated to increase the 
building indoor temperature. Auxiliary air condition-
ing is needed in modern buildings to maintain a com-
fortable living or working environment at the cost of 
energy consumption. How to manage a comfortable 
environment with the minimum consumption of ener-
gy is a major concern and research topic for many na-
tions [1–5]. Hence, heat preservation and insulation are 
discussed so that the thermal transport from outside en-
vironment into a closed building or environment can be 
reduced to alleviate the air conditioning loadings [6,7]. 
During ancient times, leaves and thatch were used as 
natural insulating materials to insulate buildings. In 
the 20th century, the modern science and technology 
leads to the development of many insulating materials 
with high thermal efficiencies including light-weight 
formed materials, materials inlayed with air pockets, 
and reflective materials. Modern building emphasizes 
the use of materials that is aesthetically natural, com-
fortable and healthy. In addition to providing effective 
insulation, the insulating material must be light-weight 
with strength, easy to process, durable, aesthetic, com-

fortable, healthy, easy to clean, and resistant to mois-
ture and microbial growth. Other energy and pollution 
related features of the construction material include 
requiring low energy to produce, with low pollution 
potential and environmentally friendly. The new phe-
nolic insulation material used in this research is en-
vironmentally friendly with high economic value; it 
is low in toxicity and efficient in insulation so that 
it can be considered as a green construction material 
[8–10].

In order to understand whether the phenolic resin is 
suitable for building insulation material, it is used to 
insulate the experimental building for monitoring out-
door and indoor temperatures across the roof and the 
walls on the four sides (east, south, west and north) to 
evaluate the insulation efficiency of phnolic resin as 
building insulation material. The experimental results 
show that during summer, phenolic plate has obvious 
insulation effect of reducing 5–10°C whereas during 
winter under northeastern monsoon, the temperature 
difference across the building wall is 4–7°C indicating 
the characteristics of phenolic plate to insulate against 
low temperature [11]. The computational fluid dynam-
ics (CFD) program is used to simulate the large-scale 
environmental flow field analyses so that more realistic 
simulation results with fewer errors can be obtained. 
The CFD to simulate the building isolated with pheno-
lic resin based on the experimental monitoring results 
obtained in previous years. The results thus obtained *Author to whom correspondence should be addressed.  
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will provide valuable references to future relative base 
design, building construction, and landscape.

METHODOLOGY 

During the first year of the research, phenolic res-
in was used to construct an experimental building in 
order to understand whether the phenolic resin is ap-
plicable for constructing a building to provide comfort 
living conditions with less energy consumptions. Two 
phenolic resin-insulated experimental buildings with 
30 monitoring points as shown in Figure 1 were con-
structed to study thermal transportation and tempera-
ture variations.

The experimental results were used to identify pa-
rameters for conducting the simulation on solar ra-
diation, thermal transportation between outdoor and 
indoor across phenolic resin board, and temperature 
variations using the CFD program. The computer mod-
el is shown in Figure 2. The underlying equation for 
this multiphysics CFD modeling in building envelopes 
is the energy equation shown in Equations (1)–(3). The 
energy equation allows considering the effect all of the 
following heat phenomena: convection in fluid, con-
duction in solids, thermal (solar) radiation, and exter-
nal heat gains.
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Where:
 T = Temperature
 ρ = Density
 Cp = Specific Heat
 q = Heat source (mean solar radiation)
 R = Gas constant
 MW = molecular weight of gas
 –ΔP = is the pressure force
 ρ g = is the gravity force
 µ∇2 V = is the shearing force
  ( )k T = is the conduction dissipation
 µΦ = is the Viscous dissipation
 

q  = is the Heat generation

Figure 1. Buildings equipped with phenolic resin insulation.

(1)

Figure 2. Simulated model of the experimental building.

(2)

(3)
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Weather variables (major influencing factors in-
clude: air temperature, air density, wind velocity etc.) 
considerably influence the hydrothermal performance 
of a building envelope. In site planning, buildings can 
then be reasonably positioned based on the analysis re-
sult of the wind environment, while other factors such 
as day lighting, noise, building coverage, height, ori-
entation, spacing and configuration are addressed as 
well [12,13]. Therefore it is essential to incorporate 
these variables into this simulation methodology. Air 
temperature should not be the only parameter used to 
define the thermal climate, but indeed it is the most 
commonly used. In this paper the operative tempera-
ture [Equation (4)] is calculated, which includes the 
ambient air temperature (Ta), air velocity (v) and the 
mean radiation temperature [Equation (5)] that is as a 
function of the radiation intensity from each surface. 
[14]
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Where:

 M.R.T = Means radiation temperature (Ta)
 Ta = Ambient air temperature (°C)
 Top = Operative temperature (°C)
 v = Velocity (m/s)
 σ = Stefan Boltzmann constant (kg/(s3 K4))
 Irad = radiation intensity (W/(m2 sr))

The solar variables such as the sun direction vec-
tors, sunshine fraction, and direct and diffuse solar ir-
radiation necessary for the solar ray tracing algorithm 
computations are then calculated. The energy equation 
is show as Equations (6)–(8) [15].

E E E Etotal direct diffuse solar reflect ground  , ,  

E CEd solar direct,
cos

  1
2

ε

E E Cr ground direct g, ( sin ) cos
   

β ρ
ε1

2

Where:

 Etotal = total solar radiation

 Edirect = normal direct solar irradiation
 Ediffuse = total diffuse irradiation
 Ed, solar = diffuse solar irradiation
 Er, ground = ground reflected solar irradiation

The simulation was carried out based on various 
grids to perform grid independence test. First, one 
point in the model was selected as the reference point 
for selecting points with various heights to perform 
grid test analyses with the results shown in Figure 3. 
Seven sets of various grid numbers were evaluated for 
the grid range from 20w cells to 400w cells. The grid 
of 250w cells shows no tendency of diffusion or con-
vergence; i.e. the analysis results carry no significant 
variations so that stable simulation and good analysis 
results are obtained (Figure 4). Hence, the grid of 250w 
cells was used for performing the subsequent simula-
tion based on conditions of the actual site with com-
parisons of actually monitored experimental data and 
computer monitoring results for model calibration. The 
weather conditions for July (summer) in Taichung (Tai-
wan) were used for simulating the atmospheric space 
for evaluating the overall building indoor and outdoor 
thermal environments.

RESULTS AND DISCUSSIONS 

Results of simulation on variations of the outdoor 
and indoor temperatures using data collected with the 
experimental building insulated with phenolic resin are 
shown in Figure 5 (window closed) and Figure 6 (win-
dows opened). Under similar conditions, when the am-
bient wind speed is not high, the room with windows 
closed has more uniform temperature distribution than 
room with windows opened that reveals the insulating 
characteristics of phenolic resins. At 8:00 A.M., the east-
side wall is exposed to solar irradiation; its temperature 

(5)

(4)

(6)

(7)

(8)

Figure 3. Simulated test of grid point.
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gradually increases. At noon, the sun is directly over 
the building so that heat comes directly from the roof 
top. At 2:00 P.M., the west-side wall is exposed to so-
lar irradiation, and breeze enters the building through 
the east-side window to carry some heat away from 
the wall. Hence, opening the window causes the room 
temperature to drop fast. The simulation results for the 
period between 8:00 A.M. and 10:00 A.M. indicate that 
the opened window causes the room temperature to 
rise. Additionally, when the window is opened, the heat 
comes from a fixed source but the movement of indoor 
air current leads to more uniform spatial temperature 
distribution but higher room temperature. 

Results of flow analyses along the north-south di-
rections are indicated in Figure 7 for closed window 
and Figure 8 for opened window. The window is lo-
cated on the east-side wall; when the sun is above the 
horizon at a certain angle of inclination, a small floor 
area is exposed to the incident solar irradiation through 
the window. Hence, the simulated results for the period 
between 8:00 A.M. and 10:00 A.M. show a region of 
relatively higher temperature adjacent to the hot floor 
area. With the sun rises further, this floor area will 
gradually move from the center of the building toward 
the window.

When the window of the phenolic resin insulated 
building is closed, heat is easily transmitted through 
the window glass panes into the building. Hence, the 
area surrounding the windows experiences the gen-
eration of more vigorous speed field during all time 
intervals starting 8:00 A.M.. Figure 7 shows that the 
east-side wall is exposed to heat at 8:00 A.M., but the 
temperature is not obvious so that the speed field is 
weak. During other time intervals, the window shows 
obvious vigorous heat exchange; the speed field shows 
the direction from the east-wall window toward the 
west-side wall. After reaching the wall, it is diffused 
toward the room and the ground.

Simulation results for the insulated building with 
window opened (Figure 8) show that after entering the 
building through window, the air current diffuses to 
all directions until hitting the boundary wall; it is then 
reflected from the wall to form turbulent current. Be-
cause the experimental building has a single window, 
after the formation of turbulent air current, some air 
current may also flow out of the building. Hence, air 
flows of different directions, i.e. flowing into and out 
of the room, near the window cause weaken air current 
flowing into the building and poor indoor air circula-
tion that indirectly affect the building heat dissipation.

Figure 4. Results of analyzing indoor space using grids of various points.
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Figure 5.  Simulated Room Temperature for Window Closed.

Figure 6.  Simulated Room Temperature for Window Opened.
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Figure 7.  Simulated Variations of Air flow for Closed Window (North-South Direction).

Figure 8.  Simulated Variations of Air flow for Opened Window (North-South Direction).
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Figures 9–13 show temperature distributions during 
the four time intervals between 8:00 A.M. and 4:00 P.M. 
on the roof and outside surface of the wall for closed 
window whereas Figures 14–18 show those for opened 
window. Among the five time intervals, at 8:00 A.M., 
the wall temperature is generally the lowest, and the 
east-side wall surface temperature is the highest among 
walls of other directions because the east-side wall is 
subject directly to the sun rising in the south-east direc-
tion. During the same time interval, the roof tempera-
ture rises gradually. At 10:00 A.M., the sun rises higher, 
the east-side wall is under the roof shadow, its heated 
surface is thus reduced but the temperature rises for the 
roof and the wall on other sides. At 12:00 noon, the sun 
is at the apex, and the building shadow is the smallest 
so that the indoor heat mainly comes from the roof.

At 2:00 P.M., the west-side wall is subject to solar ir-
radiation so that its temperature rises whereas the roof 
temperature rises continuously to reach the highest 

level of 55°C and then gradually decreases. When the 
sun moves to the 4:00 P.M. position, the area exposed 
to solar irradiation for the west-side wall increases, and 
the east-side roof temperature decreases. Because the 
sun rises from southwest to move toward northwest, 
the north-side wall surface experiences faster tempera-
ture decrease than the east-side and south-side walls.

The two experimental buildings have similar ap-
pearance, dimensions and features; they are subject to 
similar environmental and heating condition. The in-
fluence of window is the greatest because the window 
is the largest transparent structure in the experimental 
building. The solar radiation can easily penetrate the 
transparent window to bring the solar radiation heat 
into the building because the traditional window has 
lower heat transmittance of 6.40 W/(m2·K) than solid 
wall. Results of the model simulation for the building 
with opened window show that the outside wall sur-
face temperature is always higher than indoor room 

Figure 9. Simulated 8:00 A.M. Wall Surface Temperature (Window 
Closed).

Figure 10. Simulated 10:00 A.M. Wall Surface Temperature (Window 
Closed).

Figure 11. Simulated 12:00 Noon Wall Surface Temperature (Win-
dow Closed).

Figure 12. Simulated 2:00 P.M. Wall Surface Temperature (Window 
Closed).
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Figure 13. Simulated 4:00 P.M. Wall Surface Temperature (Window 
Closed).

Figure 14. Simulated 8:00 A.M. Wall Surface Temperature (Window 
Opened).

Figure 15. Simulated 10:00 P.M. Wall Surface Temperature (Window 
Opened).

Figure 16. Simulated 12:00 noon Wall Surface Temperature (Win-
dow Opened).

Figure 17. Simulated 2:00 P.M. Wall Surface Temperature (Window 
Opened).

Figure 18. Simulated 4:00 P.M. Wall Surface Temperature (Window 
Opened).
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temperature. Hence, when the building is subject to 
poor ventilation or weak wind speed, heat can easily 
be transmitted indoors but cannot be dissipated easily 
so that the indoor temperature is raised.

Figures 19–23 shows the simulation of outdoor air 
field in this region and the resulting indoor air field; 
Figures 24–28 show the simulation results on the diffu-
sions for both building sides and roof. Under full sun-
shine without shading, the building and surrounding 
ground show different temperature at various times; 
the temperatures are the highest at 12:00 noon and next 
highest at 2:00 P.M.. Simulation of the larger environ-
ment shows that air field influences the temperature 
variations for the building and the surrounding ground. 
Air current will bring heat away from the wall surface 
and ground so that the building north wall temperature 
has a tendency of being relatively low under the large 
environment. The building shade also causes tempera-
ture differences between wall surface and surrounding 
ground in addition to indicating the angle of solar ir-
radiation.

Figure 19. The 8:00 A.M. air field analyses for outdoor environment 
(window closed).

Figure 20. The 10:00 A.M. air field analyses for outdoor environment 
(window closed).

Figure 21. The 12:00 P.M. air field analyses for outdoor environment 
(window closed).

Figure 22. The 2:00 P.M. air field analyses for outdoor environment 
(window closed).

As the natural reduction of building temperature is 
concerned, ventilation at nighttime is appropriate for 
regions where daytime outdoor air temperature is high-
er than indoor temperature; the outdoor cooler outdoor 
air enters the building to lower the indoor temperature 
or exhaust the heat stored in the building materials. Be-
cause the major objective of this research is to study 
the thermal insulation effect of phenolic resin used as 
building insulator, comparisons of outdoor and indoor 
temperatures of the building insulated with phenolic 
resin are important to show the satisfactory thermal 
isulation characteristics of phenolic reused. If natural 
ventilation is applied for lowering the indoor tempera-
ture, whether the window should be closed or opened 
depends on the natural environment. Under full sun 
shine with outside temperature greater than indoor tem-
perature during daytime, the window should be closed 
but opened during nighttime when outside temperature 
is lower than indoor temperature. Additionally, if shad-
ing is provided at appropriate locations of the building, 
the indoor room temperature will be reduce effectively. 
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Figure 23. The 4:00 P.M. air field analyses for outdoor environment 
(window closed). Figure 24. The 8:00 A.M. air field analyses for outdoor environment 

(window opened).

Figure 25. The 10:00 A.M. air field analyses for outdoor environment 
(window closed).

Figure 26. The 12:00 P.M. air field analyses for outdoor environment 
(window closed).

Figure 27. The 2:00 P.M. air field analyses for outdoor environment 
(window closed).

Figure 28. The 4:00 P.M. air field analyses for outdoor environment 
(window closed).
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Frequently closing the window may affect the building 
permeability and aesthetic appearance, glass pane with 
good insulation property can be used to reduce solar 
irradiation and absorbance. 

CONCLUSIONS 

Mimicking nature to improve building design for 
reducing energy consumption, environmental pollu-
tion, and urban heat island effect has been seriously 
conserved in recent years. Improving building design 
to provide a comfortable indoor living environment 
without consuming excess energy is an important issue 
to energy-thirsty Taiwan that is located in subtropical 
region with hot and humid summer. In this research, 
the thermal insulation behavior of phenolic resin used 
as building insulation is studied using laboratory build-
ings insulated with phenolic resin. A computer model 
is developed using the CFD software to simulate the 
building thermal behavior. The solar irradiation, build-
ing, and the ambient and indoor thermal environments 
were simulated using the experimental data obtained 
earlier to result in more realistic simulated conclusions 
without significant errors.

Results of CFD simulation carried out for the five 
time intervals of a day show that air current assists 
in carrying away heat from the wall surface, and the 
indoor temperature drops faster when the window is 
opened. Temperature variations between 8:00 A.M. and 
10:00 A.M. reveal that opening window will raise the 
indoor temperature during this time period. Results 
of simulating the indoor air flow show that when the 
window is closed, the indoor air flow near the window 
varies the most; the air speed velocity field is from the 
east-side wall to the west-side wall. When the window 
is opened, the indoor air flow becomes turbulent. After 
entering the room through the window, the air diffuses 
in all directions, and the speed field is compensate or 
weakened by air flow of the opposite direction leading 
to poor indoor ventilation. Simulation of the larger en-
vironment indicates that window is an important factor 
to influence the indoor thermal behavior. Phenoic resin 
insulation has good thermal property; if it is applied 
in cope with other means such as shading or improv-
ing window constructing materials, the room tempera-
ture will be effectively reduced. The environmental air 
flow will effectively assist in removing heat from the 
wall surface and floor. Under the experimental condi-
tions, the daytime outdoor temperature is higher than 
indoor temperature so that ventilation can only be ap-
plied during nighttime when the outside temperature 

becomes lower. This study offers quantitative scientific 
data to confirm a common practice for lowering indoor 
temperature. Results of this environmental air flow 
analysis will be valuable quantitative information to be 
referenced by engineers and planners for future base 
design or landscape design of energy-efficient green 
buildings.
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ABSTRACT: The problem of reservoir water quality caused by massive algae pollution 
keeps going serious, and the traditional solid-liquid separation technology generally fails 
to meet water quality standards. In the present study, GAC-sand-double-filtration flofilter 
was built to treat reservoir water derived from the Yellow River that has been polluted 
by high levels of algal biomass, with the running characteristics and operating results 
specifically investigated. The experimental results showed that, running effect was rela-
tively superior when the dosage of PAFC was 4 mg/L (Al3+), the pressure of dissolved 
air was 0.4 Mpa, and the reflux ratio was 8%. Algal biomass fixed onto GAC and sand 
filter layer was mainly found in the carbon layer, which accounted for 97.4% of the total 
biomass (the highest value was 50.2 nmol p/g), and the biomass fixed onto carbon layer 
was 16.7 times of that fixed onto the sand layer (3.0 nmol p/g). Clearly, the removal of 
pollutants mainly occurred in the carbon layer. Also, the removal efficiency of particulate 
matter such as blue-green algae, turbidity, CODMn, UV254, NPOC, ammonia nitrogen 
was 96.48%, 92.40%, 92.56%, 57.40%, 52.50%, 51.60% and 75.67%, respectively. The 
odor was reduced from 4 to 0, and the content of geosmin and methylisoborneol was 
less than their detection limit, with the removal efficiency of chloroform and chlorodibro-
momethane as 60% and 55.1%, respectively. In general, the results showed that the 
flofilter process had imposed an efficient effect on the removal of algal biomass, odor 
substances and disinfection byproducts precursors.

INTRODUCTION

THE problem of reservoir water pollution has be-
come increasingly worse, with algae pollution as a 

typical culprit. Since the Yellow River is continuously 
polluted, the plain reservoirs has generally displayed 
characteristics of shallow depth, with high levels of 
algal biomass found during the summer, and algal den-
sity would decline during the winter due to low levels 
of temperature and turbidity. With the acute exacerba-
tion of water eutrophication problem, algal reproduc-
tion has posed a serious threat to aquatic ecosystems, 
especially during the spring and autumn when temper-
ature changes dramatically and algae outbreaks occur 
frequently and such phenomenon could pose a severe 
threat to water treatment plant operation and water 
safety. Due to the fact that the density of algal commu-
nity is usually small, the removal efficiency of algae by 

using the traditional solid-liquid separation technology 
is not satisfactory, ensued by a series of problems, such 
as filter blockage, backwash cycle shortage, soaring 
processing cost and worsening water quality. Under 
certain circumstances, the safety of water supplies is 
under great threat of microcystins produced by some 
algae species [1~4]. The technology of flofilter with 
the process of flotation and filtration integrated seems 
promising, which could not only handle water quality 
problem with high levels of algal biomass present, but 
also display a good removal efficiency of water turbid-
ity, odor and colour. Meanwhile, the operation mode is 
flexible in terms of reducing operating costs effectively 
[5]. Researchers have carried out numerous studies on 
the flotation and filtration process [6~8]. For example, 
Zhang et al. developed GAC-sand dual media with 
dissolved air flotation/ filtration technology to process 
water body with high levels of organic matter and al-
gal biomass in MiYun Reservoir, and the overall result 
was satisfactory [9,10]. On the basis of water quality *Author to whom correspondence should be addressed.  

E-mail: wyl1016@sina.com; Tel: +86-531-86361857; Fax: +86-531-86361631

Journal of Residuals Science & Technology, Vol. 13, Supplement 1

1544-8053/16/01 S093-07 
© 2016 DEStech Publications, Inc. 

doi:10.12783/issn.1544-8053/13/2/S14



Y. WANG, K. ZHANG, W. CHEN, H. WANG, M. LI and R. JIAS94

analysis of reservoir water samples collected from the 
Yellow River, the present study tests the coagulation 
conditions, reflux ratio, algal biomass and decontami-
nation capability of carbon and sand filter layer when 
the technology of flofilter is implemented, with an in-
depth analysis of the operational characteristics of flofil-
ter being used. Therefore, the present study could pro-
vide new perspective and technical support regarding 
the development of water plant treatment technology. 

MATERIALS AND METHODS

Raw Water Quality

Conventional Indicators

Raw water samples were collected from Jinan 
Queshan Yellow River reservoir, and the test period 
was between May and September. Water tempera-
ture was in the range of 19.2~27.0°C, pH value was 
in the range of 8.18~8.40, and the value of turbidity,  
CODMn and UV254 was in the range of 2.17~4.30 NTU, 
2.63~3.28 mg/L and 0.039~0.045 cm–1, respectively.

Algae Indicators 

The dominant algal species found in Queshan res-
ervoir is cyanobacteria, also known as blue-green al-
gae, and it often blooms during the summer [11]. With 
an increasing water temperature since May, the con-
tent of algae began to rise, and the variation trend of 
chlorophyll A and cyanobacteria was generally con-
sistent. Chlorophyll A content of raw water samples 
collected in September was in the range of 6.46~14.37 
µg/L, with the average value as 9.35 µg/L. The den-
sity of blue-green algae was in the range of 1173~3398  
cells/mL, with the average value as 2593.49 cells/mL. 
Algae content rose in line with the changes in the sea-
son or the temperature.

Test Equipment

The processing capacity of pilot testing device was 
about 5 m3/h, with its dimensions as 2.6 m × 0.8 m 
× 4.3 m, and all structures such as the mixing tank, 
flocculation tank and floating flofilter were established 
together. The upper part of the floating filter was flota-
tion zone, and the lower part was the filter area. After 
the flocculation process, water flew into the contact 
chamber, where water was mixed with pressurized 
water containing dissolved gas, and produced bubbles 

would first adhere to the floc particles and then floate 
to the separation zone. Generated scum on the surface 
was then removed by using scraping slag. After such 
flotation process, water would then flow down into 
the filtration area. Filter layer was filled with activated 
charcoal and quartz sand, and the height of activated 
carbon filter layer was 600 mm (the range of diameter 
was 0.8~1.2 mm). The height of quartz sand filter layer 
was 300 mm (the range of diameter was 0.8~1.2 mm), 
and the supporting layer filled with gravel of 400 mm 
was below the filter layer. Backwash of air and water 
was conducted with long-handled filter head, with co-
agulant dosed by the metering pumps. The schematic 
diagram of floating flofilter pilot plant was shown in 
Figure 1.

Analysis Method

The test items and methods of pilot test followed 
standard methods for the Examination of Water and 
Wastewater APHA/AWWA/WEF (2005).

All assays were carried out in triplicate, with the 
averages and corresponding standard deviations sta-

Figure 1. Testing device of flofilter. 1. Inlet pipe; 2. Dosage; 3. Dos-
age; 4. Mixing tank; 5. Flocculation tank; 6. Contact  tank; 7. Flotation 
tank; 8. Backwashing drain pipe; 9. Scum; 10. Filter layer; 11. Outlet 
pipe; 12. Backwashing  Inlet pipe; 13. Vent pipe; 14. Backwashing 
inlet pipe; 15. From dissolved gas cylinders.
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tistically determined. All chemical reagents were of 
analytic reagent grade. All glassware and polyethylene 
tubes were soaked in 3% HCl overnight prior to use. 
Excel 2003 was used to produce figures and perform 
relevant statistical analyses. 

EXPERIMENTAL RESULTS AND DISCUSSION

Optimization of Coagulant Dosage 

Through the pre-experimental research, we chose 
PAFC (PAFC) as the flocculant [12], and the dosing 
method was used as the wet cast. The speed of mixing 
was 50 r/min, and the stirring rate of the reaction was 
15 r/min, with PAFC dosage specifically optimized.

CODMn

As can be seen from Figure 2, when PAFC dosage 
was 4 mg/L, the removal rate of CODMn reached the 
highest point, during which stage the total removal rate 
reached 51.91% ± 4.26%, and the flotation removal 
rate was 33.33% ± 2.58%. When PAFC dosage was 
5~7 mg/L, the total removal rate remained in the range 
of 33~45%, and it didn’t increase with the addition of 
dosage. Meanwhile, the removal rate of flotation unit 
decreased slightly, and the removal rate was in the 
range of 10~30%. This is because the flotation process 
required flocs with relatively small size after the coag-
ulation process. With an increase of dosage, the gener-
ated floc gradually grew bigger, and the amount of gas 
that contained in the floc would not provide sufficient 
buoyancy. As a result, the stability of the carrier gas 
floc went unsteady.

Turbidity

The removal of turbidity (by using flofilter) was sta-

ble when various amounts of dosage were used (Figure 
2), and the total removal rate was about 80%. When 
PAFC dosage was 4 mg/L, the removal rate was up to 
84.82% ± 4.85%, and the removal rate using flotation 
also reached 33.99% ± 3.21%. When the dosage was 
5~7 mg/L, the average removal rate was approximately 
80%. Although the removal effect was relatively good, 
the flotation efficiency actually declined during this 
stage. This is because the generated floc was becoming 
bigger, and the amount of adhesion bubble was insuffi-
cient, all of which led to the fact that the buoyancy de-
clined, and the stability of bubble-floc went unsteady. 
With the addition of coagulant dosage, it would not 
only increase the operating costs, but also produce a 
large amount of metal ions due to the existence of ex-
cess amount of coagulant, resulting in aluminum resi-
dues in effluent [13]. Therefore, the optimum PAFC 
dosage was determined as 4 mg/L (account as Al3+).

Optimized Reflux Flotation Ratio 

When the dissolved air pressure was about 0.4 Mpa, 
the dissolved air system produced small but dense bub-
bles in milky white color. Therefore, the reflux ratio of 
the dissolved gas system was optimized under a stable 
operation pressure of 0.4 Mpa. 

CODMn

It can be seen from Figure 3 that the maximum value 
of CODMn in filter effluent was 1.33 mg/L, the mini-
mum value was 0.97 mg/L, and the average value was 
1.08 mg/L during the test period. When the reflux ratio 
was in the range of 6~10%, the total removal rate of 
CODMn was relatively high, and it might reach 62.53% 
± 4.20%. This indicated that the removal of organic 
matters using carbon-sand filter was not only related 
to the adsorption and interception of carbon-sand filter 

Figure 2. CODMn  and  Turbidity  removal  efficiency  under  different 
dosage.

Figure 3. CODMn, Turbidity and UV254 removal under different reflux 
ratio.
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layer on the suspended solids, but also to the growth of 
microorganisms attached to the filter. As a result, the 
formed biofilm attached to the filter layer would play a 
key role during the biodegradation process. 

Turbidity

With an increase of reflux ratio, turbidity of flota-
tion unit showed a decreasing trend (Figure 3), mainly 
because the adhesion chance of micro-bubbles with 
flocs was enhanced when the amount of dissolved gas 
increased. Under different operating conditions with 
varying reflux ratios, there were few differences in the 
removal rate of flofilter, and the average removal rate 
was maintained around 90%. The maximum turbidity 
value of filter effluent was 0.36 NTU, the minimum val-
ue was 0.27 NTU, and the mean value was 0.31 NTU.

UV254

It can be seen from Figure 3 that the UV254 value of 
influent was stable with the mean value as 0.040 cm–1. 
The maximum UV254 value of enfluent was 0.022 cm–1,
the minimum value was 0.014 cm–1, and the average 
value was 0.019 cm–1. With an increase of reflux ratio, 
the total removal rate also increased. A relatively high 
level of removal rate was obtained when reflux ratio 
was between 8~12%, and the average removal rate was 
66.5% ± 3.10%, beyond which the UV254 value of en-
fluent started to decrease.

According to the removal efficiency of CODMn, 
turbidity and UV254, a relatively good removal effect 
could be achieved during the operation process when 
the reflux ratio was in the range of 8~10%. Therefore, 
8% was chosen as the optimum reflux ratio when the 
economic cost was taken into account.

Research on the Filter Unit Characteristics

GAC-sand filter materials were used in the filter 
unit of flofilter device, and a certain amount of bio-
film started to grow on the surface of the filter after 
some running time. The organic compounds in the raw 
water could provide nutrients for the development of 
biofilms. Meanwhile, microbial metabolism could ef-
fectively reduce the pollutant content in the water 
body. The quartz sand filter layer could effectively in-
tercept the shedding biofilm, thus providing a protec-
tion mechanism for maintaining the quality of filtered 
water. After some running time, the distribution of 
microbial biomass and the removal efficiency of con-

taminants attached to different filter layer were investi-
gated. Also, the characteristics of GAC-sand filter were 
analyzed during different flotation states.

The Distribution of Microbial Biomass in the  
Filter Layer

In order to investigate the growth conditions of bio-
films attached to the surface of the filter, samples col-
lected from different filter layers were used for biomass 
detection and analysis. Sampling points were described 
as following: the distance between the activated carbon 
top of sampling point 1, 2 and 3 was 100 mm, 200 mm 
and 500 mm, respectively, and sampling point 4 was 
at the distance of 150 mm from the top of the quartz 
sand. Also, the distribution patterns of microbial bio-
mass from different carbon layers were studied. In or-
der to quantify microbial biomass, filter samples were 
collected for four consecutive months. The results 
showed that microbial biomass mainly existed in the 
activated carbon filter, which could account for 97.4% 
± 1.21% of the total biomass. The highest value of mi-
crobial biomass was 50.2 nmol p/g, 15.7 times that of 
the quartz sand (3.0 nmol p/g). Also, the particle size 
of activated carbon and quartz was 0.8~1.2 mm. Due 
to oxidation and activation process, the activated car-
bon formed a complex pore structure, with complex 
functional groups and hydrocarbons established on 
the carbon surface, which displayed following physi-
cal properties such as porous, light weight and larger 
specific surface area. As a result, the pore structure was 
capable of absorbing impurities in the water body due 
to its strong adsorption capacity [14].

Contributions of Filter Layers to the Removal of 
Pollutants

To further study the contributions of different filter 
layers to the removal of pollutants, pollutants removal 
efficiency at different filter layer depth was investigat-
ed, with test conditions shown as following: the reflux 
ratio was 8%, PAFC dosing was 4.0 mg/L, and the filter 
speed was 5 m/h. Simultaneously, water samples from 
the raw water were collected and analyzed to obtain 
parameters such as the DAF effluent, the effluent of 
carbon filter layer 1, the effluent of carbon filter layer 
2, the effluent of quartz sand layer and the effluent of 
supporting layer. Test results were shown in Figure 4, 
with sampling port numbers 1 to 6 representing the in-
fluent, and sampling points 1 to 4 representing the ef-
fluent. 
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Figure 4. Removal efficiency curves of CODMn, Turbidity, and UV254.

CODMn

As shown in Figure 4, the CODMn of flofilter influ-
ent was in the range of 3.13–3.44 mg/L, the CODMn 
of enfluent was in the range of 3.13–3.44 mg/L, and 
the average total removal rate was 56%. The removal 
of CODMn mainly occurred in the activated carbon 
layer, and active carbon played a key role during the 
biodegradation process since microbes could attach to 
the surface and internal structure of the filter materials 
after a long running time. Meanwhile, raw water with 
high content of dissolved oxygen provided ideal condi-
tions for biological metabolism. The removal rate of 
CODMn in the upper layer of active carbon was higher 
than that in the lower part due to the fact that most 
microorganisms were living in the upper layer, indicat-
ing an asymmetric distribution of microbial biomass 
within filter layers.

Turbidity

It can be seen from Figure 4 that the effluent turbid-
ity reached 0.33–0.42 NTU when the turbidity of raw 
water was changed from 3.29 to 3.51 NTU with the 
average removal rate as 90.0%. Turbidity removal con-
tribution rate of activated carbon layer reached 63% ± 
1.0%, whereas sand filter layer accounted for 25% ± 
1.6%. Since some small inorganic particles had pen-
etrated carbon filter layer, sand filter layer still had a 
relatively large contribution to the turbidity removal 

efficiency. Turbidity could be further reduced by 12% 
± 2.5% when water flew through the supporting layer, 
suggesting that the supporting layer could not only 
play a key role in supporting filter media and prevent-
ing erosion, but also intercept some particulate matters.

UV254

It can be seen from Figure 4 that UV254 was mainly 
removed in the activated carbon layer, and the removal 
rate of UV254 in the lower layer was higher than that in 
the upper. One possible explanation is that suspended 
biofilm debris had blocked the activated charcoal pore, 
resulting in a decline of adsorption capacity of the acti-
vated carbon. By contrast, the quartz sand filter layer and 
supporting layer contributed less to UV254 removal. 

The Removal Efficiency of Water Polluted by High-
density Algae Using Floating Filter Technology  

The Removal Efficiency of Conventional Pollutants

After a period of steady operation process, PAFC 
dosage was 4.0 mg/L, the reflux ratio was 8%, and the 
filtration rate was 8.0 m/h. The removal efficiency of 
CODMn, turbidity, UV254, ammonia nitrogen, NPOC, 
particulate matters and blue-green algae by using flo-
filter technology were shown in Table 1.

Existing experimental results showed that flofilter 
technology generally displayed a high removal rate of 
conventional pollutants such as turbidity, particulate 
matter and blue-green algae, with the average removal 
rates above 90% for all cases. Although the removal 
rate of other indicators was lower than 60%, the efflu-
ent quality could meet the requirement of drinking wa-
ter quality standards, and the removal rate of CODMn 
was significantly higher than that of common carbon 
sand filter. The blue-green algae, particulate matters 
and other organic pollutants were discharged with the 
scum. As a result, their content in flotation effluent was 
efficiently reduced. GAC-sand filter that integrated in 
the filtration unit was adopted for further processing 

Table 1. The Removal Efficiency of Conventional Pollutants by Using Flofilter Technology.

Items
CODMn
(mg/L)

Turbidity 
(NTU)

UV254
(cm–1)

Ammonia Nitrogen 
(mg/L)

NPOC 
(mg/L)

Particulate Matter 
(a/mL)

Blue-green Algae 
(106 cells /L)

Raw water 3.24 4.30 0.040 0.185 2.81 24217 2.593
DAF effluent 2.45 1.81 0.022 0.129 2.16 — —
Flofilter effluent 1.38 0.32 0.019 0.045 1.36 853 0.197
Removal rate 57.41 92.56 52.50 75.67 51.60 96.48 92.40
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of pollutants, and such filter not only played a key role 
in the interception and adsorption of inorganic and or-
ganic pollutants, but also degraded some organic sub-
stances. Moreover, the content of dissolved oxygen 
was increased to a sufficient amount after the flotation 
process. Therefore, the removal rate of GAC-sand fil-
ter was significantly higher than that of ordinary sand 
carbon filter.

Removal Efficiency of Odor Substances and 
Precursors of Disinfection Byproducts (DBPs)

Due to the growth of algae and actinomycetes, ab-
normal odor was disseminated from the surface water 
of reservoirs contaminated by massive algal species 
[15]. The smelly and dimethyl borneol was secreted 
by actinomycetes, and the smelly substances were pro-
duced by algae during the metabolism process. Triha-
lomethanes (THMs) is a representative of the volatile 
disinfection by-products, which displays some obvious 
carcinogenicity. Similarly, tribromethane is also car-
cinogenic [16]. Therefore, it is necessary to study the 
removal efficiency of DBPs precursors since trichloro-
methane, bromodichloromethane and chlorodibromo-
methane are all directly related to the yield of DBPs. 
The removal efficiency of odor substances and precur-
sors of DBPs by using flofilter technology was shown 
in Table 1 and Table 2.

As shown in Table 1 and Table 2, flofilter technol-
ogy displayed a good purification effect regarding odor 
substances and precursors of DBPs. Also, it showed 
a strong capacity to remove precursors of trichloro-
methane and chlorodibromomethane. The odor level 
was lowered down from level 4 to level 0. Specifically, 
the earthy odor was removed completely, and the soil 
smelly and dimethyl borneol content was less than the 
detection limit. Also, the removal rate of trichlorometh-
ane and chlorodibromomethane was 60% ± 4.50% and 
55.1% ± 3.8%, respectively.

CONCLUSIONS

1. Through the optimization of relevant technology 

Table 2. Removal Efficiency of Unconventional Pollutants by Floating Filter Technology (Unit: Mg/L).

Items
Analytic Hierarchy 

Process (AHP) Odor
Soil 

Smelly
Dimethyl 
Borneol Trichlormethane

Bromodichloro-
methane

Chlorodibromo-
methane Tribromethane

Raw water Earthy taste, Level 4 < 5 × 10–6 < 5 × 10–6 0.035 0.0203 0.0207 0.0041
Flofilter effluent Odorless, Level 0 < 5 × 10–6 < 5 × 10–6 0.014 0.0180 0.0093 0.0111
GB5749-2006 Odorless 0.00001 0.00001 0.02 0.06 0.01 0.01

parameters such as coagulation conditions, reflux 
ratio and dosage, the right type of flocculant was 
determined, PAFC was selected, the dosage was 
chosen as 4.0 mg/L (Al3+), the dissolved air pres-
sure was 0.4 Mpa, and the reflux ratio was 8%. 
Under such test conditions, an excellent removal 
efficiency was achieved.

2. Through studies of the distribution patterns of 
microbial biomass in the filter, it was evident that 
biomass mainly existed in the activated carbon 
filter, which accounted for 97.4% ± 1.21% of the 
total biomass, with the highest value of biomass as 
50.2 nmol p/g, which was about 15.7 times that of 
the quartz sand (3.0nmol p/g). Therefore, maxi-
mum amount of CODMn, turbidity, UV254, ammo-
nia nitrogen and NPOC was efficiently removed in 
the activated carbon layer.

3. The removal rate of particulate matters, blue-
green algae, turbidity, CODMn, UV254, ammonia 
nitrogen and NPOC was 96.48%, 92.40%, 92.56%, 
57.40%, 52.50%, 75.67% and 51.60%, respec-
tively when algal density in the water reached the 
peak. Odor level was lowered down from level 4 
to level 0, and the effluent content of geosmin and 
methylisoborneol was less than the detection limit. 
Specifically, the removal efficiency of chloroform 
and chlorodibromomethane reached 60% and 
55.1%, respectively. The results thus showed that 
flofilter technology had generally displayed an ex-
cellent removal efficiency of odor substances and 
disinfection byproducts precursors.
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ABSTRACT: Conjugated microporous polymers (CMPs) now attract extensive inter-
ests in water treatment as a kind of ideal porous absorbent with tunable porosity, large 
surface areas, excellent thermal and chemical stability. In this work the adsorption of 
metronidazole (MNZ) by CMPs was studied. Two kinds of CMPs were used and named 
as HCMP-1 and HCMP-2, respectively. The adsorption characteristics of MNZ by the 
two CMPs under different temperatures were investigated. Adsorption kinetics of MNZ 
on HCMP-1 and HCMP-2 under all tested temperatures fitted the pseudo-second-or-
der model well, and adsorption quantity of MNZ by the two CMPs decreased with the 
increase in temperature. Adsorption thermodynamics demonstrated that adsorption of 
MNZ by HCMP-1 and HCMP-2 was spontaneous and exothermic in nature. This work 
may provide fundamental guidance for the removal of antibiotics by CMPs.

INTRODUCTION

METRONIDAZOLE (MNZ) is a most commonly 
used antibiotics to treat infections stemming from 

various anaerobic microbes and protozoans [1]. The 
wide usage of MNZ leads to its continuous input into 
aquatic environments. Since MNZ has high solubility, 
low biodegradability and high toxicity, it is persistent 
in water and can easily bioaccumulate in organisms. 
According to the International Agency for Research on 
Cancer, MNZ is considered as a potential carcinogen 
and mutagen [2]. Thus efficient removal of MNZ from 
water is necessary. Unfortunately, bio-treating meth-
ods cannot fully decompose MNZ. Therefore, other 
technological alternatives such as photo-catalysis, UV/
H2O2 system, ozonation, etc., were suggested. Espe-
cially, the adsorption process has recently received 
much attention by taking the advantages of easy op-
eration, high reliability, design flexibility, and regen-
erability [3]. Various adsorbents such as clinoptilolite 
[4], soil [5], several forms of activated carbon [6–8], 
calcium phosphate materials [9], and core-shell mag-
netic nanoparticles [10] were utilized and their adsorp-
tion performance were investigated. 

Conjugated microporous polymers (CMPs) have 
long been considered as ideal absorbents for gas ad-
sorption since they are of fine tuned microporosity, 

large surface areas and good stability [11]. Recently, 
CMPs has begun to be used in liquid-liquid separation. 
Li et al. found that CMPs exhibit significant surface 
superhydrophobic so that they efficiently extracted 
oils, nonpolar organic solvents and even polar organic 
solvents from water but no any water molecular were 
adsorbed, which suggested an ideal adsorption selec-
tivity [11]. However, studies on the removal of hydro-
philic contaminants such as MNZ from water by CMPs 
are very few.

Based on this background, in this paper we applied 
two kinds of CMPs, named HCMP-1 and HCMP-2, to 
the adsorption of MNZ. The adsorption characteristics 
of MNZ by the two CMPs under different temperatures 
were investigated. Adsorption kinetic and thermody-
namic parameters were calculated, which may offer 
fundamental guidance for the removal of antibiotics by 
CMPs.

EXPERIMENTAL METHODS

Materials

Metronidazole with a purity of 99%, 1,3,5-triethy-
nylbenzene, 1,4-diethynylbenzene (98% of purity), 
bis-(triphenylphosphine) palladium (II) dichloride  
(98% of purity) and copper (I) iodide (98% of purity)  
were purchased from Sigma-aldrich. Methods for the 
synthesis of HCMP-1 and HCMP-2 were shown in 
Ref. [11]. All other chemicals were of analytical grade. *Author to whom correspondence should be addressed.  
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Ultrapure water was produced from a Sartorius Arium 
611VF system (Göttingen, Germany).

Adsorption Experiments

0.0030 g of powder HCMP-1 and HCMP-2 were 
placed in a 50-mL flask, respectively. Then 10 ml of 
MNZ solution (25 mg/L) was added. The flasks were 
covered by parafilm and rocked in the dark under 125 
rpm and different temperatures. At a certain time in-
terval, the sample was withdrawn and then filtered 
by a 0.45 µm membrane. The filtrate was analyzed to 
determine the residual concentration of MNZ. Blanks 
and controls were conducted under the identical condi-
tions. Each sample was repeated three times and the 
mean value was used.

Measurement

Scanning electron microscope characterization of 
the synthesized CMPs was performed on JSM-6701F 
(JEOL, Ltd.) after coating the surfaces of HCMP-1 
and HCMP-2 with Au film, respectively. Brunauer-
Emmett-Teller (BET) surface areas of the HCMP-1 
and HCMP-2 were characterized with nitrogen sorp-
tion measured at –196°C using physisorption analyzer 
(ASAP 2020, Micromeritics). Residual concentration 
of MNZ in filtrate was recorded with an UV-Visible 
Spectrophotometer (Shimadzu 2100S) at the wave-
length of 320 nm [6]. In order to calculate the concen-
tration retained in the adsorbent phase, the following 
equation is used.

q C C
M

Vt 


0

where C0 and C are the initial concentration and residu-
al concentration of MNZ (mg/L) at time t, respectively. 
V is the volume of solution (L) and M is the mass of 
sorbent (g). 

RESULTS AND DISCUSSION

Characterization of the CMPs

The SEM images of HCMP-1 and HCMP-2 surfaces 
were shown in Figure 1. Both HCMP-1 and HCMP-2 
had a similar morphology composed of agglomerated 
microgel particles. HCMP-1 had an average particle 
size of 20 nm in diameter [Figure 1(a)], while HCMP-2 
was composed of relatively larger particles with a size 
of 30 nm in diameter [Figure 1(b)], which might be 
contributed to the different ‘‘strut’’ length in the CMPs 
network. Brunauer-Emmett-Teller (BET) surface areas 
equaled to 710 m2/g and 690 m2/g for HCMP-1 and 
HCMP-2, respectively. Taking advantages of their high 
surface area, the two CMPs could be applied as porous 
adsorbents for the removal of MNZ from water.

Adsorption Kinetics

Figure 2(a) and 2(b) display the relationship be-
tween contact time and the adsorption of MNZ on the 
two CMPs, respectively. Under all temperatures, the 
adsorption amount of MNZ by HCMP-1 increased rap-

Figure 1. SEM pictures of (a) HCMP-1 and (b) HCMP-2. Scale bar: 500 nm.

(1)
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idly within 40 min, and then became flattened from 40 
min to 80 min. The curves which described the adsorp-
tion of MNZ in HCMP-2 demonstrated the same trend. 
It was observed that when temperature increased, both 
adsorption amounts and adsorption velocities of MNZ 
on the two CMPs increased. These results suggested 
that low temperature was beneficial to adsorption of 
MNZ on the two CMPs. Blanks and controls showed 
that no loss on MNZ concentration during whole 80 
min.

For further investigating adsorption of MNZ on the 
two CMPs, the kinetic data were expressed by both 
the pseudo-first-order and pseudo-second-order mod-
els [12]. The pseudo-first-order model fit the experi-

mental data well during the beginning 40 min only 
(data not shown). However, data of correlation coef-
ficients R2 for the linear plots of t/qt versus time based 
on the pseudo-second-order model were consistent and 
close to 1 during whole 80 min (Figure 3), which sug-
gested that the pseudo-first-order model was not an ap-
propriate one. Moreover, values of qe, cal well agreed 
with qe, exp, further indicating that the adsorption was 
confirmed to the pseudo-second-order model (Table 1). 
These results demonstrated that adsorption of MNZ on 
HCMP-1 and HCMP-2 was a chemisorption process, 
involving valency forces such as sharing or exchange 
of electrons between sorbent and sorbate [13].

The pseudo-first-order and pseudo-second-order 

Figure 2. Effects  of contact time on the adsorption of MNZ by the CMPs at different temperatures. The initial concentration of MNZ was set at 
25 mg/L: (a) HCMP-1, and (b) HCMP-2.

Figure 3.  Plots of experimental data expressed by the pseudo-second-order kinetic model. (a) HCMP-1, and (b) HCMP-2.



C. ZHENG, S. FENG, Q. WANG and M. DUS104

models are written by Equations (2) and (3) [12]: 

ln( ) ln( )q q q K te t e   1

1 1 1

2q K q q
t

t e e
 

where qe and qt (mg/g) are the amounts of solute 
sorbed at equilibrium and time t, and K1 is the rate con-
stant of the pseudo-first order sorption (1/min). K2 is 
the rate constant of the pseudo-second-order sorption  
(g/mg·min).

When temperature went up from 15–35°C, adsorp-
tion equilibrium capacity, qe, decreased from 43.48–
24.21 mg/g for HCMP-1. The same trend was also 
observed for HCMP-2. Table 1 shows that adsorption 
quantity of MNZ on HCMP-1 was higher than those 
of HCMP-2, which may be attribute to the fact that 
HCMP-1 possesses a larger surface area. Since the sur-
face area of CMPs can be tuned by employing different 
monomers with various molecular lengths [11], fur-
ther improvement in the adsorption of MNZ on CMPs 
would be anticipated.

Adsorption Thermodynamics

To confirm the thermodynamics adsorption process, 
standard free energy change (ΔGθ), enthalpy change 
(ΔHθ), and entropy change (ΔSθ) are determined using 
the following equations:

K q
Cc
e

e
�

∆G RT Kc
θ   ln

lnK S
R

H
RTc  ∆ ∆θ θ

where Kc is the equilibrium constant and T is the so-
lution temperature (°C); R is the gas constant (8.314 
J/mol·K). The apparent enthalpy of adsorption (ΔHθ) 
and entropy of adsorption (ΔSθ) are calculated from 
adsorption data at different temperatures. 

These thermodynamic parameters were given in 
Table 2. As for HCMP-1, the values of ΔGθ increased 
from –2.78, –2.29 to –0.73 KJ/mol at 15, 25 and 35°C, 
respectively, which suggested that the adsorption pro-
cess of MNZ on HCMP-1 was spontaneous and lower 
temperature was beneficial to the adsorption of MNZ. 

The obtained ΔHθ value (–0.85 KJ/mol) revealed the 
exothermic process of MNZ adsorption on the CMPs. 
The positive value of ΔSθ reflected the affinity of 
HCMP-1 for MNZ, as well as structural changes in 
sorbate and sorbent happened during the adsorption 
process. The similar trend was also found in HCMP-
2 except the value of ΔSθ. It can be seen from Table 
2, the value of ΔSθ for HCMP-2 was negative, which 
suggested a randomness decrease at sorbate-solution 
interface during the adsorption process.

CONCLUSIONS

In this paper, two conjugated microporous poly-
mers, HCMP-1 and HCMP-2, were applied to the ad-
sorption of metronidazole from aqueous solution under 
different temperatures. Under all temperatures, the ad-
sorption kinetics of MNZ on HCMP-1 and HCMP-2 
fitted the pseudo-second-order model, and adsorption 
amount of MNZ by the two CMPs decreased with the 
increase in temperature. Adsorption thermodynam-
ic study showed that adsorption of MNZ on the two 
CMPs was spontaneous and exothermic. Compared to 
HCMP-2, HCMP-1 possessed a higher adsorption ca-
pacity towards MNZ, which should be due to the larger 
surface area of HCMP-1. Based on this study, it can be 
concluded that low temperature was beneficial to the 
adsorption of MNZ on CMPs.

Table 1. Pseudo-second Order Kinetic Parameters at 
Different Temperatures.

Sorbent T (ºC) K2 qe, cal R2 qe, exp

HCMP-1
15 0.0022 43.48 0.9930 38.08
25 0.0061 37.04 0.9994 35.08
35 0.013 24.21 0.9914 22.89

HCMP-2
15 0.004 32.80 0.983 30.83
25 0.005 28.06 0.995 25.77
35 0.036 14.02 0.989 13.63

(3)

Table 2. Thermodynamic Parameters.

Sorbent T(ºC)

Thermodynamic Parameters

Kc

ΔGθ

(kJ/mol)
ΔHθ

(kJ/mol)
ΔSθ

(J/mol·K) R2

HCMP-1
15 3.19 –2.78

–0.85 6.58 0.85625 2.52 –2.29
35 1.33 –0.73

HCMP-2
15 3.19 –2.78

–37.784 –135.167 0.87725 2.52 –2.29
35 1.33 –0.73

(2)

(4)

(5)

(6)
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ABSTRACT: The nutrient (nitrogen and phosphorus) removal from municipal wastewa-
ter was investigated by sequencing batch reactor (SBR) with different aeration rates. 
The results indicated that the removal performances of nitrogen and phosphorus both 
increased first and then decreased with increasing aeration rates, and that the aeration 
rate should be controlled at 25 L.h–1 (dissolved oxygen = 2.7 mg.L–1) in order to achieve 
ideal removal efficiencies of total nitrogen (TN) and total phosphorus (TP). Aeration rate 
had a prominent effect on the occurrence of nitrification and denitrification (SND), and 
excessive aeration would weaken nitrogen removal during SND process. In contrast, ex-
cessive aeration had no effect on the release rate of the anaerobic phosphorus, and the 
decrease of these polyhydroxyalkanoates (PHAs) could significantly influence phospho-
rus uptake, which was very essential for controlling the biological phosphate removal.

INTRODUCTION

RECENTLY, much research has been carried out 
to develop a biological nitrogen removal (BNR) 

process in wastewater treatment system. In order to 
enhance the efficiency of BNR, the intensification 
of denitrification process is necessary. BNR can be 
achieved through denitrification process (including 
pre-denitrification and post-denitrification process) in 
wastewater treatment plants (WWTPs). The post-deni-
trification process, referred as Anaerobic-Oxic-Anoxic 
and Dephanox process, has been proposed by many 
researchers [1,2]. Its advantages mainly include lower 
energy consumption by no use of internal circulation 
flow, less sludge production for endogenous decay and 
higher efficiency for total nitrogen (TN) removal. In 
post-denitrification process without carbon source [3], 
the denitrification can be approximated as endogenous 
denitrification. Therefore, many researchers [1,4,5] 
mainly devote themselves to improving the post-deni-
trification rate in order to enhance BNR, but pay little 
attention to surveying the relationship between aera-
tion rates and nutrient removal performance in post-
denitrification process.

Nitrogen and phosphorus removal performance are 

closely related with aeration rates or dissolved oxygen 
(DO). Hence, DO concentration is considered as one 
of the most important parameters for the BNR process. 
General, lower DO concentration is more conducive to 
the denitrification process. But too high DO concen-
tration may lead to inefficient sludge settle-ability and 
bad nitrogen removal. As a consequence, lots of stud-
ies on aeration optimization [6–8] and low DO tech-
nology [9] had been done recently for cutting energy 
consumption. In southern China, most of WWTPs lack 
the automatic control and regulation devices, so that 
DO concentration in aeration tank always keeps high 
condition during the rainy season when influent waste-
water characteristics are defined as the low concentra-
tions of pollutants and flow fluctuation [8–10]. Some 
researchers reported that excessive aeration could in-
hibit TP removal performance [11–13], but the mech-
anism was not clearly stated. Moreover, it was not 
studied how excessive aeration affected the nitrogen 
removal in the post-denitrification process. Therefore, 
it is of great necessity to propose methods to evaluate 
how excessive aeration affects BNPR, especially in the 
post-denitrification process. 

The main aim of this study was to investigate the 
SBR raector operated as anaerobic/aerobic1/anoxic/
aerobic2/drainage/pre-anoxic mode (defined as mul-
tiple post-denitrification process), for understanding 
the mechanisms of treatment performance and nutrient *Author to whom correspondence should be addressed.  

E-mail: zhangjinsong@waterchina.com

Journal of Residuals Science & Technology, Vol. 13, Supplement 1

1544-8053/16/01 S107-11 
© 2016 DEStech Publications, Inc. 

doi:10.12783/issn.1544-8053/13/2/S16



R.-J. DENG, J.-S. ZHANG and Z.-J. QUS108

removal under different aeration rates. Some insights 
into this post-denitrification behavior, as well as the in-
volved mechanisms, were also proposed.

MATERIALS AND METHODS

Test Setup

The lab batch experiments were carried out in reac-
tor with an active volume of 5 L and dimensions of  
18 cm in diameter and 25 cm in height, as shown in 
Figure 1. The reactor content was stirred mechanically 
with a propeller on a vertical axis of 25~75 rpm. The 
room temperature was kept at 25±1°C. Two peristaltic 
pumps were used for both feeding and drawing. A dif-
fused aeration system with a blower capacity of 250 
L.h–1 was connected to the bottom of the reactor. The 
anaerobic, anoxic or aerobic environment was achieved 
by aeration or stirring. The system was controlled by 
the programmable logic controller (PLC).  

Operational Conditions

The experimental procedures and operational condi-
tions lasted for nearly 5 months at 25 ± 1°C, defined 
as Runs I–IV. In order to investigate the role of post-
denitrification and pre-anoxic operation for nutrient 
removal in this SBR system, the anoxic mixing se-
quence for the sludge was also viewed as a parameter 
in the SBR operational conditions after drainage se-

quence [14]. Hence, the SBR was conducted with the 
sequences of fill, anaerobic, aerobic 1, anoxic, aero-
bic 2, sediment, drainage, pre-anoxic and idle, with 
the retention times of 5 min, 90 min, 210 min, 50 min, 
30 min, 30 min, 5 min and 60 min, respectively. Then, 
the sequence times for the aerobic 1, anoxic, aerobic 
2 and pre-anoxic sequences were changed in Run IV, 
with the retention times of 5 min, 120 min, 300 min, 
90 min, 50 min, 30 min, 5 min and 120 min, respec-
tively . The cycling time of Runs I–III and Run IV was 
8 h and 12 h, respectively. In Runs I–IV, the aeration 
rates were kept at 15, 25, 35 and 40 L.h–1, respectively. 
The water filled ratios was 0.50 during the operational 
period. Mixed liquor suspended solids (MLSS) was 
kept at 2082 ± 276 mg.L–1, and MLVSS was 1286 ± 
197 mg.L–1 during the experiment. The solid reten-
tion time (SRT) was kept 12 ± 2 days by controlling 
sludge wastage. The test duration of each period last-
ed for at least 32 days.

Wastewater Characteristics and Seed Sludge 

The SBR reactor was installed in Yantian WWTPs 
employing modified sequencing batch reactor 
(MSBR) [10] in Shenzhen, China. The wastewater 
fed to the SBR reactor was collected from the prima-
ry sedimentation tank of Yantian WWTP. The specific 
characteristics were detailed in the Table 1. The seed 
sludge was taken from the aerobic tank of the full-
scale WWTPs with sludge volume index (SVI) of 40 
mL.g–1. After operation of 25 days, the process per-
formance was stable and then the experiments were 
conducted according to the procedure which show in 
Run I. 

Analysis Methods

Influent flow rate, temperature, pH and DO were 
measured daily, COD, TP, TN, ammonia nitrogen 
(NH -N),4

+  nitrate (NO -N)3
−  and MLSS in both influ-

ent and effluent were analyzed for two or three times 
every week. All the indexes were measured according 
to the standard methods in [15]. The sludge sample 
mixed with water was centrifuged for 3 min (3000  
r/min) before the determination of the supernatant liq-
uid. The DO was measured with a portable DO meter 
(HACH HQ30d). The oxidation reduction potential 
(ORP) and pH were monitored using a portable meter 
(HACH-sension2). The quantitative analysis of PHAs 
and Glycogen in biofilm could refer to the methods de-
scribed in Refs. [16–18].Figure 1. Experimental setup.
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Calculation Methods for TN Transformation

In order to investigate the relationship between 
SND intensity and aeration rate, the SND ratio can be 
calculated according to Equation (1) [17]:

SND
NO
NH

 

 

% % 








 



1 100
4

X produced

removal

Here, NH4 removal
+  can be calculated according to the 

Equation (2): 

NH NH NH    4 4 4 4removal decay assiNH     infl

Where NH4 inf
�  is the ammonia in initial anaerobic 

phase, NH4 decay
+  is the ammonia produced by cell au-

tolysis and hydrolysis reactions, NH4 eff
+  is the effluent 

ammonia, and NH4 assi
+  is the ammonia removal by as-

similation. All the above units are mg-N.L–1.
The NH4

+  increment (NH4
+  produced by cell death 

subtracts that removed by assimilation) can be calcu-
lated by the drainage amount of the excess sludge, as 
shown in Equation (3):

NH NH  4 4decay assi

vss ss waste N biomassMLSS f V f Q

  

  ( ) // /

Where MLSS is the excessive sludge concentration, 
mg.L–1; fvss/ss is the ratio of MLVSS/MLSS, which 
is dimensionless; Vwaste is the excessive sludge daily 
discharge amount, L; and fN/biomass = 12.39 % is nitro-
gen ratio of the total biomass [19].

The (NO  X produced
−  as the difference of NOx

−  between 
the anaerobic end and aerobic end in the process, and 
then it can be calculated according to Equation (4):

NO

NO NO NO NO

 X produced

Aerobic Anaerobic
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RESULTS AND DISCUSSION

DO Concentration Profile

Figure 2 presents the variation of average DO lev-

els in the aerobic 1 during test. In Run I, the average 
DO value was 1.4 mg.L–1 during the aerobic1 when the 
aeration rate was 15 L.h–1. In Runs II and III, the aver-
age DO values were 2.7 mg.L–1 and 4.1 mg.L–1, re-
spectively. In Run, Owing to much more total aeration 
time with 370 min, although the aeration rate was only 
40 L/h, the average DO value increased to 6.4 mg.L–1. 
The increasing trend of DO confirmed that DO control 
technology was successfully applicable for the purpose 
of this study. 

Performance of COD Removal

As shown in Figure 3(a), although COD of the in-
fluent fluctuated in the range of 128~542 mg.L–1, 
high COD removal efficiency (about 92%) always be 
achieved under different aeration rate in experiment 
period, and the average effluent concentration could 
be decreased to 22.6 mg.L–1, which met the standard 
requirement. The results indicated that aeration rates 
had no obvious effect on COD removal in the multiple 
post-denitrification system, which agreed with the re-
sults of Wu et al. [20]

As shown in Figure 3(b), most influent COD was 
consumed in the anaerobic phase (including chemical 
removal, physical adsorption, etc.). This phenomenon 
was considered to be disadvantageous to the post-
denitrification because no residual COD was left for 

Figure 2. The variation of average DO concentration in the aerobic1 
during the four operational periods.

(1)

Table 1. Characteristics of the Influent.

Indexes COD (mg.L–1) TN (mg.L–1) NH -N4
+ (mg.L–1) NO -N3

−  (mg.L–1) TP (mg.L–1) pH

Average 329 ± 104a 35.8 ± 6.6 30.4 ± 7.1 1.1 ± 0.4 4.6 ± 1.1 7.0 ± 0.6
aAverage ± standard deviation

(2)

(3)

(4)
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denitrification in the anoxic phase. In addition, since 
many microorganisms would produce some refractory 
organics in high sludge concentration conditions, COD 
concentration increased slightly during the pre-anoxic 
phase. Similar phenomenon was also observed in the 
literature [21]. In general, the COD removal perfor-
mance was not affected by the aeration rate or DO con-
centration.

PERFORMANCE AND CHARACTERISTICS OF 
NITROGEN REMOVAL

Performance of Nitrogen Removal 

Details for nitrogen variations during the four op-
erational Runs are described in Figure 4(a). As can be 
seen, almost complete nitrification was accomplished 
during the experimental period except Run 1. In Run 
1, owing to low DO concentration, ammonia oxidation 
was not completely accomplished, with the maximum 
effluent NH -N4

+  of 8.45 mg.L–1, which could not meet 
the first-A wastewater discharge in China (NH -N4

+  < 5 
mg.L–1). In Runs I–IV, there was enough DO and HRT 
for nitrification, so that the average effluent NH -N4

+  
concentration could be decreased to 1.5 ± 2.05, 0.40 
± 0.42 and 0.32 ± 0.44 mg.L–1, respectively. The re-
sults showed that the effluent NH -N4

+  concentration 
decreased with the increase of aeration rate and time. 
Thereby the main nitrogen components of the effluent 
changed from NH -N4

+  and NO -N3
−  to NO -N.3

−  For 
the entire experimental period, NO -N2

−  concentration 
of the end of aerobic1 was also repeatedly monitored 
for many times (data were not shown here), all of which 

less than 1.0 mg.L–1. This revealed that nitrite accumu-
lation was not obvious in this study owing to low influ-
ent NH -N4

+  concentration and high DO concentration. 
In contrast, under high NH -N4

+  concentration and low 
DO concentration. nitrite accumulation phenomenon 
was very easy to occur [22].

Figure 4(b) shows the variation of TN removal per-
formance during experimental periods. The results 
revealed that there were obvious difference in TN re-
moval in response to different aeration rates. In Run I, 
only 52.7% of influent TN was removed. The average 
removal efficiency increased to 60.5% in RunsII–III, 
but decreased to 50.3% in Run IV. For A2/O process, 
good TN removal performance could be obtained at the 
anaerobic/anoxic/oxic retention time ratio of 1:1.4:1.6 
[23]. However, in this study, the ratios were 1:0.6:2.7 
in Runs I–III and 1:0.75:2.9 in Run IV. That was to say, 
there was insufficient time for denitrification reactor. 
Consequently, TN removal efficiency was not excel-
lent. Moreover, the results also revealed that exces-
sive aeration had a significant effect on TN removal 
performance. The possible reasons were as follows: 
although the almost complete nitrification was almost 
accomplished in Run IV, excessive aeration not only 
affected the anoxic environment for denitrification, but 
also consumed PHAs which was an internal carbon 
source for denitrifying. As a result, the post-denitrifi-
cation efficiency was reduced with the decrease of TN 
removal efficiency [17]. Therefore, it was critical to se-
lect an optimum aeration rate or DO concentration for 
the multiple post-denitrification process. Furthermore, 
both insufficient and excessive aeration had an adverse 
impact on the nitrogen removal.

Figure 3. COD removal characteristics under different aeration rates. Note: inf: influent, Ana: anaerobic, Aer1: aerobic1, Anoc: anoxic, Aer2: 
aerobic2, Dra: drainage, Pro-ano: pre-anoxic.



Characteristics of Nitrogen and Phosphorus Removal in Multiple Post-Denitrification Process S111

Characteristics of Nitrogen Removal

Figure 5 shows the transformation of nitrogen-form 
with the sequences under the four operational Runs. 
The lowest effluent concentration of TN appeared in 
Runs II–III. After filling, TN and NH -N4

+  concentra-
tions in the reactor declined sharply due to the dilution 
effect, the adsorption by microorganisms, the denitrifi-
cation, and so on. During the aerobic1, NH -N4

+  con-
centration decreased rapidly, and NO -N3

−  concentra-
tion raised rapidly. Moreover, TN concentration also 
decreased in the aerboic1 phase during four operation-
al Runs and the nitrite accumulation was not found. In 
Runs II–III, the average decrement of TN was around 
1.23~1.50 mg.L–1 in anoxic phase and 2.19~2.60 
mg.L–1 (Table 2 and Figure 5) in the pre-anoxic phase, 
respectively. Unfortunately, the average decrement of 
TN decreased to 0.48 mg.L–1 in anoxic phase and 0.33 
mg.L–1 in pre-anoxic phase, respectively. Therefore, 
poor TN removal performance (an average of 50.3%) 
was obtained under excessive aeration conditions.

According to the mass balance and Equations (1)–
(4), trace analysis was carried out on the transforma-

tion of nitrogen under different aeration conditions, as 
shown in Figures 6(a)–(d). In Runs I–IV, TN removal 
percentages by SND were 17.61%, 12.02%, 11.07% 
and 2.90% respectively, and those by denitrification 
were 38.89%, 44.07%, 43.23% and 46.52%, respec-
tively. It was indicated that TN removal percentage by 
SND decreased with the increasing of aeration rate. 
Moreover, it was found that the nitrogen removal per-
centage by SND in this study was lower than those of 
other reports [24–26] . There were several reasons as 
follows. Firstly, the occurrence of the SND phenom-
enon in SBR process requires a low DO of below 1.0 
mg.L–1, but the lowest average of DO in this study was 
1.4 mg.L–1. Secondly, the SND phenomenon occurs 
easy with lack of carbon source and DO, but the carbon 
source in this study was sufficient (average C/N was 
8.1). Thirdly, Morgenroth et al. [27] reported that the 
SND phenomenon was easy to occur when the average 
particle size of sludge was over 100 µm, but it was less 
than 100 µm in this study (date not shown here). In 
Run I, nitrogen removal rate in anaerobic phase was 
only 28.78%, but in Runs II-IV, it increased to 34.82%, 
35.56% and 40.42%, respectively. Therefore, the COD 
for denitrifying in anaerobic phase increased corre-
spondingly, while that for the growth of PAOs would 
reduce, which might affect the phosphorus removal 
performance.

In Runs I-IV, SND ratios calculated by Equation (1) 
were 28.56%, 20.69%, 13.37% and 2.79% respective-
ly, indicating that SND ratio decreased gradually with 
the increase of aeration rate. This was destructive to 
the nitrogen removal, mainly due to the large change 
of pH value for the system. Based on the above results 

Table 2. The Decrement TN of Anoxic and Pre-anoxic 
Under Different Aeration Rates.

Reaction Phase

The Decrement of TN (mg.L–1)

Run I Run II Run III Run IV

Anoxic 1.30 1.50 1.23 0.48
Pre-anoxic 2.41 2.19 2.60 0.33
Note: inf-influent, Ana-anaerobic, Aer1-aerobic1, Anoc-anoxic, Aer2-aerobic2, Dra-
drainage, Pro-ano-pre-anoxic.

Figure 4. Nitrogen removal characteristics under different aeration conditions.
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and analysis, the optimum DO concentration for the 
first aerobic stage should controlled at 2.7 mg.L–1 in 
this study.

Performance and Characteristics of Phosphorus 
Removal

Performance of Phosphorus Removal

Details for TP variations in Runs I-IV are described 
in Figure 7. The influent TP concentrations of Runs 
I–IV were identical (about 4.6 mg.L–1). On the first 
30 days in Run I, only (67.1 ± 11.0)% of influent TP 
was removed. In Run II, the aeration rate was kept at 
25 L.h–1, and the effluent TP decreased slightly to be-
low 1.5 mg.L–1, with an average removal efficiency of 
(74.6 ± 6.1) %. In Run III, DO concentration increased 
to 4.1 mg.L–1, resulting in a higher TP removal rate 
as much as 78.2 ± 4.2 %. In Run IV, the aeration rate 
was kept at 40 L.h-1 (DO=6.4 mg.L–1) for a duration 

of 350 min, but TP removal efficiency fell to (44.9 ± 
42.8)% sharply, which agreed with the results of other 
researchers [12,13]. Consequently, higher DO concen-
tration for the aerobic sequences would not be benefi-
cial to phosphorus removal, and the optimum aeration 
rate for phosphorus removal should be kept at 25–35 
L.h–1 (DO = 2.7~4.1 mg.L–1) in this study.

Characteristics of Phosphorus Removal

Wu et al. [28] and Ge et al. [29] reported that the 
influent COD/TP ratio was a critical parameter for 
biological phosphorus removal. Besides, phosphorus 
removal efficiency would not be inhibited by influent 
carbon source with the COD/TP ratio over 60 [30]. In 
Runs I–IV, COD/TP ratios showed little difference rel-
ative to the mean the COD/TP ratios of 63.9, 69.0, 66.8 
and 62.6, respectively. Therefore, the carbon source 
was not the main reason why the phosphorus removal 
performance decreased drastically in Run IV.

Figure 5. Variation of nitrogen concentration of SBR under different aeration rates.
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In order to find the reasons why the phosphorus re-
moval performance drastically decreased in Run IV, 
the variations of TP, PHA and glycogen in a single op-
erating circle were analyzed, as shown in Figure 8. Al-
though the aeration rates were different in Runs I–IV, 
TP, PHA and glycogen profiles in a single operating 
circle showed the same variation trend. In addition, 
Table 3 also compared the corresponding phosphorus 
removal parameters with those of several similar NBR 
process. 

In anaerobic phase, the polyphosphate accumulating 
organisms (PAOs) could absorb influent organic sub-
strates, such as volatile fatty acids (VFAs), to synthe-
size poly-b-hydroxyalkanoates (PHAs) with the stored 
polyphosphate as an energy source, and release phos-
phate from the cell. During the four operational Runs, 
the anaerobic phosphate release amount was 6.07~7.21 
mg.L–1 (Table 3), which showed little difference rela-
tive to the corresponding anaerobic phosphorus re-
lease rates in the range of 0.083~0.093 kg PO -P4

3  (kg 
VSS.d)–1 (Table 3). The results revealed that anaerobic 
phosphate release amount was not affected by aeration 

rate, which agreed with the results of Fan [30]. In con-
trast, Matt Winkler et al. [1] reported that phosphorus 
release rates were different under different aeration 
conditions, which maybe cause by due to the sludge 
concentrations, but the total phosphate release amounts 
were similar (Table 3).

Figure 6. The nitrogen mass balance under different aeration rates.

Figure 7. TP removal characteristics under different aeration rates.
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In aerobic1 phase, PAOs used their stored PHAs 
as the energy source for biomass growth, glycogen 
replenishment, P uptake, polyphosphate storage, and 
so on. As shown in Figure 8, obvious different con-
sumption rates of PHAs and aerobic phosphorus up-
take rates were observed during the four operational 
Runs. In Runs I–IV, both of the consumption rate of 
PHAs and aerobic phosphorus uptake rate exhibited an 
increasing trend with aeration rate increasing, ranging 
from 0.100–0.125 mg-PHA.(mg-vss.d)–1 and 0.045 to 
0.047 mg-PHA.(mg-vss.d)–1, respectively. But in Run 
IV, the consumption rate of PHAs increased to 0.160 
mg-PHA.(mg-vss.d)–1. Meanwhile the aerobic phos-
phorus uptake rates dropped to 0.038 kg PO -P4

3  (kg 
VSS.d)–1, and TP removal efficiency decreased obvi-
ously to (44.9±42.8)% (Figure 7). As a result, there was 
a negative correlation between the aerobic phosphorus 
uptake rates and the PHAs consumption rate, which 
agreed with the results of other researchers. Both Brd-

janovic et al.[11] and Takabatake et al.[31] found that 
aerobic phosphate uptake rate could be affected by the 
stored PHAs and polyphosphate in PAOs, and the con-
tent of PHAs in the sludge would decrease under ex-
cessive aeration conditions. Furthermore, Third’s et al. 
[32] reported that high oxygen supply rates were po-
tentially wasteful and allowed higher biomass growth 
at the expense of lower PHB production. Consequent-
ly, bad nitrogen and phosphate removal was obtained.

In addition, both Figure 8 and Table 3 showed that, 
during the four Runs, the average phosphate uptake 
amounts were only 0.12~0.38 mg.L–1 in anoxic phase 
and 0.1 mg.L–1 in pre-anoxic phase. This indicated 
that the denitrifying phosphorus accumulation was not 
obvious. After the long-term aeration (210 min), the 
useful external carbon source was very scarce, and the 
PHA in cell was also very low.

In this study, the carbon source was adequate, but 
anaerobic phosphate release amount and phospho-

Figure 8. TP removal characteristics in one cycle of SBR under different aeration rates. Note: inf: influent, Ana: anaerobic, Aer1: aerobic1, Anoc: 
anoxic, Aer2: aerobic2, Dra: drainage, Pro-ano: pre-anoxic.
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rus removal efficiency were lower than the results in 
previous study [1,2], while the glycogen content in 
the sludge was much higher than the previous report-
ing values [1,2]. Thus, it can be speculated that GAOs 
were much richer than PAOs [23], but need to be fur-
ther investigated.

The glycogen content showed a decreasing trend 
in the anoxic phase, which agreed with the results of 
Matt Winkler et al. [1]. On the contrary, Lv et al. [2] 
reported that the glycogen content increased under the 
anoxic conditions. In the aerobic 2 phase, phospho-
rus uptake amount was much smaller than that in the 
aerobic 1 phase, which might be attributed to the large 
consumption of PHAs. All the above may be the main 
characteristics of phosphorus removal in the multiple 
post-denitrification process.

Based on the above results and analysis, it can be 
seen that anaerobic phosphorus release rate was not af-
fected by aeration rate or DO, but allowed higher bio-
mass growth at the expense of lower PHB production, 
and consequently lower phosphate removal. Therefore, 
taking both phosphorus removal performance and en-
ergy saving into consideration, DO concentration in 
the aerobic1 phase should be kept at 4.1 mg.L–1 during 
this multiple post-denitrification process; otherwise the 
phosphorus removal performance would be affected. 
The optimized TP removal was obtained in Run III or 
IV.

CONCLUSIONS

1. When the aeration rate was in the range of 15~40 
L.h–1, COD removal performances was not affected 
by aeration rates or DO concentrations, and effluent 
COD concentrations could meet the effluent limit 
for Grade 1A sewage treatment plants in China 
(GB18918-2002).

2. In the multiple post-denitrification process, with 
the increase of aeration rate in the range of 15~40 
L.h–1, TN removal performance increased first and 
then decreased, but SND occurred ineffectively to 
some extent. Under the excessive aeration, TN re-
moval performance was inhibited. The optimized 
TN removal was obtained in Run IV, in which DO 
concentration in the aerobic1 was about 2.7 mg.L–1.

3. In the multiple post-denitrification process, with 
the increase of aeration rate in the range of 15~40 
L.h–1, TP removal performance increased first and 
then decreased. The anaerobic phosphorus release 
would be not affected by excessive aeration condi-

tion, but the aerobic PHA consumption rate and the 
phosphorus uptake rate presented increasing and 
decreasing trends respectively under excessive aer-
ation condition. The optimized TP removal was ob-
tained in Run IV, in which DO concentration in the 
aerobic1 was kept at about 4.1 mg.L–1 (35 L.h–1).
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ABSTRACT: Detecting the concentration of polycyclic aromatic hydrocarbon (PAHs) in 
aerosol, e.g., PM2.5 and PM10, is important for monitoring and possibly improving air 
quality. To fully understand the concentration distribution of polycyclic aromatic hydro-
carbon in aerosol, five sampling locations were selected. A carefully designed experi-
ment was carried out to determine the concentration of polycyclic aromatic hydrocarbon 
in aerosol samples, using gas chromatography-mass spectrometry (GC-MS) . It is found 
that the concentration of Benzoapyrene, which has strong carcinogenicity, is 1.03~23.35 
ng/m3 and 0.24~18.75 ng/m3 in PM10, PM2.5. The average values were 5.07 ng/m3 and 
3.91 ng/m3, indicating a serious concern for the air quality. Such level of Benzoapyrene 
poses threat to the surrounding environment, especially, to the workers health. Results 
from this study are important and can be used by decision makers for better monitor.

INTRODUCTION

FOR the close relationship between PM10, PM2.5 
and human health, all countries are actively con-

ducting research on it. In our country, a large number 
of flotation reagents are used in mine every year. Dur-
ing the mineral processing process, under effect of aer-
ation, mechanical agitation and bubble blowing, some 
harmful and poisonous flotation reagents, for exam-
ple PAHs and various volatile flotation reagents, carry 
all kinds of fine particles that generate during crush-
ing and grinding process to form the aerosol of various 
particle sizes, which pollute the environment and en-
danger human health [1–8]. In particular, PAHs has a 
strong carcinogenic and mutagenic toxicity. Addition-
ally, when the poisonous reagents were used in mineral 
processing operation, they would cause complex pol-
lutants and secondary pollution. In the literature, there 
are many studies related to visible pollution such as 
slag and waste water. Only few focused on air pollu-
tion [9–17]. 

With the purpose to understand the distribution of 
PAHs in aerosol PM10 and PM2.5 that generated in 
one lead-zinc ore processing factory, provide refer-
ence in further research, normalize registration system 
of flotation reagents and supply basis for ambient air 
monitoring in these factories, from June to October 

in 2008, we set five sampling points in workshop of 
lead-zinc ore processing factory, collected PM10 and 
PM2.5 samples, then used Soxhlet extraction, K-D 
concentration and nitrogen-blowing concentration 
methods to conduct preprocess the samples, and finally 
measured the PAHs content in samples with GC-MS, 
so as to make clear of detailed distribution of PAHs in 
aerosols generating in these factories.

MATERIALS AND METHODS

Materials

Five sampling locations namely 1, 2, 3, 4, and 5 
were selected in a dressing plant to monitor air quality 
during the period 2008.6 to 2008.10. Flotation reagents 
contained collector, inhibitor, foamer and regulators 
were added to the selected points. The content of the 
mineral processing reagents is the highest at location 4, 
followed by 2, 1 and 3. Mining chemicals are the low-
est at location 5. Samples were collected during 9: 00 ~ 
17:00 for 2 consecutive days. In the end, seven PM10 
samples and seven PM2.5 samples were collected for 
each sampling location.

Main instruments and Chemical reagents used are 
listed in the following PM10 sampler (from Wuhan 
Tianhong Instrument Factory), PM2.5 sampler (from 
USA ANDERSON company), GC-MS instrument 
(from An Jetta Company).*Author to whom correspondence should be addressed.  
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Methods

Blowing nitrogen, soxhlet extraction, and Kuder-
na-Danish (K-D) methods were used to enrichment 
and preconcentration samples, GC-MS method was 
used to analyse polycyclic aromatic hydrocarbons 
[18–21].

Each samples is set agent blank sample, transporta-
tion space and laboratory space. The recovery of each 
PAHs is more than 75%, which conformance to the re-
quirements of the recovery rate of monitoring.

Test Flow Chart

The main process of the test is that determined 
the solid particles concentration by weight method, 
then pretreatment and preconcentration the samples 
by soxhelt extration, K-D concentration and blowing 
nitrogen concentration method, at last analyzed the 
samples by GC-MS. The main process are shown in 
Figure 1.

Results

Comparison of Pollution Levels Among Different 
Sampling Sites

The average concentration value of PM10, PM2.5 
are shown in Table 1. The PM10, PM2.5 concentration 

of the five sampling locations are shown in Table 2, 
indicating a serious pollution at this area.

PM10 was 82.8% than the maximum allowable 
concentration determined by the China air quality stan-
dards (GB3095-1996), while, PM2.5 was 97.1% high-
er than the USEPA standard (currently no standard for 
PM2.5 in China). In worst cases, PM10 and PM2.5 was 
5.57 times and 3.02 times of its maximum allowable 
concentration, respectively. All the concentration of 
PM2.5 were high than the standard besides 5 sampling 
points. At ore dressing plant, the pollution of PM10, 
PM2.5 is more serious, especially the fine particle pol-
lution. 

Linear regression analysis of the concentration of 
PM2.5 and PM10, we found that they have strong lin-
ear correlation, the results are shown in Figure 2.

As we can see in the Figure 2, the concentration 
of PM2.5 have a strong linear relationship. Because 
PM2.5 particle is smaller than PM10 particles, it can 
be inhaled into the lungs more easily, then entered the 
blood circulation system of human body, which will 
cause great damage to human’s healthy. So we should 
strength the monitoring of PM2.5.

Various Indicators of All the Sampling Points

Detection of the 16 typical PAHs in the 35 samples 
of PM10 and 35 samples of PM2.5, and the results are 
shown in Table 2.

At the five monitoring points, the mean value of 
the PAHs concentration in PM10 is 33.31ng/m3 and 
the mean value of the PAHs concentration in PM2.5 
is 25.93 ng/m3. That the larger amount of beneficiation 
reagent at sampling points, the larger PAHs (ΣPAHS) 
were detected. The variance of the ΣPAHS of PM10 
and PM2.5 in the 5 sampling points were analyzed to 
examine if there were significant difference, letting α 
equal to 5%. The F value of PM10 samples was 2.37, 
which is less than 2.69, corresponding to F0.05 (4, 30). 
The F value of PM2.5 samples of is 2.57, which is less 
than 2.69, corresponding to F0.05 (4, 25). This shows 
that the sampling location has no significant influence Figure 1. Main process of the test.

Table 1. The Average Concentration of PM10, PM2.5 
In Each Points.

Sampling Points 1 2 3 4 5 Average

PM10 concentration 
(µg/m³)

215.6 307.2 226.3 309.5 168.0 245.3

PM2.5 concentration 
(µg/m³)

178.8 231.7 173.4 237.1 127.4 189.68
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Figure 3. Linear regression analysis of the PM2.5 and PM10.

on the results, the results approximately equal. The 
analysis results sre shown in Table 3.

From Table III we can get that, The BaPE/BaPY 
ratio of PM10 is range from 1.43 to 2.68, that ratios 
of PM2.5 is range from 1.44 to 5.45, and the aver-
age BaPE/BaPY ratio of PM10, PM2.5 is 1.707 and 
1.830,respectively. It is found that PAHs besides BAP 
in PM10 and PM2.5, to be equivalent to contribute 
71% and 83% respectively of BAP equivalent carcino-
genic concentration.

The percentage of the PAHs is that 4 ring PAHs are 
the primary, followed by 5 to 6 ring PAHs and 2 to 
3 ring PAHs. According to the literature, the reason 
that high-ring PAHs are dominated is primary due to 

incomplete combustion of fossil fuels. There is few 
motor vehicle such as cars in the concentrator, so the 
emissions of high-ring PAHs from motor is relatively 
less. At the same time, it can’t be release from smelters 
and chemical plant, because there were no that plants 
around at all. The only source of PAHs is benefiation 
reagents. The PHAs volatilized from benefiation re-
agents in the process of ore dressing and adsorption on 
the solid particles. 

It is generally recognized that, Benzo-a-pyrene 
(BAP) is representative of carcinogenic PAHs. The 
concentration of BAP has a strong linear relationship 
with that the PAHs total concentration. It is generally 
that the PAHs’s total concentration rise with the in-
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crease of the BAP concentration, so we can describe 
the PAHs in aerosol of Ore dressing plant by the con-
centration of BAP in PM2.5 and PM10. Average con-
centration of BAP in PM10 is 5.07 ng/m3, while is it 
3.91 ng/m3 in PM2.5. Although the concentrations of 
all sampling points meet the national standards, the 
concentration of BAP could still be a concern to the 
quality of the air.

The Correlation Analysis of Total PAHs of PM2.5 
and PM10

The relationship of total PAHs of PM2.5 and PM10 
at the five sampling points was shown in Table 4, re-
gression equation for ΣPAHs of PM10 and PM2.5 is the 
following: ΣPAHsPM2.5 = 0.847 ΣPAHsPM10 – 42.063. 
For sampling point 1, Regression equation is PM2.5 
= PM10 * 0.7787 – 0.944, correlation coefficient (R2) 
is 0.9910; for sampling point 2, Regression equation 

is PM2.5 = PM10 * 0.8338 – 2.832, R2 is 0.9930; for 
sampling point 3 is PM2.5 = PM10 * 0.8052 – 2.2851, 
R2 is 0.9963; for sampling point 4 is PM2.5 = PM10 
* 0.7234 + 2.8194, R2 is 0.9963; for sampling point 
5 is PM2.5 = PM10 * 0.8071 – 0.9638, R2 is 0.9967. 
Regression equation for PM2.5 and PM10 of the 35 
samples is the following: PM2.5 = 0.2207 + 0.757 * 
PM10, R2 is 0.9947; all of this indicating significant 
linear correlation between them and PAHs adsorbed 
on fine particles (PM2.5) is more than that adsorbed 
on coarse particles (PM10), PM2.5 can be inhaled into 
human body more easily, so more toxic PAHs will be 
inhaled into lung, which will cause great harm to hu-
man body.

DISCUSSION

In this study, 5 sample locations were identified for a 
dressing plant. Among the 16 typical PAHs concentra-

Table 2. Inspection of Various PAHs on Aerosol (PM10, PM2.5) in a Ore Dressing Plant.

Sample Item

Concentration of PAHs (ng/m3)

NAP ACY ACE FLU PILE ANT PYR BKF CHR BAA BBF BKF BAP INP DAH BGP

PM10
Maximum 13.60 3.37 2.82 1.53 4.81 3.07 9.76 7.54 16.24 15.72 27.05 29.72 23.35 12.07 12.83 28.65
Minimum 0.68 0.02 0.03 0.03 0.21 0.11 0.31 0.23 0.64 0.82 0.31 1.01 1.03 0.52 0.43 0.05
Average 3.76 0.49 0.85 0.39 1.41 0.39 2.82 1.96 2.94 4.54 6.65 5.86 5.07 2.88 3.16 6.14

PM2.5
Maximum 8.07 2.71 1.77 1.23 4.93 0.71 6.46 8.08 12.14 12.07 18.43 17.06 18.75 9.07 10.13 20.38
Minimum 0.48 0.02 0.07 0.05 0.06 0.02 0.38 0.21 0.11 0.51 0.32 0.61 0.24 0.24 0.33 0.03
Average 2.65 0.42 0.39 0.32 1.11 0.36 2.01 1.85 2.25 3.39 4.81 4.20 3.91 2.39 2.75 4.76

Table 3. The Concentration of Pahs on Aerosol of Each Sampling Points (PM10, PM2.5).

Sampling Points

PM10 (ng/m3) PM2.5 (ng/m3)

ΣPAH BaPE BaPY BaPE/BaPY ΣPAH BaPE BaPY BaPE/BaPY

Points 1
Maximum 101.43 17.26 11.85 1.70 80.51 13.49 9.21 1.99
Minimum 11.67 1.54 1.03 1.45 8.73 1.16 0.77 1.46
Average 44.80 7.60 4.78 1.61 33.94 5.88 3.49 1.72

Points 2
Maximum 100.28 12.77 7.33 2.68 79.37 12.38 5.06 2.57
Minimum 15.12 1.70 1.14 1.45 12.52 1.43 0.95 1.51
Average 46.48 7.48 4.34 1.84 35.97 6.26 3.37 1.87

Points 3
Maximum 90.02 13.48 8.69 2.18 72.94 11.50 7.05 5.45
Minimum 12.59 1.88 1.21 1.43 7.89 1.30 0.24 1.47
Average 39.33 6.73 4.09 1.74 29.38 5.01 3.02 2.18

Points 4
Maximum 200.47 36.96 23.35 1.69 124.86 28.76 18.75 2.09
Minimum 20.99 2.90 1.71 1.45 16.97 2.23 1.07 1.44
Average 82.80 13.59 8.75 1.60 62.72 10.72 6.90 1.69

Points 5
Maximum 73.96 12.03 6.04 2.21 61.2 10.60 6.02 2.50
Minimum 10.31 2.96 1.35 1.44 7.66 1.18 1.03 1.44
Average 33.31 5.85 3.39 1.71 25.93 4.73 2.79 1.73

Note: In this table, BaPE represent Benzo [a] pyrene equivalent concentration of carcinogenic, BaPY represent the concentration of Benzo [a] pyrene.
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tion, in PM10 samples, the minimum is ACY concen-
trations, the highest is BKF concentration; in PM2.5 
samples, the minimum is the ANT concentration, the 
highest is concentration of BAP. BAP concentration 
in PM10 maximum value is 1.03 ng/m3 and minimum 
value is 23.35 ng/m3, while the range of BAP concen-
tration in PM2.5 is 0.24 ng/m3 to 18.75 ng/m3. The av-
erage of BAP in PM10 and PM 2.5 is 5.07 ng/m3, 3.91 
ng/m3 respectively. The average ratio of BaPE/BaPY 
in PM10 and PM2.5 is 1.707 and 1.830 respectively. 
PAHs in PM10 and PM2.5 contributed 71% and 83%, 
respectively, equivalent of BAP in terms of carcino-
genic induced toxicity.
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(ng/m3)
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3 Point 275.28 205.67 0.747
4 Point 579.70 439.07 0.757
5 Point 233.2 181.48 0.778
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ABSTRACT: Nonstandard use of pesticides often causes poisoning incidents of silk-
worm, which is a serious threat to the development of sericulture industry. In view of this, 
it is very urgent to study new non-destructive testing methods that can detect pesticide 
residues in mulberry leaves rapidly and accurately. In this paper, six groups of mulberry 
leaves (144 mulberry leaves in total), on which chlorpyrifos pesticide of six different 
concentrations had been sprayed respectively, were chosen as experimental samples, 
and their hyperspectral images in 390–1050 nm were acquired by hyperspectral imaging 
devices. The region of interest from hyperspectral image was selected, and five sensitive 
wavelengths including 561.25, 680.86, 706.58, 714.32, and 724.66 nm were determined 
by correlation coefficients between pesticides residues and spectral reflectances. Fur-
ther, based on multiple linear regression (MLR) and support vector regression (SVR), the 
prediction models of pesticide residues in mulberry leaves were established respectively 
to fit the experimental data. The results showed that the root mean square error (RMSE) 
and coefficient of determination (R2) of prediction set of MLR model were 47.165 and 
0.637 respectively, and those of prediction set of SVR model were 27.719 and 0.874 
respectively. Therefore, hyperspectral imaging technology together with SVR prediction 
model could accurately detect the pesticide residues in mulberry leaves.

INTRODUCTION

WITH the growth of global climate and the expan-
sion of mulberry area in recent years, pests and 

diseases of mulberry become increasingly serious. In 
order to prevent pests and diseases, a large amount 
of pesticides are sprayed onto mulberry. Notably, al-
though the application of pesticides is effective to 
decrease pests and diseases of mulberry and increase 
productivity of mulberry leaves, the abuse of chemical 
pesticides easily leads to pesticides residues in leaves 
that exceed the maximum allowed residue levels. Once 
the bombyx mori linnaeus eats mulberry leaves with 
pesticides, it is very likely to be poisoned. Consequent-
ly, pesticides residue has become a serious threat to the 
development of sericulture industry. Therefore, it is of 
vital importance to detect pesticides residues in mul-
berry leaves. Nowadays, the most common methods 
for detecting pesticide residues are gas chromatogra-
phy (GC) [1–2], liquid chromatography (HPLC) [3–4], 
but they are expensive, time consuming, and destruc-

tive [4]. In view of this, the research of rapid, cheap, 
and non-destructive detecting methods is fairly signifi-
cant for the sericulture industry so as to reduce bom-
byx mori linnaeus poisoning incidents and thus ensure 
enthusiasm for production of bombyx mori linnaeus 
breeders. Several non-destructive testing methods [5] 
for pesticide residues have been studied, such as near-
infrared spectroscopy [6–9], fluorescence spectroscopy 
[10–11] and Raman spectroscopy method [12]. Howev-
er, the above methods tend to lose important information 
due to their strong randomness and large errors.

Hyperspectral imaging technology [13] with ultra-
high resolution multi-band is an emerging technology 
in the field of detecting pesticide residues. Due to the 
fact that it can detect pesticide residues quickly without 
destroying the sample, it has attracted extensive atten-
tion from scholars around the world. Several research 
achievements have been reported on the detection of 
pesticide residues in farm products. Sanchez M. T. et 
al. [9], who selected peppers as research subjects, in-
vestigated the feasibility of detecting pesticide residues 
by near-infrared reflectance, but merely analyzed the 
presence or absence of pesticide residues in peppers. *Author to whom correspondence should be addressed.  
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Xue L. et al. [13] quantitatively detected pesticide resi-
dues in fruit surface by hyperspectral imaging technol-
ogy, but only pesticide residues of high concentrations 
could be detected accurately. So far, no methods that 
can nondestructively predict pesticide residues in mul-
berry leaves by hyperspectral imaging technology have 
been reported. In order to make up for this vacancy, in 
this paper, mulberry leaves with pesticides of different 
concentrations were selected as research objects, and 
prediction models were established to predict pesticide 
residues combined with hyperspectral imaging tech-
nology.

MATERIALS AND METHODS

Sample Preparation 

Chlorpyrifos EC with 40% active composition, one 
common organophosphorus pesticide used in mulber-
ry fields, was selected as the experimental pesticide. 
Firstly, chlorpyrifos solutions (acetone was the sol-
vent) of six different concentrations (2 mg/ml, 4 mg/ml 
6 mg/ml, 10 mg/ml, 12 mg/ml and 14 mg/ml) were 
prepared. Then, 24 mulberry trees in similar grow-
ing trend were selected and divided into six groups. 
Thirdly, the chlorpyrifos pesticide of each concentra-
tion above was correspondingly sprayed on each group 
of mulberry trees, respectively. Finally, after 48 h, 24 
mulberry leaves were picked from each group of mul-
berry trees in the same two positions (a total of 144 
mulberry leaves) and placed in plastic bags with 144 
labels numbered from 1–144. The prepared samples of 
mulberry leaves were collected immediately.

Quantitative Detection Using GC

Sample Extraction and Purification 

Hyperspectral images of all samples were collected 
in ascending numerical order. Then, each sample was 
sequentially extracted and purified respectively for 
quantitative detection by GC. The sample could be 
extracted through the following steps. The mulberry 
leave was cut into pieces, and 25 g (accurate to 0.1 mg) 
mulberry leave was placed into a beaker containing 
50 mL chromatographic pure acetonitrile. After oscil-
lation for 1 h, the mixture in the beaker was filtered 
to 100 mL volumetric cylinder with stopper filled with  
5 g NaCl (superior grade pure). Then, the cylinder was 
covered with stopper and shaken vigorously for 1 min. 
At room temperature, acetonitrile and water phases 

were layered after the cylinder was placed for 10 min. 
Further purification could be achieved by the following 
steps. Firstly, 10 mL acetonitrile in the upper was accu-
rately transferred into concentrated 25 mL volumetric 
flask by the pipette, and the extract in flask was dried 
by evaporation on a water bath pot at a temperature of 
about 40°C. Secondly, the tributyl phosphate solution 
of 0.05 mg/ml (acetone was the solvent) was set as an 
internal standard solution, and 1 ml internal standard 
solution was added into flask. Thirdly, the mixture in 
the flask was diluted to 10 mL using acetone. Final-
ly, the mixture of the third step was filtered into vial 
through an organic solvent microfiltration membrane 
of 13 mm * 0.2 µm.

Chromatographic Conditions

The Agilent (USA) model 7890A gas chromato-
graph equipped with FID and FPD was chosen to quan-
titatively detect pesticide residues of samples, and the 
capillary column (HP-5: 5%-Phenyl-methylpolysilox-
ane, 30 m * 0.53 * 1.0 µm) was used as the chromato-
graphic column. The temperature elevation program 
was set as follows: inlet temperature: 210°C; detector 
temperature: 300°C; oven temperature: 120°C hold  
2 min rise to 200°C at 16°C/min and hold 2 min, then to 
240°C at 8°C/min. The gas conditions were as follows: 
the velocity of flow of high purity nitrogen (N2) was 
25 ml/min, the velocity of flow of high purity hydrogen 
(H2) was 30 ml/min, the velocity of flow of air was 400 
ml/min, and the velocity of flow of septum purge was 
3 ml/min. The injection volume was 1ul in a 20:1 split 
ratio. 

Establishment of the Standard Curve

Internal standard method can eliminate errors 
caused by external outside interference, which can be 
used to detect pesticide residues in mulberry leaves. 
The five standard solutions (acetone was the solvent) 
were prepared as follows: chlorpyrifos standard solu-
tions (purity > 95%) of five concentrations, including 
0.02, 0.05, 0.1, 0.2 and 0.4 mg/ml, were prepared, and 
then 1 ml internal standard solution at a concentration 
of 0.05 mg/ml was added to each standard solution. 
The retention time of acetone, tributyl phosphate and 
chlorpyrifos was 0.496 min, 2.898 min, and 4.996 min 
respectively, as can be seen from Figure 1.

In Figure 2, concentration of solutions (X) was set 
as horizontal axis, and ratio of peak area (Y) (chlorpy-
rifos: tributyl phosphate) was set as vertical axis. The 



Detection of Pesticide Residues in Mulberey Leaves Using Vis-Nir Hyperspectral Imaging Technology S127

Figure 1. Chromatogram of the standard mixed solution.

standard curve was plotted based on experimental data 
measured by GC which were marked in red dots. As 
can be seen, the functional relationship (Y = 7.528X – 
0.0936) between concentration and ratio of peak area 
was linear correlation, and the correlation coefficient 
was 0.9999.

Determination Using GC 

The 144 sample solutions after extraction and puri-
fication were analyzed using GC, and Figure 3 shows a 
representative chromatogram of sample solution. The 
ingredient with retention time of 0.495 min was set as 
acetone, that with retention time of 2.908 min was tri-
butyl phosphate and that with retention time of 4.992 
min was chlorpyrifos, which accorded with analysis of 
GC. The chemical values of chlorpyrifos residues in 
144 mulberry leaves were calculated by the standard 
curve above, and the minimum, maximum, mean and 
standard deviation were listed in Table 1.

Collection of the Spectrum Data 

Hyperspectral images of mulberry leaves were ob-
tained by hyperspectral image acquisition system (Im-
Spector V10E, Spectral Imaging Ltd., Oulu, Finland). 
The hyperspectral image acquisition system should be 
black and white calibrated and its parameters should be 
reasonably set before acquiring images. The exposure 

time was set to 20 ms, the moving speed of electronical-
ly controlled displacement units was set to 1.25 mm/s, 
and the image resolution was set as 672 × 512 pixels. 
As shown in Figure 4, the average hyperspectral data 
were collected from region of interest (ROI) marked 
by the red solid square of 64 pixels × 64 pixels on the 
hyperspectral image. The ROI could be part of leaf or 
the entire leaf, and the selection of ROI is very impor-
tant for subsequent model. In this paper, the region in 
middle of the right half of the leaf without wrinkles, 

Figure 2. The standard curve.
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which was away from the main stem, was selected as 
the ROI. Due to the lower noise ratio at the beginning 
and ending of wavebands, 20 bands at the head and tail 
bands were excluded respectively. Thus, one spectral 
curve could be extracted from the corresponding ROI 
in the 450–1000 nm (a total of 472 bands). In the same 
way, 144 spectral curves could be extracted from the 
144 corresponding ROIs. 

Pretreatment of the Spectrum Data

Hyperspectral data are not only interfered easily 
with outside factors but also influenced by instrument 
noise and random errors, which may seriously reduce 
the accuracy of the model. In this paper, SG smoothing 
polynomial fitting [14] and orthogonal signal correc-
tion (OSC) method [15] were used to preprocess hy-
perspectral data, which could remove noise spectra and 
retain the valid data. As shown in Figure 5, spectrum 
curves of the 144 samples are neatly arranged without 
glitches.

Correlation Analysis of the Spectrum Data  

In the region of 400–780 nm wavelength, chlo-
rophyll is the main factor affecting leaf reflectance, 
whereas in 780–1050 nm there is significant correla-
tion between cell structure and spectral reflectance. 
Recently, several studies have reported that pesticides 
residues have great influences on physiological and 
biochemical parameters [16–17] of greenery plants 
(such as chlorophyll, soluble polysaccharides and 
soluble proteins). Therefore, it is reasonable to de-
duce that there is close correlation between pesticides 
residues and spectral reflectance. The relationship 
between pesticide residues and spectral reflectance 
values in the 415–1023 nm wavelength region can be 
found by MATLAB software [18], and the correlation 
curves are drawn in Figure 6. As can be seen, some 
particular valleys and peaks appear on the curve, be-
cause the strong absorption of chlorophyll can lead to 
valley absorption in the 550–575 nm, the 705–710 nm 
and the 720–730 nm wavelength regions, but reflec-
tion peak in the 670–609 nm wavelength region. All 
correlation coefficients of the particular valleys are 
larger than –0.74 and that of peak value is –0.613. 
Here, the wavelengths of 561.25, 680.86, 706.58, 
714.32 and 724.66 nm marked by red stars in Figure 
6 are selected as sensitive wavelengths to build pre-
diction models.

Table 1. Chemical Values of  
Chlorpyrifos Residues of Samples.

Samples
Minimum 
(µg/kg)

Maximum 
(µg/kg)

Mean 
(µg/kg)

Standard 
Deviation

144 42.4757 244.6744 129.7373 75.70856

Figure 3. Chromatogram of the sample solution.
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RESULTS AND DISCUSSION

Calibration Set and Prediction Set

In order to predict the pesticide residues, the spec-
tral data and corresponding chemical values of 144 
mulberry leaves samples were divided into calibration 
set and prediction set. Two thirds of spectral data and 
corresponding chemical values randomly were set as 
the calibration set, and the remaining were the predic-
tion set.

Establishment of Predictive Models

Recently, multiple linear regression (MLR) [19] and 

support vector regression (SVR) [20–24] have been 
widely used as correction methods in many fields. 
Therefore, in this paper, MLR and SVR were used to 
detect chlorpyrifos residues in mulberry leaves. The 
spectral data of the 5 sensitive wavelengths which had 
been reprocessed using SG and OSC were set as the 
inputs of MLR and SVR. The predictions of calibration 
set and prediction set by MLR and SVR are shown in 
Figure 7 and Figure 8 respectively.  

It can be seen from Figure 7 that the prediction 
model of MLR cannot predict chlorpyrifos residues in 
mulberry leaves, according to the coefficient of deter-

Figure 4.  Diagram of spectral data extraction and reflectance spectral curve of mulberry leaves.

Figure 5. Reflectance spectral curve using GC smoothing and OSC.
Figure 6. Correlation between pesticides residues and spectral re-
flectance.
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mination (R2) and root mean square error (RMSE) of 
calibration set or prediction set. Moreover, the disper-
sion degree of residual scatters under the low concen-
tration, as the reference of the straight line (y = x), is 
more serious than that under high concentration. That 
is to say, it is more difficult to accurately detect chlor-
pyrifos residues of low concentration relative to those 
of high concentration.

In contrast, as Figure 8 shows, predictions by SVR 
fit well with chemical values by GC, according to the 
R2 and RMSE of both calibration set and prediction 
set. More importantly, chlorpyrifos residues under low 
concentration can be predicted using prediction model 
of SVR. Therefore, chlorpyrifos residues in mulberry 
leaves can be accurately predicted using hyperspec-
tral imaging technology combined with preprocess-
ing methods of GC and OSC, and the SVR prediction 
model. Similarly, other residues in other plants can be 
detected by the idea above.

CONCLUSIONS

The hyperspectral images of mulberry leaves with 
chlorpyrifos residues were collected using hyperspec-
tral imaging technology and the chemical values of 
chlorpyrifos residues were accurately detected by GC. 
Then, the average spectral data were extracted from 
ROI on hyperspectral images using ENVI software 
and further preprocessed using SG smoothing method 
and OSC method. Ultimately, using the spectral data in 
five sensitive wavelengths as the inputs, two prediction 
models of MLR and SVR were established to predict 
chlorpyrifos residues in mulberry leaves. By compari-
son of the two models, the results of SVR model were 

better than those of MLR model in respect of accurate 
prediction. Therefore, hyperspectral images technol-
ogy combined with stoichiometry is a feasible method 
to non-destructively predict chlorpyrifos residues in 
mulberry leaves.
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The Remediation of Petroleum Contaminated Soils  
Using Microwave Irradiation: A Laboratory Study
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School of Petroleum Engineering, Xi’An Shiyou University, Xi'An 710065, China

ABSTRACT: A laboratory study was conducted to remediate petroleum contaminated 
soils using microwave irradiation, and the traditional method of electric heating was also 
used for comparison purpose. The feasibility of the microwave irradiation method was 
evaluated in aspects of the reaction time, petroleum removal efficiency and energy con-
sumption level. Meanwhile, the impacts of microwave irradiation mode and soil condi-
tions on petroleum removal efficiency were also investigated, with a thermodynamic 
model of soils specifically developed. The results showed that microwave irradiation was 
better than the traditional heating method in remediating petroleum contaminated soils 
with less energy consumed. Also, microwave irradiation time, microwave power, soil 
moisture content and soil petroleum content had all imposed significant impacts on the 
remediation efficiency, and the results obtained from the model were basically consistent 
with the experiment results. Therefore, the findings from this study are of significance 
in real-world applications of microwave irradiation for the remediation of petroleum con-
taminated soils.

INTRODUCTION

ACCORDING to relevant statistics, approximately 8 
million tons of petroleum annually finds its way 

into the environment worldwide, and it is not surpris-
ing that serious oil pollution incidents could be found 
in numerous chemical plants and petroleum refineries. 
However, it is extremely difficult to separate petroleum 
residuals from soils by means of evaporation, leaching 
or biodegradation within a short time as petroleum is 
characterized by high viscosity and complex composi-
tion, and petroleum residuals have caused serious harm 
to human beings and the surrounding environment [1].

Currently, available techniques for the remediation 
of petroleum contaminated soils are mainly of four 
types worldwide, namely, physical remediation, chemi-
cal remediation, biological remediation and integration 
remediation, however, most of these techniques are 
time-consuming, single target oriented and non-ma-
nipulable with side effects, thereby, it is imperative to 
find a soil of remediation method that could be widely 
applicable, time-efficient, economically feasible, and 
flexibly operable [2,3].

Due to its unique heating efficiency and involving 
mechanisms, microwave technique has caught the at-
tention of the various industry in recent years [4]. Tian 

Meng, Wang Peng have used microwave radiation to 
treat a single pollutant, although few studies have been 
performed on petroleum contaminated soils [5,6]. In 
this study, microwave is used to treat petroleum con-
taminated soils, and involving mechanisms are then 
investigated. The results have important practical sig-
nificance for the remediation and improvement of pe-
troleum contaminated soils.

EXPERIMENTAL APPARATUS

A MAS-II microwave system for microwave synthe-
sis and extraction under atmospheric pressure, includ-
ing an electronic analytic balance, a moisture tester, a 
KDM electronic temperature-adjustable heating set, an 
electric drying oven (Model 101), a moisture separator, 
a condenser pipe, beakers, glass rods, measuring cylin-
ders, and three-necked round-bottomed flasks.

Reagents: acetonitrile, a mixture of acetone: n-hex-
ane (1:1), petroleum ether (fraction of 60-90) and dis-
tilled water.

EXPERIMENTAL PROCEDURE

Preparation of Petroleum Contaminated Soils

Collection and Characterization of Soil Samples. 
Approximately 15 kg soils without petroleum con-*Author to whom correspondence should be addressed.  
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tamination were collected at 10 cm below the ground. 
The soil samples from Xi’An is sandy loam,and cos-
mid content is about 25%, the sand content about 38%.
The soil had a pH of 8.39, an organic matter content of 
1.22%, a calcium carbonate content of 3.83%, and a 
total nitrogen content of 0.11%.

Pre-treatment and Storage of Soil Samples. The soil 
samples were air-dried and protected from contamina-
tion. Non-soil substances were removed, and the soils 
were passed through a sieve. Appropriate amounts of 
acetonitrile and acetone:n-hexane (1:1) were added to 
the soils to exact organics so that they would not in-
terfere with subsequent experiments. After organic ex-
traction, the soils were oven-dried at 60°C and stored 
in a bottle.

Preparation of Petroleum Contaminated Soils. Con-
taminated soils with various petroleum content were 
prepared by adding the appropriate amount of petro-
leum and n-hexane [7]. The soils were allowed to stand 
for a week before use.

Calculation of Petroleum Removal Efficiency 

Petroleum removal efficiency was calculated as the 
ratio of petroleum mass difference before and after 
heating to petroleum mass before heating:

C W M Q
W M

  


% %100

where C is petroleum removal efficiency, W is soil 
mass, M is soil petroleum content, and Q is the mass of 
petroleum left in the soils after heating.

Microwave Treatment 

50 g of petroleum contaminated soils were weighted 
and put in a microwave device before the microwave 

treatment started. The heating process ended when the 
temperature rose to the set temperature,With heating 
time and water output recorded, petroleum removal ef-
ficiency could then be calculated.

RESULTS AND ANALYSES

A Comparison of Microwave Treatment and 
Traditional Electric Heating Treatment

Table 1 shows petroleum removal efficiency of soils 
(10% petroleum content) with either microwave irra-
diation or traditional electric heating treatment.

Heating soils to 100°C using microwave irradia-
tion method would consume energy of 54 kJ (power × 
time = 800 W × 67.5 s), whereas heating soils to 180°C 
would consume energy of 232 kJ. It was assumed that 
100% of the thermal energy from the electric heat-
ing set had been used to heat the contaminated soils 
without any loss. As can be seen from Table 1, it took 
less time for the microwave method to treat soils with 
higher petroleum removal efficiency and lower energy 
consumption. This might be because microwave irra-
diation treatment is a heating method at the molecular 
level so that soil samples are uniformly and simultane-
ously heated from the inside out. As a result, soil tem-
peratures could rise quickly, and this process could even 
accelerate the evaporation rate of the contaminants.

Effects of Soil Moisture Content on Petroleum 
Removal Efficiency Using Microwave Irradiation 
Method

Five soil samples with moisture content ranging 
from 5–30% were treated with microwave irradiation 
method in order to evaluate the effects of soil mois-
ture content on petroleum removal efficiency. The soils 
contained 10% petroleum. For the microwave irradia-

(1)

Table 1. Petroleum Removal Efficiency of Soils (10% petroleum content) with  
Either Microwave Irradiation or Traditional Electric Heating Treatment.

Treatment Method
Soil 

Weight (g)
Petroleum 

Content (%)
Temperature 

(ºC)
Moistue 

Content (%) Power (W) Time (s)
Petroleum Removal 

Efficiency (%)

Electric heating 50 10 100 10 270 360 6
Electric heating 50 10 100 10 270 420 8
Electric heating 50 10 180 10 270 156 52
Electric heating 50 10 180 10 270 168 48
Microwave heating 50 10 100 10 800 650 45
Microwave heating 50 10 100 10 800 700 48
Microwave heating 50 10 180 10 800 300 76
Microwave heating 50 10 180 10 800 280 78
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tion treatment, the power was 800 W, and the treatment 
time was 300 s.

Changes of soil temperature with time could be de-
scribed by the following equation[8]:

T T
t

f E
C

eff

p




 
0

10 20 556 10. ε
ρ

Where t is microwave heating time, T is soil tem-
perature after microwave heating, T0 is soil tempera-
ture before heating, ′′εeff  is the effective dielectric loss 
factor of the soil, f is the working frequency of micro-
wave, E  is the electric field intensity, Cp is soil specific 
heat, and ρ is soil density.

Analysis: due to effects of soil moisture content, 
the dielectric loss factor of water is high, whereas it 
is relatively low for petroleum contaminated soils. An 
increase in soil moisture content could lead to an in-
crease in the effective dielectric loss factor of the soil 
system, which in turn would raise the heating ability of 
microwaves [9]. Additionly, water has a larger specific 
heat capacity than soils. An increase in soil moisture 
content could lead to an increase in the specific heat ca-
pacity of the soil system, which in turn would weaken 
the heating ability of microwaves. As shown in Figure 
1, an increase in soil moisture content, soil temperature 
and petroleum removal efficiency would increase and 
decrease, respectively.

The expected result is in the same with experiment-
ed , soil moisture can effectively enhance the remedia-
tion efficiency of petroleum contaminated soils when 
microwave irradiation method is applied.

Effects of Microwave Treatment Time on 
Petroleum Removal Efficiency

Fifty grams of soils with 10% moisture and 10% pe-
troleum content were used when the microwave treat-
ment time varying in the range of 180–600 s in order 

Figure 1. Changes of soil temperature (°C) and petroleum removal 
efficiency (%) with soil moisture content (%).

Table 2. Effects of Soil Moisture Content (%) on Petroleum Removal Efficiency (%).

Soil Weight (g) Oil Content (%) Temperature (ºC) Moistue Content (%) Power (W) Time (s)
Petroleum Removal 

Efficiency (%)

50 10 127 5 800 300 71
50 10 135 5 800 300 72
50 10 130 5 800 300 71
50 10 132 5 800 300 74
50 10 171 10 800 300 73
50 10 179 10 800 300 75
50 10 176 10 800 300 78
50 10 178 10 800 300 78
50 10 152 15 800 300 58
50 10 159 15 800 300 59
50 10 157 15 800 300 62
50 10 160 15 800 300 61
50 10 129 20 800 300 57
50 10 123 20 800 307 57
50 10 127 20 800 300 54
50 10 121 20 800 300 56
50 10 157 25 800 300 70
50 10 160 25 800 300 72
50 10 166 25 800 300 70
50 10 161 25 800 300 68

(2)
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to evaluate the effects of treatment time on petroleum 
removal efficiency and soil temperature.

The expection: When soil temperature rose to ap-
proximately 189°C, and petroleum removal efficiency 
increased rapidly. The flask was filled with fog, and it 
was assumed that pollutants were removed by evapora-
tion and thermal desorption process during this period. 
After then, petroleum removal efficiency slowed down 
during the temperature was about 220, indicating that 
it required more energy to remove residual pollutants 
from soils. When the temperature rose to 250°C, and 
pollutants were removed from soils mainly through 
thermal decomposition process. 

The expection is right, As shown in Figure 2, the dif-

ferent petroleum removal efficiency achieved by dif-
ferent treatment in terms of heating time showed that 
petroleum removal efficiency became relatively stable 
after 300 s of heating treatment.

Effects of Microwave Power on Petroleum 
Removal Efficiency

Seven 50-g soil samples with 10% moisture and 
10% petroleum content were microwave heated for 
300 s at various levels of microwave power in order to 
investigate the effects of microwave power on petro-
leum removal efficiency.

The expection: a higher soil temperature and pe-
troleum removal efficiency were achieved at a higher 
level of microwave power. 

The expected result is in the same with experiment-
ed. As shown in Figure 3, for the same treatment time 
of 5 min, a petroleum removal efficiency of 44% was 
achieved when the heating power was 300 W, whereas 
a petroleum removal efficiency of 78% was achieved 
when the power was 900 W. This was because electric 
field intensity became stronger with an increase in mi-
crowave power. Therefore, an increase in microwave 
power could help to increase petroleum removal effi-
ciency.

Effects of Soil Initial Petroleum Content on 
Petroleum Removal Efficiency

Five soil samples of 10% moisture content and 
Figure 2. Changes of soil temperature (°C) and petroleum removal 
efficiency (%) with varying microwave heating time (s).

Table 3. Effects of Microwave Treatment Time (s) on Petroleum Removal Efficiency (%).

Soil Weight (g) Petroleum Content (%) Soil Moistue (%) Temperature (ºC) Power (W) Time (s)
Petroleum Removal 

Efficiency (%)

50 10 10 137 800 180 60
50 10 10 136 800 180 61
50 10 10 134 800 180 59
50 10 10 137 800 180 60
50 10 10 171 800 300 76
50 10 10 182 800 300 73
50 10 10 177 800 300 76
50 10 10 174 800 300 79
50 10 10 218 800 480 79
50 10 10 223 800 480 75
50 10 10 225 800 480 73
50 10 10 218 800 480 81
50 10 10 245 800 600 92
50 10 10 254 800 600 91
50 10 10 251 800 600 90
50 10 10 250 800 600 87
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various petroleum contents were treated for 300 s with 
microwave heating at a power of 800 W in order to 
evaluate the effects of initial petroleum content on pe-
troleum removal efficiency and soil temperature.

The expection: during which period water was heat-
ed, gasified and evaporated, and most of the light pe-
troleum was removed when soils had low petroleum 
content. By contrast, subsequent heating could not 

Figure 3. Changes of soil temperature (°C) and petroleum removal 
efficiency (%) with various levels of microwave power (W).

Table 4. Effects of Microwave Power (w) on Petroleum Removal Efficiency (%).

Soil Weight (g) Petroleum Content (%)
Soil Moistue 
Content (%) Temperature (ºC) Power (W) Time (s)

Petroleum Removal 
Efficiency (%)

50 10 10 110 300 300 44
50 10 10 117 300 300 42
50 10 10 116 300 300 45
50 10 10 109 300 300 45
50 10 10 130 400 300 54
50 10 10 136 400 300 56
50 10 10 137 400 300 57
50 10 10 125 400 300 57
50 10 10 146 500 300 64
50 10 10 153 500 300 69
50 10 10 155 500 300 70
50 10 10 146 500 300 69
50 10 10 152 600 300 70
50 10 10 160 600 300 73
50 10 10 159 600 300 68
50 10 10 161 600 300 73
50 10 10 170 700 300 73
50 10 10 178 800 300 75
50 10 10 201 900 300 78
50 10 10 194 900 300 78
50 10 10 191 900 300 76
50 10 10 198 900 300 80

Figure 4. Changes of soil temperature (°C) and petroleum removal 
efficiency (%) with varying initial petroleum content (%).

raise the temperature to the boiling temperature of pol-
lutants, and thus these pollutants could not escape from 
soils. 

As shown in Figure 4, changes of soil temperature 
and petroleum removal efficiency displayed similar 
trends when initial petroleum content varied between 
5–20%, but displayed opposite trends when initial pe-
troleum content varied between 20–30%. The reason 
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was because after 90 s of microwave heating, soil tem-
perature rose to approximately 100°C.

This explains why when other conditions remained 
the same, high petroleum removal efficiency was 
achieved in soils with low petroleum content, where-
as low petroleum removal efficiency was achieved in 
soils with high petroleum content.

THEORETICAL STUDY OF THE  
REMEDIATION OF PETROLEUM  
CONTAMINATED SOILS USING  
MICROWAVE HEATING METHOD

A numerical model was developed to calculate the 
distribution patterns of temperatures during three phas-
es of the soil system. Results from both modeling and 
experiments were combined to provide insights regard-
ing the mechanism of the change of soil temperature.

The Development of A Thermodynamic Model

A representative elemental volume (REV) was tak-
en from petroleum contaminated soils. The REV con-
sisted of the solid phase (i.e., soil particles), the petro-
leum phase and the water phase, with the latter two 
uniformly distributed within the former one. Also, the 
electric field was uniformly distributed.

Basic Assumptions

 • The petroleum phase in each REV has the same in-
terior temperature of t1.

 • The water phase has the same interior temperature 
of t2.

 • The solid phase has the same interior temperature 
of t3.

 • The particles of the solid phase, water phase and pe-
troleum phase are spheres with radii of r3, r2 and r1, 
respectively, and the particle volume content of the 
petroleum phase is f.

 • No heat convection occurs between the soil phase 
and the water phase.

 • The heat transfer coefficient between the particles 
of the petroleum phase and the solid phase is h1, and 
that between the water phase and the solid phase is 
h2.

For particles in the petroleum phase, heat balance in 
any one time intervals of microwave irradiation is as 
follows according to the energy conservation law:

Energy flows into the particles in the petroleum 
phase during time dτ is 0.

Energy produced by microwave towards particles in 
the petroleum phase during time dτ is Q = P1V1dτ.

Table 5. Effects of Soil Initial Petroleum Content (%) on Petroleum Removal Efficiency (%).

Soil Weight (g) Petroleum Content (%) Moistue Content (%) Temperature (ºC) Power (W) Time (s)
Petroleum Removal 

Efficiency (%)

50 5 10 143 800 300 92
50 5 10 148 800 300 94
50 5 10 153 800 300 95
50 5 10 152 800 300 95
50 10 10 172 800 300 75
50 10 10 177 800 300 77
50 10 10 178 800 300 77
50 10 10 177 800 300 75
50 20 10 158 800 300 68
50 20 10 155 800 300 68
50 20 10 157 800 300 66
50 20 10 162 800 300 70
50 25 10 184 800 300 51
50 25 10 186 800 300 47
50 25 10 183 800 300 50
50 25 10 183 800 300 52
50 30 10 193 800 300 44
50 30 10 190 800 300 45
50 30 10 186 800 300 45
50 30 10 191 800 300 46
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Energy flows out of the particles in the petroleum 
phase during time dτ is h1(t1 – t3)A1 dτ.

The increment of the energy accumulated by the 
particles in the petroleum phase during time dτ is 
ρ1c1V1(dt1/ dτ) dτ = ρ1c1V1dt1.

According to the energy conservation law P1V1 dτ  – 
h1(t1 – t3)A1 dτ  = ρ1c1V1dt1.

We have the following equation for the petroleum 
phase: 

PV h t t A cV dt
d1 1 1 1 3 1 1 1 1

1  ( ) ρ
τ

Similarly, we have the following equation for the 
water phase: 

PV h t t A c V dt
d2 2 2 2 3 2 2 2 2

2  ( ) ρ
τ

For particles in the solid phase, as the boundaries 
are thermal insulated and thus do not transmit heat out-
wards, we have the following heat balance according 
to the energy conservation law:

The energy flows into the particles of the solid phase 
during time dτ is

h t t Ad h t t A d1 1 3 1 2 2 3 2( ) ( )  τ τ

The energy flows out of the particles of the solid 
phase during time dτ is 0.

The increment of the energy accumulated by the 
particles in the solid phase during time dτ is 

ρ
τ

τ ρ3 3 3
3

3 3 3 3c V dt
d
d c V dt=

According to the energy conservation law 

h t t A h t t A c V dt
d1 1 3 1 2 2 3 2 3 3 3

3( ) ( )    ρ
τ

With the assumption that the initial temperature of the 
solid phase is, the water phase and the petroleum phase 
is t0, then t t t t1 0 2 0 3 0 0| | |τ τ τ= = == = = ,  and we have the 
following equation set:

dt
d

b t b t a

dt
d

b t b t a

dt
d

b t b t b

1
1 1 1 3 1

2
2 2 2 3 2

3
31 1 32 2 3

τ

τ

τ
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Where ρ1, ρ2 and ρ3 are densities of the three phases,  
C1, C2 and C3 are specific heat capacities, P1, P2 and P3 
are microwave loss power densities of the particles in 
the three phases, and V1, V2 and V3 are particle volumes 
of the three phases. P1 0 1 1

21 2 ( / )ωε ε |E |  where ε0 is 
the dielectric constant in vacuum and calculated as ε0 = 
8.854 × 10–12(f /m).

′′ ′′ ′′ε ε ε1 2 3, , and are the dielectric losses of the three 
phases, ω is microwave frequency, and E1, E2 and E3 
are electric field intensities in the particles of the three 
phases.

Parameter Selection

Oil density ρ1 = 840 kg/m3 [10], water density ρ2 = 
1000 kg/m3, soil density ρ3 = 1500 kg/m3, petroleum 
specific heat capacity c1 = 2100 J(kg·k), water specific 
heat capacity c2 = 4200 J(kg·k), and soil specific heat 
capacity c3 = 1460 J(kg·k). For a REV, its volume in the 
petroleum phase: V r1 1

34 3= ( / )π  where r1 = 5 × 10–5 m 
[11], in the water phase: V r2 2

34 3= ( / )π  where general-
ly r2 = 5 × 10–5 m ~ 5 × 10–7 m and the value 5 × 10–6 m
is taken in this study, and in the solid phase: 
V V f V V2 1 1 2  ( / )  whereas the percentage of petro-
leum particle volume in the total volume and takes a 
value between 0.05–0.30. The microwave loss power 
density in the petroleum phase P1 0 1 1

21 2 ( / )ωε ε |E |  
where microwave frequency ω = 2.45 × 109 Hz [12]. 
The dielectric loss ( )′′ε1  of dehydrated petroleum at 
2400 MHz was measured to be 0.004, the loss power 
density P2 0 2 2

21 2 ( / )ωε ε |E |  where ε0 = 8.854 × 10–12

(f/m) and ε2 29* =  [13], field intensity distribution in 
the heating cabinet under various heating powers is  
E = 1.5 × 105 v/m where ε1 = 2.2 and ε2 = 80 [13]. The 
electric field intensity of the soil particle solid phase 
under microwave irradiation is E0 =(ε/ε0)E where ε1 = 
2.7 and ε2 = 16, the electric field intensity of petroleum 
under microwave irradiation is E1 = [(3ε0)/(2ε0 + ε1)]
E0, the electric field intensity of water drops under mi-
crowave irradiation is E2 = [(3ε0)/(2ε0 + ε2)]E0, the av-
erage heat transfer coefficients of petroleum and water 
are h1 = 0.65 w/m2k and h2 = 1000 w/m2k, respectively 
[14].

Temperature Distribution and Experimental 
Validation of the Calculation Results

Matlab programming was used to solve Equation 
(8). In the experiment, the temperature measured by 
infrared was a macroscopic temperature of soil sam-
ples, and could be considered as the temperature of the 

(3)

(4)

(5)

(6)

(7)

(8)
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petroleum inside an REV. The measured temperature 
was compared with the temperature calculated from 
the model. When soil petroleum content f was 0.3, the 
calculated temperature distribution of the petroleum 
phase after simplification of the programming results 
was:

t t
e et t1

9

254 2 0 052870 8017 4 448 10 43 55 53 55     


 . . . .. .

The calculated values of temperature based on the 
thermodynamic model agreed well with the measured 
values. The small discrepancies were caused by the er-
rors in the fit parameters during modeling process. As 
the dielectric properties of the petroleum phase differed 
greatly from those of the water phase, selective heating 
occurred during the process of microwave heating. As 
a result, soils were locally over-heated and non-uni-
formly heated, consistent with the nonuniform color 
distribution of soil samples after microwave treatment.

BASIC CONCLUSIONS

Compared with traditional heating method, micro-
wave heating is fast with higher heating efficiency. 
Meanwhile, uniform heating can be achieved by mi-
crowave heating method, and no marked chemical 
changes, such as high-temperature pyrolysis, would 
occur. Therefore, pollutants could be more effectively 
recycled, and unnecessary energy loss could be effec-
tively reduced.

In the empirical study of the remediation of petro-
leum contaminated soils using microwave method, 
pollutants were removed mainly through processes 
such as steam distillation, evaporation, thermal desorp-
tion and thermal decomposition induced by microwave 
treatment.

Water is a strong microwave absorbent. When it is 
added to soils, it could effectively enhance the heating 
effect of microwave treatment on soils and the reme-
diation efficiency.

In response to the fact that the dielectric constant 
of soils is small, substances such as water, graphite, 
granular activated carbon and magnetic nanoparticles 

could be added to enhance the absorption ability of 
contaminated soils.

Petroleum removal efficiency would decrease with 
an increase in petroleum content of soil samples. When 
petroleum content is 5%, the average petroleum re-
moval efficiency could be up to 94% after 300 s of mi-
crowave treatment at a power of 800 W.

With the extending of microwave heating time, the 
remediation efficiency could be enhanced to some 
extent. However, after the threshold of 360 s heating 
time, further extending of the heating time would not 
bring in big changes in terms of petroleum removal ef-
ficiency.

When microwave power is increased, the electric 
field intensity of microwave would increase, and the 
heating effect would also be enhanced. As a result, pol-
lutants could be effectively removed from soils. There-
fore, petroleum removal efficiency increases with an 
increase in the level of microwave power.

For 50 g petroleum contaminated soils with a mois-
ture content of 10% and a petroleum content of 5%, 
maximum remediation efficiency is achieved when the 
treatment time is 300 s and microwave power is set to 
800 W.

Calculated temperatures based on thermodynamic 

Table 6. Calculated and Measured Values of Temperature (°C) in the Petroleum Phase when f = 0.3.

Time (s)

10 20 30 40 50 60 70 80 90

Calculated Temperature (ºC) 35.9 54.5 68.7 80.4 90.5 99.8 108.6 117.1 125.3
Measured Temperature (ºC) 14 27 48 55 72 88 90 93 96

Figure 5. Distribution of calculated temperature (°C) and measured 
temperature (°C) in the petroleum phase when f = 0.3.

(8)
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numerical model match with measured values, vali-
dating the mechanism proposed for the explanation of 
changes in soil temperatures.
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Removal of Toxic Organic Pollutants from Coke Plant 
Wastewater by UV-Fenton
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ABSTRACT: Coke plant wastewater containing lots of toxic organic pollutants should be 
treated before being discharged into the environment. It is challenging to treat toxic and 
refractory compounds using conventional methods. In this study, a UV-Fenton technol-
ogy was investigated. When the initial COD, NH3-N concentration and SS of wastewater 
were 5080 mg/L, 329.9 mg/L, and 847.7 mg/L, results showed that the removal rate 
of COD, NH3-N and SS were 88.0%, 58.4% and 99.2% respectively under the opti-
mal reaction conditions. Under the identified optimal condition, H2O2 concentration is 
75 mmol/L, the concentration ratio of H2O2 and Fe2+ is 3:1, and original pH is 4 within 
30 min. GC-MS analysis, revealed that organic substances such as indole and quinoline 
were degraded effectually.

INTRODUCTION

WASTEWATER from coke plants is often produced 
from coke refining, high-temperature carboniza-

tion, purification and by-product recovery processes. It 
is a kind of poisonous and harmful wastewater with a 
high concentration of refractory organic matter [1]. It 
has a complicated composition, mainly including phe-
nol and phenol derivatives (about 60 %), benzene and 
its derivatives and quinolines as well as other polycy-
clic or heterocyclic organic compounds. Those com-
pounds have an inhibitory effect on microorganism 
growth and are recalcitrant to degradation. Meanwhile, 
they could cause deactivation of human cell by tissue 
necrosis, and can post treats to crops, water and aquatic 
life. It is challenging to meet the requirements of emis-
sion standard of pollutants for coking chemical indus-
try GB16171-2012 by conventional processes which 
has aroused people’s concern.

Wastewater treatment processes for coke plants can 
be divided into three levels [2]. The first processes 
mainly include solvent extraction steam cycle to re-
move oil or phenol from high phenol concentration 
waste water; Secondary treatment methods are mainly 
biochemical treatment; Tertiary treatment methods in-
clude flocculation, activated carbon adsorption, ozone 
oxidation, etc. Biological treatment is the most costly 
but effective method in treating coke plant wastewa-

ter. However, toxicity and inhibition effects of phenols 
compounds to microorganisms often limit the removal 
efficiency of organic pollutants [3]. Advanced Oxida-
tion Process (AOPs) is a kind of new technology treat-
ing persistent organic pollutants, it can be used in the 
area of wastewater treatment and sludge minimiza-
tion [4]. The reaction is essentially using highly reac-
tive hydroxyl free radical (HO•) to oxidize refractory 
organic pollutants in wastewater and finally degrade 
them into non-toxic or low toxicity of small molecules. 
Such organic pollutants could be even degraded into 
carbon dioxide and water [5]. In traditional Fenton 
reaction processes, Fe2+ can be oxidized into Fe3+ by 
hydrogen peroxide and hydroxyl free radicals could 
be produced. Additionally, Fe3+ could be reduced into 
Fe2+, as shown in Equations (1)  and (2).

Fe2+ + H2O2 → Fe3+ + HO• + OH–

Fe3+ + H2O2 → Fe2+ + HOO• + H+

In the presence of catalyst on the surface, the certain 
wavelength ultraviolet light can catalytic oxidation of 
organic pollutants in wastewater and oxidative deg-
radation of the organic matter [6]. Under the irradia-
tion of ultraviolet light whose wavelength is less than  
300 nm, H2O2 can produce hydroxyl radicals and con-
vert Fe2+ to Fe3+ efficiently. At the same time, Fe3+ can 
also produce hydroxyl radicals with the irradiation of 
ultraviolet. The main reactions in Fenton with ultra-
violet light irradiation are shown in Equations (3) and 
(4). 
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H2O2 + Fe2+ + hv → Fe3+ + OH– + O•

Fe3+ + H2O + hv → Fe2+ + HO• + H+

RH + HO• → R• + OH

R• + Fe3+ → Fe2+ + product

The generated hydroxyl radicals could oxidize or-
ganic pollutants (RH) in waste water and produce new 
radical (R•), which could be oxidized by Fe3+ to gener-
ate carbon dioxide and water [7]. 

In this study, UV-Fenton technology is used to dis-
pose coke plant wastewater before biochemical treat-
ment. The effects of various factors for the treatment 
processes are also discussed.

METHODS 

The Raw Materials

Wastewater samples were obtained from coking 
plant of Chengde Iron & Steel Company, Hebei, China. 
Water quality parameters of wastewater samples and 
reagents used in the experiments are shown in Table 1 
and Table 2. 

Experimental Setup

The optical experimental setup was self-designed 
with low pressure mercury lamp which was put into a 
water proof tube made by quartz glass with good UV 
transmittance. The reactor is tubular which was made 
by organic glass with bottom aeration. Low pressure 
mercury lamp was immersed into water to cool down. 
The parameters are shown in Table 3 and Figure 1.

Because coke plant wastewater is of high turbidity 
and it is difficult for the light to penetrate through it, 
wastewater samples were diluted 10 times and poured 
into the reactor with a certain amount of Fenton re-
agents and reacted under the irradiation of ultraviolet 
light through air mixing for a certain time. The pH was 
then adjusted to form iron ion precipitation settling 
down. The main factors such as H2O2 concentration, 
reagent ratio, reaction time, pH and ultraviolet light il-
lumination were investigated in experiments.

RESULTS AND DISCUSSION

Effect of H2O2 Concentration

The effect of initial H2O2 concentration on the deg-
radation of coke plant wastewater was studied under a 
constant ratio between H2O2 and Fe2+.

The initial concentration of H2O2 is a very impor-
tant parameter. As shown in Figure 2, removal rates 
of COD and ammonium nitrogen increased with in-
creasing H2O2 concentration from 10–75 mmol/L, but 
decreased when the H2O2 concentration exceeded 75 
mmol/L. The optimal removal rate for COD and NH3-
N is 78.7% and 58.4%, respectively. Hydroxyl radicals 
were generated from Fenton under ultraviolet light 
irradiation, which could be used to degrade organic 
molecules. A chain reaction could be triggered to con-
sume organic molecules completely. Under a constant 
intensity of ultraviolet light, a higher dosage of Fenton 
produced more hydroxyl radicals, resulting in a higher 
removal rate of COD and ammonium nitrogen. The 
treatment effect, therefore, improved with increasing 
H2O2 concentration. However, in the excess of Fenton, 

Figure 1. Schematic diagram of low pressure mercury lamps reac-
tor.

(3)

Table 1. Quality Parameters of Raw Wastewater.

Parameters pH
Turbidity 

(NTU)
Ammonia Nitrogen 

(mg/L) COD (mg/L)

Value 6.8 847.7 3.29 5080

(4)

(5)

(6)

Table 2. Reagents Used in the Experiments.

Reagents
Molecular 
Formula

Molecular 
Weight Content (%)

Hydrogen peroxide H2O2 34.02 30
Ferrous sulfate FeSO4·H2O 278.02 ≥ 99.0
Sulfuric acid H2SO4 98.08 95.0~98.0
Sodium hydroxide NaOH 40.00 ≥ 96.0
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hydroxyl radicals were consumed by H2O2 to form hy-
droperoxyl radical, resulting in lower oxidation capa-
bility of O2 [8,9].

Effect of Reagent Ratio

The reagent ratio on the degradation of organic pol-
lutants is also very important. As shown in Figure 3, 
when the ratio of H2O2 and Fe2+ concentration was 3:1, 
treatment effect was the best. Removal rate of COD 
and NH3-N was 81.6% and 7.21%, respectively.

The main reaction of UV-Fenton is that Fe2+ initi-
ates and promotes the decomposition of H2O2, forming 
hydroxyl free radicals to react with organic matters and 
degrade them into small inorganic species. The concen-
tration of Fe2+ determines the conversion rate of H2O2 
to hydroxyl free radicals. When the ratio of H2O2 and 
Fe2+ was higher, low concentration of ferrous ion could 
not induce the formation of enough hydroxyl free radi-
cals. In addition, after the pH was adjusted, H2O2 could 
generate oxygen and influence the treatment effect. 
While the ratio of H2O2 and Fe2+ was lower, overmuch 
ferrous ion quickly catalyticed hydrogen peroxide and 
produced a large number of hydroxyl radicals react-
ing with each other. Excessive Fe2+ ions also consumed 
hydroxyl radicals, being unfavorable to degradation of 
organic pollutants in coke plant wastewater [10].

Effect of pH

Effect of pH on the degradation of organic pollut-
ants was shown in Figure 4.

The influence of pH of the solution on UV-Fenton 
system is complex. It affects the activity of both oxi-
dant and substrate. H2O2 can capture proton from the 
solution to form H O3 2

+  which is unfavorable to be ac-
tivated by Fe2+ at a low pH. Under such conditions, 
Fe(OOH)2+ could be generated to react with H2O2 
slowly to reduce the generation of •OH. When pH 
of solution was higher than 4, Fe2+ could form com-
plex compound. Some Fe3+ ions generated by Fenton 
reactions were easily precipitated as Fe(OH)3 [11]. 
Preventing it from reduction into Fe2+ could remark-
ably affect the formation of •OH. H2O2 was unstable 
in alkaline solutions and could be easily decomposed 
to oxygen and water. Thus, the most suitable pH con-
dition in UV-Fenton system was 4 when Fe2+ mainly 
existed in the form of Fe(OH)2. Under such conditions, 
Fe(OH)2 could react much faster with H2O2 than Fe2+ 
[12]. COD removal rate was 85%. By adjusting the pH 
to 6 after the reaction, removal rate of COD could be 
increased to 88%. Because iron ions reacted with water 
molecules and hydroxyl ions, complex iron compounds 
and flocculation were formed and the suspended solid 
particles were settled down, resulting in clean water in 
the outlet.

Table 3. Parameters of Low Pressure Mercury Lamp.

Irradiation Intensity 
of 1 Meter (W)

Power 
(W)

Wavelength 
(nm)

Voltage 
(W)

Current 
(mA)

Pipe Diameter 
(mm) Type Manufacturer

66 25 253.7 82 350 16 TUV25W4P-SE Philips

Figure 2. Effect of H2O2  on  the degradation of  coke plant waste-
water.

Figure 3. Effect of reagent ratio on the degradation of organic pol-
lutants.
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Effect of Reaction Time

Experimental results indicated that the reaction was 
very fast in UV-Fenton process at first. However, it in-
creased slowly after 5 min, as shown in Figure 5. 

When the reaction time reached 30 min, removal 
rates of NH3-N and COD were 31.9% and 79.7%, 
because the concentration of reagent and pollutants 
in wastewater was matching in the process of reac-
tion. In addition, sufficient stirring and abundant •OH 
could lead to a strong degradation effect in a shorter 
time. However some intermediate products created 
in the processes were hard to be oxidized by •OH. 
Hence, the removal rate of organic pollutants de-
creased gradually.

Effect of Ultraviolet Light Illumination

Results indicate that ultraviolet light affected the 
efficiency of pollutant degradation and improved the 
utilization rate of Fenton reagent, as shown in Figure 6. 
COD removal rate improved from 81.1–88.2% at dos-
age of reagents of 120 mmol/L.

The speed of reducing Fe3+ to Fe2+ was very slow, 
and limited the reaction rate. It limited the reduction 
of Fe3+ to Fe2+. Hence, Fe2+ concentration in the solu-
tion was getting lower and lower. On the contrary, Fe3+ 

gradually accumulated, and the amount of Fe2+ needed 
to be increased to make efficient reaction. Combining 
Fenton reagent with ultraviolet light can promote the 
decomposition of hydrogen peroxide and induce the 

Figure 4. Effect of pH on the degradation of organic pollutants.

Figure 5. Effect of reaction time on the degradation of organic pol-
lutants.

Figure 6. Effect of illumination on the degradation of organic pol-
lutants.



Removal of Toxic Organic Pollutants from Coke Plant Wastewater by UV-Fenton S147

reduction of ferric. During such processes, two types 
of hydroxyl radicals were produced for each hydrogen 
peroxide to reduce Fe3+ to Fe2+. Therefore, the oxida-
tion efficiencies of organic pollutants were increased 
[12]. In addition, some iron complex compounds were 
generated in the processes of photochemical reactions. 
It can also generate hydroxyl free radicals. A portion of 
organic matters were degraded under the irradiation of 
ultraviolet light.

Identification by GC-MS

The composition of coke plant wastewater before 
biochemical treatment was complex. The main organ-
ic matters contained phenol, benzene, pyrrole, naph-
thalene, imidazole, and carbazole. As shown in Table 
4, main organic compounds were 3-methyl phenol 
(C7H8O), quinoline (C9H7N), phenol (C6H6O), indole 
(C8H7N), 2, 4-dimethyl phenol (C8H10O), 2-methyl 
phenol, butylated hydroxytoluene (C15H24O), as iden-
tified using GC-MS analysis.

After treated by UV-Fenton, most of the organic 
pollutants such as phenols, indoles and quinolines were 

Table 4. The Main Composition of the  
Raw Coke Plant Wastewater.

Molecular 
Structure

Content 
(%) Formula Compound Number

20.49 C7H8O Phenol, 3-methyl- 1

19.01 C9H7N Quinoline 2

16.56 C6H6O Phenol 3

12.25 C8H7N Indole 4

9.03 C8H10O Phenol,  
2,4-dimethyl-

5

8.19 C7H8O Phenol,  
2-methyl-

6

5.09 C15H24O Butylated 
Hydroxytoluene

7

removed, as shown in Table 5. Only a small amount 
of butylated hydroxytoluenes, phenols, and docosanes 
were identified. Phenols, indoles and quinolines could 
hardly be detected. A small amount of chain alkanes 
were generated and part of the benzene ring was bro-
ken to produce some new substances.

CONCLUSIONS 

The composition of coke plant wastewater is com-
plex. Biodegradation of refractory organics, such as 
phenol substance, quinoline (C9H7N), indole (C8H7N), 
and butylated hydroxytoluene (C15H24O) were de-
tected. Using UV—Fenton method, when the initial 
concentration of COD and NH3-N was 5080 mg/L and 
329.9 mg/L, the removal rate was 88.0% and 58.4% re-
spectively under the optimal condition. Under the opti-
mal condition, the H2O2 concentration was 75 mmol/L; 
the ratio of H2O2 and Fe2+ ratio was 3:1; pH was 4 
and the reaction duration was 30 min. Based on GC-
MS analysis, lots of organic substances such as indole 
and quinoline were degraded effectively. UV—Fenton, 
as one of effective methods, can be used in advanced 
treatment for coke plant wastewater.
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ABSTRACT: In this article we demonstrated the study of strength and durability of ce-
ment paste blended with waste solar PV cells. In order to investigate the correspond-
ing performance of both strength and durability due to the sustainable use of solar PV 
panels in cement-based composite, in which the cement was replaced with amorphous 
PV powders from discarded solar PV panels with a high proportion of silicon dioxide. 
The conclusions were made on effect of this cement replacement. The use of ground 
solar cells for various properties of cement-based composite was investigated, and as a 
result, we identified the factors affecting the strength and durability for those of cement 
mortar specimens which had predefined and made in laboratory. As a summary, using 
solar PV cells as the cement replacement did not perform well from a strength perspec-
tive while it did give a better performance of durability.

INTRODUCTION

ALKALI-ACTIVATION of slag, fly ash and other 
alumino-silicate materials have been fully stud-

ied for a long time [1–3]. Compared with conventional 
Portland cement-based composites, these materials 
may provide better durability in chemically aggressive 
environment [4], high compressive strength [5,6], low-
er basic creep [7], or environmental benefits [3]. The 
main purpose of this paper aims at the properties of 
alkali-activated materials in solar PV cells. None com-
prehensive study has been performed in this subject, 
even though a few attempts or related studies [8–12]
could be found.

Solar panels now provide a safe, reliable, cost-effec-
tive, and eco-friendly solution for both distributed and 
centralized energy generation. It’s expected that solar 
panel and its products will be a huge technological ad-
vancement in the coming time. Even now, solar power 
has become the fastest growing renewable energy, but 
with a great number of end-of-life panels being gener-
ated; it is quite important to start thinking ahead how 
to take care of the recycling of end-of-life panels. In 
many countries, the implementation of the take-back 
and recycling scheme has been financed from the green 

viewpoint. Now, we may need to not just reduce in 
component incineration in favor of an increased vol-
ume of recycled panels, but also recover their values 
from those end-of-life panels by putting more efforts 
on recycling or sustainability researches. 

Since solar power is the energy that is collected 
from the heat that the sun exerts, special gadgets such 
as a solar panel and a couple of other things are needed 
in order to collect solar power so that it can be con-
verted into usable energy. A solar panel, also known as 
photovoltaic (PV) panel, is an assemblage of solar cells 
that convert sunlight into electricity and itis the most 
important part of any solar electric energy system. So-
lar panels contain many PV cells to produce electricity 
by light. Most Solar panels which are made up of the 
chemical property silicon comprise two layers which 
are linked to each other by an accumulating circuitry, 
and its lower layer is made of polymer. These two lay-
ers are chemically treated so that it becomes reversed 
electrically. Under sunlight, the lower layer’s electrons 
move up by the accumulating circuit and assemble 
with the ones in the upper layer through an external 
circuit then to provide power to a system attaching to 
the panel. 

For a standard solar PV panel (nearly 90% of all 
solar panels installed), the core components such as 
silicon, silver, aluminum and glass are all recyclable 
and all of which comprise over 90% of the weight of *Author to whom correspondence should be addressed.  
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a standard solar PV panel. There is insufficient under-
standing in current literature on solar cells, not those 
extruded aluminum frames and glass. Therefore, it’s 
realized that the solar recycling process should be at-
tempted on the solar cells, comprised primarily of 
silicon, silver and aluminum. The process usually re-
quires the solar cells to be ground into chips, flakes 
or powders. At this point, it is usually mixed with a 
lot of impurities. As a result, this solar cycling process 
is usually down streamed. In other words, instead of 
turning solar cells into new ones, the material is better 
used as feedstock for other manufacturing processes. 
For example, they can be utilized in the production of 
products like concrete. There, the main purpose of this 
study is to investigate the use of ground solar cells only 
for the cement-based composite.

THE PV COMPONENTS

For a standard solar PV cell, chemically analyzing 
the ground powder on its components, it revealed those 
of compounds as shown in Table 1, the maximum one 
is silicon dioxide (silica), 75.9%. Meanwhile, toxicity 
characteristic leaching procedure (TCLP) employed 
as an analytical method to find toxic chemicals in the 
powder indicated no those heavy metals as listed in 
Table 2.

TEST SPECIMENS

In order to investigate the influence of the fine-
ness of solar PV panels, the cement was replaced with 
amorphous PV powders from discarded solar PV pan-
els with a high proportion of silicon dioxide. A ball mill 
was used in grinding (or mixing) solar PV cells to two 
sizes of powders with an average diameter of 75 µm 
(No. 200) and 45µm (No. 325) respectively to be pre-
pared. 

A total of 18 test specimens were made in a lab. 
Each specimen was denoted as shown in Table 3 by 
2 characters and 1 number in a row, in which the first 
character A (B) represents a water-cement ratio of 0.35 
(0.55), the second character A (B) represents a No. 200 
(325) sieve, and the last number represents amount of 
replaced cement in terms of weight %, 0%, 5%, 10%, 
15%, or 20%.

THE SLUMP TESTS

A slump test is majorly used to measure the work-
ability of each freshly mixed cement mortar. Table 4 
and Table 5 list the slumps for two different of water-
cement ratios, respectively. In general, the larger the 
water-cement ratio the higher the slump will be. This 
is the case as shown in the difference between Tables 
4 and 5. Furthermore, the slump is clearly related to 
both the fineness of PV powders and the cement re-
placement. The larger slump the higher fineness will be 

Table 1. Analysis for Components.

Component* (%) Component** (mg/kg)

SiO2 75.9 Ag 5000
Na2O 8.5 Pb Not Detected
CaO 6.2 Cr Not Detected
Fe2O3 0.3 Cd Not Detected
Al2O3 0.1 Zn Not Detected
MgO 2.9 Cu Not Detected
SO3 2.4 Ni Not Detected
K2O 0.0
*By XRF. 
**By FLAA.

Table 2. TCLP Analysis.

Metal (mg/L)

Pb Not Detected
Cr Not Detected
Cd Not Detected
Zn Not Detected
Cu Not Detected
Ni Not Detected

Table 3. Mortar Mix of Test Specimens (Unit: kg/m3).

Mix w/c Water Cement PV Powder Sand

AA0 0.35 197 563 0 1448
AA5 0.35 197 535 28 1448
AA10 0.35 197 507 56 1448
AA15 0.35 197 479 84 1448
AA20 0.35 197 450 113 1448
AB5 0.35 197 535 28 1448
AB10 0.35 197 507 56 1448
AB15 0.35 197 479 84 1448
AB20 0.35 197 450 113 1448
BA0 0.55 278 505 0 1389
BA5 0.55 278 480 25 1389
BA10 0.55 278 455 51 1389
BA15 0.55 278 429 76 1389
BA20 0.55 278 404 101 1389
BB5 0.55 278 480 25 1389
BB10 0.55 278 455 51 1389
BB15 0.55 278 429 76 1389
BB20 0.55 278 404 101 1389
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and quantitatively, especially it only exhibits the larger 
increase with the lower cement replacement volumes.

Besides, the higher the slump, the more workable 
the concrete will be. On the other hands, the higher the 
slump, the weaker the mortar mix will be. The addi-
tional ingredients in modern concrete mixes make it 
impossible to determine concrete quality from slump, 
however. Nevertheless, low slump values in traditional 
mixes generally mean higher quality concrete. Thus, 
the slump still plays an important role to be a symbolic 
representation of concrete quality.

THE COMPRESSIVE STRENGTHS

The concrete compressive strengths in age 7 or 28 
days were obtained and tabulated in Tables 6 to 9 de-
pending on the combination of the water-cement ratio 
and sieve No. Comparing to the control specimens, 
these tables show that there were only 5 specimens as 
denoted in diagonal slash marks, which obtained the 
larger concrete compressive strengths increase on both 
cases (7 or 28 days).

THE WATER ABSORPTION

The amount of water absorption is determined by 
the gain in weight of a dry specimen on immersion 
in water under specified conditions, test resulting ob-
tained and tabulated in Tables 10–13 depending on the 
combination of the water-cement ratio and sieve No. 
Water absorption obviously increases as the amount of 

Table 4. Slump of Mix Under w/c= 0.35 (Unit: cm).

Mix Slump Mix Slump Difference (mg/L)

AA0 12.8 – – –

↑
AA5 11.9 (–7%) AB5 13.23 (3%) 10%
AA10 10.93 (–15%) AB10 11.67 (–9%) 6%
AA15 11.13 (–13%) AB15 11.63 (–9%) 4%
AA20 11.47 (–10%) AB20 11.73 (–8%) 2%

→ increase

Table 5. Slump of Mix Under w/c= 0.55 (Unit: cm).

Mix Slump Mix Slump Difference (mg/L)

AA0 21.47 – – –

↑
AA5 21.6 (1%) AB5 24.00 (12%) 11%
AA10 23.6 (10%) AB10 24.93 (6%) 4%
AA15 22.03 (3%) AB15 22.77 (6%) 3%
AA20 22.30 (4%) AB20 21.53 (0%) –4%

→ increase

Table 6. Compressive Strength (w/c = 0.35 & No. 200).

Mix

Compressive Strength (MPa)

7 Days 28 Days

AA0 46.7 59.9
AA5 52.2 (12%) 64.8 (8%)
AA10 49.3 (6%) 60.5 (1%)
AA15 45.8 (–2%) 59.4 (–1%)
AA20 43.1 (–8%) 59.0 (–2%)

Table 8. Compressive Strength (w/c = 0.55 & No. 200).

Mix

Compressive Strength (MPa)

7 Days 28 Days

BA0 35.4 44.3
BA5 31.1 (–12%) 40.7 (–8%)
BA10 30.7 (–13%) 43.1 (–3%)
BA15 29.2 (–18%) 45.7 (3%)
BA20 28.7 (–19%) 42.2 (–5%)

Table 7. Compressive Strength (w/c = 0.35 & No. 325).

Mix

Compressive Strength (MPa)

7 Days 28 Days

AB0 46.7 59.9
AB5 51.4 (10%) 62.8 (5%)
AB10 49.7 (6%) 63.3 (6%)
AB15 44.0 (–6%) 63.1 (5%)
AB20 44.2 (–5%) 58.4 (–3%)

Table 9. Compressive Strength (w/c = 0.55 & No. 325).

Mix

Compressive Strength (MPa)

7 Days 28 Days

BB0 35.4 44.3
BB5 37.3 (5%) 48.7 (10%)
BB10 33.4 (–6%) 43.3 (–2%)
BB15 31.8 (–10%) 33.6 (–24%)
BB20 25.8 (–27%) 43.7 (–1%)
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porosity increases there must be voids (pores) for the 
water to be absorbed in or enter into the body of the 
specimen. The results reveal that large w/c ratio and 
high fineness exhibit lower water absorption or less po-
rosity, which also applies to the more cement replace-
ment as indicated in these tables.

THE SULPHATE RESISTANCE

The anti-sulphate ability was investigated by exam-
ining the performance for putting those specimens in 
sulfate environment, which experienced dry-wet cy-
cles in sodium sulfate solution. The parameter, loss ra-
tio of weight, was investigated to express the durability 
performance of specimens. Thru 5 cycles of repeating 
tests, results were obtained and tabulated in Tables 14–
17 depending on the combination of the water-cement 
ratio and sieve No.

As we found out in these tables, w/c = 0.35 & No. 
325 was the worst case. On the contrary, w/c = 0.55 & 
No. 325 was the best one. Both cases had the same sieve 
No (fineness) with different w/c ratios. In other words, 
the anti-sulphate ability was more sensitive on the wa-
ter-cement ratio rather than fineness. Besides, for the 
sulphate resistance the 20% of the cement replacement 
should be the best choice even though it varied quite 
sharply at only one case, namely w/c = 0.55, No. 200.

CONCLUSIONS

In this article we demonstrated the study of strength 
and durability of cement mortars blended with waste 
solar PV cells. The conclusions were made on effect of 
this cement replacement. The use of ground solar cells 
on the various properties of cement-based composite 
was investigated. 

The slump is clearly related to both the fineness of 
PV powders and the cement replacement. The larger 
slump the higher fineness will be and quantitatively, 
especially it only exhibits the larger increase with 
the lower cement replacement volumes. Observing a 
large cement replacement to 20% under w/c = 0.35, 
the slump is almost unaffected by the fineness of PV 
powders, while the non-affection applies to both the 
fineness of PV powders and the cement replacement 
for the same situation but under w/c = 0.55. Using con-
crete additives should substantially increase the den-
sity, strength and ability to sculpt, texture and trowel 
the concrete. In other words, the observation may pro-
vide an adjustment among the slump, fineness, cement 
replacement and the water-cement ratio.

Table 10. The Water Absorption 
(w/c = 0.35 & No. 200).

Mix No.

Absorption (%)

7 Days 28 Days

AA0 0.060 0.051 increase
AA5 0.058 (–3%) 0.047 (–8%)

↑
AA10 0.054 (–10%) 0.045 (–12%)
AA15 0.06 (0%) 0.041 (–20%)
AA20 0.058 (–3%) 0.041 (–20%)

Table 11. The Water Absorption 
(w/c = 0.35 & No. 325).

Mix No.

Absorption (%)

7 Days 28 Days

AA0 0.060 0.051 increase
AB5 0.057 (–5%) 0.038 (–25%)

↑
AB10 0.058 (–3%) 0.032 (–37%)
AB15 0.058 (–3%) 0.028 (–45%)
AB20 0.058 (–3%) 0.026 (–49%)

Table 12. The Water Absorption 
(w/c = 0.55 & No. 200).

Mix No.

Absorption (%)

7 Days 28 Days

BA0 0.08 0.074 increase
BA5 0.089 (11%) 0.076 (3%)

↑
BA10 0.094 (18%) 0.079 (7%)
BA15 0.092 (15%) 0.072 (–3%)
BA20 0.095 (19%) 0.07 (–5%)

Table 13. The Water Absorption 
(w/c = 0.55 & No. 325).

Mix No.

Absorption (%)

7 Days 28 Days

BA0 0.08 0.074 increase
BB5 0.089 (11%) 0.083 (12%)

↑
BB10 0.09 (13%) 0.081 (9%)
BB15 0.08 (0%) 0.076 (3%)
BB20 0.089 (11%) 0.08 (8%)
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The concrete compressive strengths in age 7 or 28 
days were obtained, comparing to the control speci-
mens, 5 of 18 specimens obtained the larger concrete 
compressive strengths increase on both cases. In other 
words, using solar PV cells as the cement replacement 
did not perform well from a strength perspective. 

The water absorption reveal that large w/c ratio and 
high fineness exhibit lower water absorption or less po-
rosity, which also applies to the more cement replace-
ment as indicated in these tests.

As far as the anti-sulphate ability is concerned, w/c 
= 0.35 & No. 325 was the worst case; on the contrary, 
w/c = 0.55 & No. 325 was the best one. Both cases had 
the same sieve No (fineness) with different w/c ratios. 
In other words, the anti-sulphate ability is more sensi-
tive on the water-cement ratio rather than fineness. Be-
sides, for the sulphate resistance the 20% of the cement 
replacement should be the best choice even though it 
varied quite sharply at only one case, namely w/c = 
0.55, No. 200. 

In the following study, we may use alkali activator 
to improve the activity of alkali-activated materials 
in solar PV cells so as to replace Portland cement as 
binder in concrete. A high-pH environment is gener-
ated by using sodium silicate and sodium hydroxide 
as alkali-activator to excite the binding characteris-
tics of possible alkali-activated materials in solar PV 
cells.
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Separating and Recycling of Fe, Cu, Zn from Dumped Copper 
Slag by Microwave Irradiation Assisted Carbothermic Method

YALONG LIAO*, JUAN ZHOU and FEIRONG HUANG
Faculty of Metallurgical & Energy Engineering, Kunming University of Science & Technology, Kunming 650093, China

ABSTRACT: Iron, copper and zinc were separated and recycled from dumped cop-
per slag using a carbothermic method in the presence of microwave irradiation. Iron 
in the form of fayalite and magnetite in the slag was reduced to metal iron while zinc 
was evaporated and captured as zinc oxide powder. Results indicated that metallization 
rate of iron could reach 91.38~93.45 wt% and zinc recovery efficiency was 90.5 wt% 
when the new methodology was employed, and that reaction temperature was 100°C 
lower compared to that of traditional processes, reaction time of the new process was 
decreased by 90 min.

INTRODUCTION

MILLIONS of tons of dump copper slag quenched 
with water in metallurgical plant were dumped 

each year, which not only employed lots of land re-
sources but also caused serious environmental prob-
lems [1–3]. Additionally it was proved that copper slag 
is a source of valuable metals including iron, copper, 
and zinc. Recovering metals from metallurgical resi-
dues, therefore, have become increasingly important. 
However, mineralogical structure and the size of phase 
particulate within copper slag could be influenced by 
many factors such as separation processes, instruments 
and cooling methods [4–7]. Slow cooling often results 
in crystallization of slag constituent, and forms a great 
many different mineral phases. On the contrary, fast 
cooling results in an amorphous and homogeneous 
case with respect to metal distribution. When copper 
slag is cooled with water, there are usually crystalline 
liking fayalites along with other silicates and vitre-
ous. The content of iron in vitreous is nearly the same 
as that in fayalite. Due to fine mineral dissemination, 
complex mineralogical composition, and especially the 
fact that iron in the slag is mainly in fayalite (Fe2SiO4) 
and vitreous, recovering those valuable constituents 
such as iron, copper and zinc by traditional approaches 
is very challenging. 

Numerous methodologies for recovering metals 
from slag produced in copper smelters were reported in 

the literature. Such methods mainly focus on flotation 
separation [8], leaching [9–12], reducing [13], roast-
ing [14,15], and pyrometallurgical impoverishment 
[16–19]. Progresses have been made for both product 
quality and recovery efficiency. Most of the raw mate-
rials of copper slag used in these investigations, how-
ever, were often from converter furnace slag or brass 
melting slag which contained high grading Cu, Co, 
and/or Ni. The grade of Cu in these kinds of slag was 
greater than 3.5 wt%, and most of copper mineralogi-
cal phase in the slag was sulphide. Some studies dem-
onstrated that dump copper slag was applied in several 
domains including architecture industry, cement man-
ufacture, road construction, and civil engineering, etc 
[20–22]. However, few studies focused on recovery or 
utilization of valuable metals in the dump copper slag 
quenched with water. 

Though there are numerous valuable metals in dump 
copper slag, recovery of copper has drawn increasing 
attention. It is difficult to recycle copper or zinc in the 
slag due to the fact that iron could limit and influence 
the efficiency of copper recovery. It is therefore rea-
sonable to recycle iron before recovering other valu-
able metals. The aim of this study is to exam reduction 
of ferrous in the form of ferrous compounds such as 
fayalite, magnetite and ferrous oxide in the slag with 
Cu 0.93 wt%, Zn 1.14 wt%, and Fe 39.82 wt%. The 
carbothermic processes assisted with microwave irra-
diation was adopted to first reduce FeO in the form of 
fayalite Fe2SiO4 and Fe2O3 to recover Fe. Accordingly 
zinc silicates in the slag were reduced to zinc metal 
which violated in fume. The product from the carboth-*Author to whom correspondence should be addressed.  
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ermic reduction was further used to separate Cu from 
iron using magnetic separation and gravity separation 
processes.

EXPERIMENT

Materials and Instrument

Instruments in this study are listed below: Rod pul-
verizer (Kunming University of science & technol-
ogy), Vacuum filters, electrothermal blast drying box 
(GZX-9030-MBE, Shanghai medical equipment Co. 
Ltd), microwave furnace (Kunming University of sci-
ence & technology), thermocouple (NK-130), digital 
temperature meter (XMT-1300), X-ray diffraction me-
ter (XRD) (Bruker, Germany), and Electrical resistance 
furnace SX2-10-13 (Yifeng Shanghai, China). 

Materials are listed as follows: copper slag (Pro-
duced in a smelter, Yunnan Province China), calcium 
oxide (chemical grade, CaO > 99 wt%), anthracite 
(fixed carbon 76.4 wt%), and binder. 

Mineralogical Composition Analysis 

The characterization methods using electro micro-
scope, electro probe and X-ray diffraction (XRD) were 
employed in this study. Powder samples of copper slag 
and reduction products were analyzed by XRD tech-
nique using BRUKER D8ADVADCE (Germany) ap-
paratus with a detection limit of 3 wt%. 

Reduction Procedure

All the materials used in experiment such as copper 
slag, calcium oxide, and anthracite were grounded to 
particle sizes, 80 wt% of which were screened through 
0.074 mm sieve. 100 g copper slag, a certain amount 
of anthracite coal and calcium oxide was put in a mor-
tar for grinding. After fully mixed, it was added with 
binder to pellet in the form of balls with a diameter of 
about 1 cm. The pellets were then dried at 120°C for 2 
h. The dried pellets were treated further with two dif-
ferent methods. One was placed in the microwave oven 
equipped with thermocouple to heat up to a specified 
temperature and kept for some time. For comparison, 
the other one was placed in electrical resistance fur-
nace (SX2-10-13) for reacting for some time at speci-
fied temperature. The samples were removed from the 
oven when its temperature was below 400°C. It was 
cooled down to room temperature before further analy-
sis of the components and recovery efficiency. 

Zinc silicates and zinc oxide in the slag were reduced 
to zinc violating in fume which could be captured as 
zinc oxide powder. The reductive product was pulver-
ized to a particle size with diameter of 0.045 mm. Cu 
was then separated from iron by means of magnetic 
separation and recycled by gravity separation process.

RESULTS AND DISCUSSION

Composition and Structure of Raw Material

Copper slag was analyzed with optical sheet iden-
tification, x-ray diffraction analysis, manual panning, 
electron microscope and electron microprobe analysis. 
Results of chemical composition and mineralogical 
composition and distribution of iron in the dump cop-
per slag were displayed in Table 1 and Table 2. There 
were lots of valuable metals in dump copper slag such 
as copper, zinc and iron, with relatively high percent-
age of iron in it. The grade of copper in the slag was 
0.936 wt %, while iron was 39.82 wt%, and zinc was 
1.14 wt%, as shown in Table 1.

From Table 2, it could be found that the slag was a 
mixture of multiple metals in mineralogy phases. The 
main composition was vitreous phase and fayalite. As 
for iron, two kinds of iron were found in copper slag. 
On the one hand, crystal phases such as magnetite, 
fayalite, and bornite exist. On the other hand, atoms 
of such metals were distributed in the vitreous phase. 
The proportion of Fe in the form of fayalite accounted 
for 43.82 wt% and it was 45.29 wt% for the form of 
vitreous. Magnetite was 10.46 wt% and bornite only 
accounted for 0.42 wt%. 

Characterization of Reduction Products

Metallization rates in different method were dis-

Table 1. The Composition of Copper Smelting Slag.

Item TFe MgO CaO SiO2 Al2O3 Cu Zn S

Content % 39.82 1.32 3.06 34.90 3.66 0.936 1.14 0.31

Table 2. Distribution of Iron Composition of Slag.

Items
Proportion, 

%
Fe Content, 

%
Fe Distribution, 

%

Bornite 1.0 17.0 0.42
Magnetite 7.0 60.0 10.46
Fayalite 44.5 39.5 43.82
Vitreous      46.0 39.5 45.29

Total 98.5 99.99
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played in Table 3. Metallization rate of iron accounted 
for 88.26 wt% for the traditional carbothermic method, 
but it was 92.46 wt% when reduced by microwave-
assisted carbothermic method. Both reaction tempera-
ture and reaction duration were decreased substantially 
when microwave irradiation was adopted.

Figure 1 shows the X-ray diffraction graphs of raw 
material and reduction products. It could be found that 
copper slag before reduction was in vitreous phase, 
fayalite and vitreous phase. It could also be found that 
most of the iron was in metal iron in the reduction 
products and most of SiO2 in the reduction products 
combined with CaO to form calcium silicate. There 
was little ferrous oxide in the products by microwave-
assisted method compared to the reduction products by 
electric furnance. Accordingly the intensity of metal 
iron and calcium silicates by microwave-assisted re-
duction was more outstanding than that of the corre-
sponding substance by electric furnance. 

The mechanism of iron recovery from copper slag 

Table 3. The Iron Metallization Rate by Different Method.

No.

Experimental Parameters
Metallization 

Rate, %Furnace Slag, g C, g CaO, g Temp., °C Time, min

1 SX2-10-13 100 30 20 1200 240 88.20
2 Micr. Furnace 100 30 20 1100 90 92.46

could be described in the following chemical reac-
tions:

Fe2SiO4 + CaO = 2FeO + CaO·SiO2

C + O2 = CO2

CO2 + C = 2CO

FeO + CO = Fe + CO2

Under the condition of high temperature, iron oliv-
ine (Fe2SiO4) in the slag could react with calcium ox-
ide [see Equation (1)]. Equation (2) shows that portion 
of carbon reacts with oxygen in the air to form carbon 
dioxide at low temperature. Equation (3) shows that 
carbon dioxide generated in Equation (2) could react 
with carbon to form carbon monoxide at a tempera-
ture that is higher than 980°C. This denotes that carbon 
monoxide is the main constituent in the atmosphere of 
the process when temperature is more than 980°C. As 
carbon monoxide has strong reductive properties, iron 

Figure 1. XRD pattern of products and raw material.

(1)

(2)

(3)

(4)
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were 30 g of anthracite, 20 g of calcium oxide at the 
temperature of 1100°C, for 90 min.

Experiment Results under the Optimizing  
Conditions 

According to the optimal conditions determined 
by orthogonal experiments several experiments were 
carried out to verify such conditions. 100 g of copper 
slag, 30 g of anthracite and 20 g of calcium oxide were 
mixed with blinder to pellet in the form of balls with 
a diameter of about 1cm. The dried mixture pellet was 
placed in a microwave oven to reduce at 1100°C for 90 
min. Compared to the result of microwave oven sam-
ples, the same constituent were placed in the electro-
resistance furnace to reduce at 1200°C for 240 min. 
The metallization rate of iron in each experiment was 
displayed in Table 6. 

Table 6 indicated that iron metallization rate ranges 
between 91.38 wt% and 93.45 wt% under the con-
ditions determined by orthogonal experiments. On 
the contrary, metallization rate was between reached 
87.80 wt% and 88.48 wt% when copper slag was re-
duced in electro-resistance furnace even under higher 
reaction temperature and longer residue time.

oxide (FeO) could be converted to metallic iron (Fe) as 
shown in Equation (4). 

Microwave heating is a type of molecule inner heat-
ing since it causes vibration between molecules to pro-
duce energy. It can heat the material from both inside 
and outside, where temperature was uniform. Addition-
ally, carbon has good capacity of microwave absorption. 
Therefore while carbothermic reduction with micro-
wave irradiation was employed to reconstruct mineral-
ogy in the copper slag and reduce ferrous compounds 
to metal iron, microwave irradiation served at least two 
functions. One was the catalyst of the chemical reduc-
tive reaction. The other was to accelerate the increase 
of temperature by eliminating heat transfer restrictions 
which were required in traditional recovery method. 

Orthogonal Conditions Experimental 

Based on the mechanism of iron recovery from 
copper slag [Equations (1)–(4)], several factors, e.g., 
temperature, time and reactants, could influence the 
proficiency of the process. Therefore orthogonal ex-
periments considering four affecting factors and three 
different levels were carried out. Oxidation calcium, 
anthracite, reaction temperature and reaction time 
were the four affecting factors adopted in the process, 
as shown in Table 4; orthogonal experimental results 
are shown in Table 5. 

From Table 5 it can be found that both anthracite and 
reaction temperature have great influences on metalli-
zation efficiency. The optimal conditions for recover-
ing iron metals from copper slag in the carbon-thermal 
reduction process assisted by microwave irradiation 

Table 4. Different Factors Influencing Reaction. 

Items C, g CaO Temp., °C Time, min.

Level one 10 10 1000 30
Level two 20 20 1100 90
Level three 30 30 1200 150

Table 5. Results of Orthogonal Conditions Experimental.

No.

Experimental Parameters

Metallization Rate, %Copper Slag, g C, g CaO, g Temp., °C Time, min

1 100 10 10 1000 30 51.13
2 100 10 20 1100 90 80.86
3 100 10 30 1200 150 67.29
4 100 20 10 1100 150 77.23
5 100 20 20 1200 30 88.92
6 100 20 30 1000 90 66.97
7 100 30 10 1200 90 86.81
8 100 30 20 1000 150 70.07
9 100 30 30 1100 30 90.26
Level One Average 66.43 71.72 62.72 76.77
Level Two Average 77.71 79.95 82.77 78.21
Level Three Average 82.23 74.84 81.00 71.53
Range 15.80 7.23 20.05 6.68
Range = highest average – lowest average.
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microwave-assisted carbothermic method were de-
scribed as follows. For each 100 g of copper slag, 30 g 
of anthracite and 20 g of calcium oxide should be used. 
The reaction temperature was 1100°C and reaction du-
ration was 90 min. Under such conditions metallization 
ratio of iron could reach 91.38~93.45 wt%. Sponge 
iron derived from separating the product of carbother-
mic reduction assisted by microwave irradiation could 
be used directly for steelmaking and zinc oxide powder 
with 91.2 wt% of ZnO could be obtained. Additionally, 
copper concentrate could be obtained after magnetic 
separation and floating separation. Separation tailings 
could further be used as cement raw materials. 
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ABSTRACT: Anhui is a typical province with rich produced agriculture in the south of 
China, which is economically typical among those less developed provinces in the cen-
tral and western regions of China. Therefore, study on the feces loads of farmland in the 
province is significant for guidance of the central and western regions. This study investi-
gated the fecal pollution loads of farmland resulting from farming of Anhui Province. The 
results indicated that the average annual livestock feces exertion was 59.59 million tons 
during 2006–2010, which was equivalent to 282,000 tons of N and 111,500 tons of P. 
And the results for human feces of rural residents were 23.84 million tons, 143,000 tons 
and 48,600 tons, respectively. The five-year average loads of feces, feces-derived N and 
P loads were 20.20 thm–2, 102.91 kghm–2 and 38.76 kghm–2, respectively. There were 
respectively 22.1%, 13.0% and 63.6% of the total counties exceeding the correspond-
ing loads bearing limits of feces, N and P. The average P loads of the whole province 
surpassed the limit for 10.7%. In conclusion, the loads of feces and N of farmland were 
high, and some areas were in pollution of feces and N, while most areas were in pollution 
of P, which must be controlled as soon as possible.

INTRODUCTION

FECES has become one of main non-point sources of 
rural pollution because the return to farmland ag-

gravates the nitrogen (N) and phosphorus (P) loads of 
the farmland, most of which is over-fertilized in China 
(including Anhui Province) [1–5]. It was reported that 
there will be a large increase of feces amount in the fol-
lowing 15 years [6,7]. According to the past research, 
the rural non-point pollution source was a critical fac-
tor for water pollution, as over 850 out of 1200 major 
rivers investigated were affected and there was not any 
fish or shrimps in 2400 km of river [8,9]. Viewing from 
feces pollution on farmland in different regions, it ag-
gravated gradually from the northwest to the southeast 
[1]. There were two categories of researches on the 
livestock feces pollution in China. The macroscopic re-
search was normally done over the province, while the 
microscopic research focused on small watershed and 
pollution controls [1,10–15]. Several methods have 
been developed to study this area, but the integrated 
models similar to the decision support system regard-

ing the capacity of waste loads in the Arroyo Colorado 
River watershed were rarely used [16].

Anhui Province is a typical agricultural province lo-
cated within 600 km of the Shanghai economic circle, 
and the livestock and poultry breeding is an important 
part of the local economy. In addition, many livestock 
industries may be transferred to the province as the 
escalation of the industrial relocation in the Yangtze 
River Delta regions, because Anhui Province is rich 
in agricultural products, economically less developed 
and close to the Yangtze River Delta. Therefore, feces 
pollution can’t be ignored since it may result in further 
farmland pollution [17,18]. Anhui has a rural popula-
tion of 53.63 million (2012) accounting for 7.95% of 
the country’s total rural population of China [19]. Ac-
cording to the investigations, most human feces was 
applied to fields, in addition to the livestock feces. 
Therefore, effects of human feces were also considered 
in this study.

At present, the unified national feces, nitrogen and 
phosphorus threshold criteria for farmland have not 
been set up yet. The standards put forward by domestic 
and foreign researchers vary greatly. Shanghai Acad-
emy of Agricultural Sciences put forward the stan-
dards of the livestock feces loads for rural farmland *Author to whom correspondence should be addressed.  
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in Shanghai suburbs [20]. Some scholars believed that 
the bearing capacity of livestock feces for farmland is 
30 thm–2 [21]. Zhaoliang Zhu found that nitrogen ap-
plication over 150–180 kg could cause environmental 
pollution [22]. According to the European Union (EU) 
specifications, the annual fecal nitrogen application 
limit is 170 kghm–2, otherwise, nitrate leaching would 
occur [23]. 

In this paper, based on the data of rural population, 
livestock breeding and farmland of counties from 2006 
–2010,the feces excretion amount, total nitrogen (TN), 
total phosphorus (TP) and farmland loads of feces, N 
and P were estimated by the county level, and the envi-
ronmental impacts of feces application on the farmland 
were analyzed with reference to feces, N and P limit. 
Results of the feces output and farmland loads should 
have practical significance for the control of non-point 
source of agricultural pollution and drawing up plans 
of livestock and poultry development. 

MATERIALS AND METHODS 

Basic Data 

The rural population, livestock and poultry breed-
ing, farmland areas and related information came from 
“Anhui Statistical Yearbook” of 2007–2011 [24]. Ac-
cording to the characteristics of Anhui Province, the 
pigs, draft cattle, beef cattle, cows, horses, sheep, don-
keys, mules, chicken, hens, ducks, geese, rabbits and 
human beings were researched. Comparison study of 
the present economic level in the rural areas of Anhui 
indicated that it was close to that of Shanghai City in 
1980s. Therefore, feces parameters of Shanghai rural 
residents at that period were adopted in this article 
(Table 1) [25]. 

Anhui has 114 county-level units. In the article, dis-
tricts under various municipalities were merged into 
county-level areas since most municipal areas are rath-
er small, which may affect the comparability of differ-
ent areas. For example, the total area of Tongling City, 
including five districts, is only 1083 km2. So it was 
considered as one county-level region. After merging, 
there were 77 county-level regions with similar areas. 

Calculation Parameters 

There are no national standards for the daily feces 
exertion amount of different livestock and poultry in 
China at present. In this paper, the feces excretion pa-
rameters were the average data of previously published 

work. Feces and nutrition amounts were estimated 
based on the parameters and the corresponding TP and 
TN contents of livestock and human feces (Table 1) 
[12,14,21,26,27]. 

Estimation Method 

The method to estimate the annual feces amount of a 
county was as follows: using the following formula to 
calculate certain livestock (human beings) feces excre-
tion amount first [21]: 

Q = B * T * X

where Q is annual feces excretion amount, B is feeding 
amount (population amount), T is calculation period 
and X is excretion parameter. Then, all livestock and 
human feces amounts were summed up. 

The method to estimate the pure nutrition amount 
in feces of a county was as follows: calculating the nu-
trition amount in the feces of an animal first with the 
following formula:

A = Q * c

where A is the nutrition amount, Q is the feces exertion 
amount and c is the nutrition contents in the feces of an 
animal per unit mass. Then, all the nutrition amounts 
were summed up. 

RESULTS AND DISCUSSION 

Feces Exertion Amount and the Contents of TN 
and TP in Anhui Province during 2006–2010 

The results of the total feces amount (TF) and the 

Table 1. Feces Excretion Parameters, Nutritional 
Contents (TN, TP) of Different Livestock and Poultry.

Varieties
Feces Excretion 

Parameters TN (%) TP (%)

Draft cattle 10.10 ta–1 0.351 0.082
Beef cattle 7.70 ta–1 0.351 0.082
Cow 19.40 ta–1 0.351 0.082
Horse 5.90 ta–1 0.378 0.077
Donkeys and mules 5.00 ta–1 0.378 0.077
Pig 1.93 ta–1 0.238 0.074
Sheep 0.87 ta–1 1.014 0.216
Broiler chicken 36.50 kga–1 1.032 0.413
Laying hen 53.30 kga–1 1.032 0.413
Duck and goose 39.00 kga–1 0.625 0.290
Rabbits 41.40 kga–1 0.874 0.297
Human being 127.75 kga–1 0.600 0.204
Note: N and P contents of duck and goose were averaged.

(1)

(2)
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corresponding TN and TP amounts in Anhui Province 
during 2006–2010 were estimated by the livestock and 
poultry feeding, feces excretion parameters and P, N 
contents.

The average annual total feces exertion of livestock 
and poultry during 2006–2010 was 59.59 million tons, 
with a compound annual increase of 7.97%, which was 
equivalent to 282,000 tons of average TN and 111,500 
tons of average TP, respectively. The feces exertion, 
TN, TP of Anhui within these 5 years presented rela-
tively slow upward trend, which was in correspon-
dence to the livestock and poultry breeding increase 
(Figure 1).

The feces exertion of rural residents was changed 
from 23.56–24.04 million tons in the 5 years, with 
a rate of annual change less than or equal to 1.83%. 
The five-year average feces exertion was 23.84 mil-
lion tons, which was equivalent to 40% of the livestock 
feces. Converted TN and TP of the five-year average 
were 143,000 and 48,600 tons, respectively, about 
half of which was from livestock. This result showed 
that the rural human feces amount was necessary to be 
considered in the study of farmland feces loads due to 
its large production. Meanwhile, human feces amount 
was approximately a constant. Thus, livestock feces 
was the priority of the study on farmland feces loads. 

The average annual TN and TP of human and live-
stock feces were 425,000 and 160,100 tons in these 5 
years, respectively, which were equivalent to 83.17% 
and 65.25% of N and P fertilizer applications in An-
hui Province during this period. Therefore, rational and 
effective application of feces to farmland is beneficial 

for both fecal pollution solvation and the reduction of 
chemical fertilizer application. 

Farmland Feces Loads of Various Counties in 
Anhui Province during 2006–2010 

The provincial average livestock feces loads of 
farmland during 2006–2010 was 14.43 thm–2 [Figure 
2(a)]. Shexian, Jixi, Xiuning and Taihu exceeded the 
application standards (30 thm–2) and Shexian was the 
highest (54.76 thm–2). Only the loads of 37 counties 
were lower than 15 thm–2. The south and west areas 
of Anhui Province had higher loads since the farmland 
was smaller, or the industry or tourism was the leading 
industry. The counties in the north of the Huaihe River 
and the east of the province had loads lower than 15 
thm–2, suggesting these areas had potentials to enlarge 
the livestock scales.

The average farmland feces loads of the province 

Figure 1. TF, TN and TP in Anhui Province during 2006–2010 ex-
cept for human feces.

Figure 2. Average farmland feces loads of various counties in Anhui Province during 2006–2010. (a) Five-year average farmland 
feces loads of livestock and poultry; (b) five-year average farmland loads including human feces, livestock and poultry feces.
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Ningguo, its nitrogen loads was lower (111.12 kghm–2) 
due to the low nitrogen contents of pig feces. The more 
concentrated the livestock industries were, the more 
concentrated the distribution of feces tended to be. The 
counties with high N loads were wholly polluted, while 
there was only spot pollution in the counties with low 
N loads.

The average farmland feces N loads was 102.91 
kghm–2 after addition of human feces [Figure 3(b)]. He-
fei (503.14 kghm–2) and Ma’anshan (398.79 kghm–2)
ranked in the first two places, and far exceeded the av-
erage local N fertilizer application (173.33 kghm–2 and 
–125.88 kghm–2). Besides, another 8 counties, such as 
Shexian and so on, exceeded the EU standards. The N 
loads of 10 counties including Shitai were about 150–
170 kghm–2. 20 counties were in pollution, accounting 
for 26% of the total counties, indicating that the farm-
land feces N pollution was serious. 

Farmland P Loads of Various Counties in Anhui 
Province during 2006-2010 

Phosphorus has poor mobility and is easy to be ac-
cumulated in the soil. Therefore, both the phosphorus 
contents from feces application and the phosphorus 
level of soil should be considered when appraising the 
environmental effect of feces phosphorus. The pure 
phosphorus contents from feces application should not 
exceed 35 kghm–2, otherwise, the surplus phosphorus 
will enter the surface runoff through leaching which 
will cause water eutrophication [28,29]. 

The average farmland P loads converted from live-

was 20.20 thm–2 after addition of human feces [Figure 
2(b)]. Hefei was the highest of 85.07 thm–2. 17 coun-
ties or 22.1% of the total counties including Shexian 
and Ma’anshan exceeded 30 thm–2, in which there 
were more than 4 counties exceeding 30 thm–2 without 
consideration of human feces. Only 8 counties includ-
ing Lujiang were lower than 15 thm–2, and less than 
37 counties considered only farmland livestock and 
poultry feces. These results indicated that human feces 
played a critical role in farmland feces contaminations, 
and the results would be seriously distorted if only 
livestock and poultry feces were considered. 

Farmland N Loads of Various Counties in Anhui 
Province during 2006–2010

The pure nitrogen loads converted from livestock 
feces of Anhui Province was 68.27 kghm–2 on aver-
age during 2006–2010 [Figure 3(a)], in which Shexian 
was the highest of 180.11 kghm–2 and exceeded the 
EU standards of 170 kghm–2. Meanwhile, Ningguo 
and Dangshan exceeded 150 kghm–2. The results of 
nitrogen loads were not always the same as that of the 
livestock feces loads because the nitrogen contents of 
feces varied with different livestock species, which 
also varied greatly in different counties. For example, 
Ningguo fed mainly poultry with higher fecal nitrogen 
contents, and the nitrogen loads converted from the fe-
ces was 167.73 kghm–2, ranking in the second place in 
the province, though its livestock feces loads was not 
high. Livestock industry of Xiuning was mainly pig 
feeding. Though its feces loads was higher than that of 

Figure 3. Average farmland feces N loads of various counties in Anhui Province from 2006–2010. (a) The average farmland feces 
N loads of livestock and poultry feces; (b) the average farmland feces N loads of human feces, livestock and poultry feces.
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to take measures to make the livestock feces harmless 
and resourceful, the feces will aggressively affect the 
healthy farming development, pollute the near farm-
land, water bodies and threaten the ecological environ-
ment seriously. The paper, aimed at working out the 
present situation of feces pollution, N pollution and P 
pollution in Anhui Province to provide scientific basis 
for the development of pollution control measures, and 
making reasonable plan and scientific decisions. The 
related pollution control measures need to be further 
researched. 

Affected by the livestock feed varieties, breeding 
periods and seasons, weather, management levels and 
other factors [24,28], there is a certain error between 
the estimated feces amount and actual feces exertion. 
According to the factual investigation of Anhui Prov-
ince, the buffaloes were considered as draft cattle and 
the yellow cattle were considered as beef cattle. How-
ever, a few yellow cattle were used as draft cattle be-
fore their slaughter, resulting in lower feces estimation 
as the excretion parameter is larger when yellow cattle 
were considered as draft cattle than that of beef cattle. 
The raising numbers of ducks and geese were calcu-
lated by means of the poultry numbers minus chicken 
numbers, a small amount of poultry less than geese and 
ducks in volume and emission were counted into the 
amount of geese and ducks, resulting in larger feces 
estimation of ducks and geese. 

CONCLUSION 

The average annual total livestock feces exertion 

stock feces was 26.99 kghm–2 from 2006–2010 [Figure 
4(a)], which was close to the limit of 35 kghm–2. Ning-
guo was 94.68 kghm–2, ranking in the first place of the 
counties and equal to 2.71 times of the limit. 28 counties, 
such as Shexian and so on exceeded the limit, where had 
higher P loads of farmland from livestock feces. 

The average farmland feces P loads was 38.76 
kghm–2 after addition of human feces in 2006–2010, 
which exceeded the limit of 35 kghm–2, indicating the 
farmland was overloaded [Figure 4(b)]. Some areas 
might be in serious P pollution if uneven feces distri-
bution was taken into consideration. Counties ranking 
in the first two places were still Hefei and Ma’anshan, 
with P loads of 189.91 kghm–2 and 140.64 kghm–2, 
respectively, which were far exceeding the average 
local P fertilizer application (18.61 kghm–2 and 9.90 
kghm–2). In addition, Ningguo and other 46 counties 
were more than 35 kghm–2. Generally, feces applica-
tion caused overload of P to farmland in the province, 
and 66.3% of the total counties were in pollution. Ar-
eas polluted by P were larger than those by N.

DISCUSSION

The feces loads of farmlands in the whole province 
were in high levels and there were prevalent fecal con-
tamination. There is a fast expansion in the livestock 
and poultry industry in the future owing to the huge 
consumer market for animal food. Livestock in Anhui 
Province will keep rapid increase as excess food of-
fers adequate feed source for livestock farming, result-
ing in plenty of livestock feces exertion. But if failed 

Figure 4. Average farmland feces P loads of various counties in Anhui Province from 2006–2010. (a) The average farmland feces 
P loads of livestock and poultry feces; (b) the average farmland feces P loads of human feces, livestock and poultry feces.
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was 59.59 million tons from 2006 to 2010, equivalent 
to 282,000 tons of N and 111,500 tons of P. The aver-
age annual total human feces exertion was 23.84 mil-
lion tons, equivalent to 143,000 tons of N and 48,600 
tons of P. The human feces and its N and P were 28.6%, 
28.3% and 25.4% of the total statistic feces respective-
ly. Most feces was applied to farmland in its original 
form and had great environmental impacts on the farm-
lands. To study the environmental effects of feces in 
Anhui Province, rural human feces must be taken into 
consideration. 

The average farmland feces loads of the province 
was 20.20 thm–2 in the five years. 17 counties out of 77 
exceeded the limit of 30 thm–2, with Hefei at the high-
est of 85.07 thm–2. Human feces pollution played an 
important role in feces pollution of the whole province. 
Feces loads was in high levels and there were prevalent 
feces contaminations over the province. 

The average farmland N and P loads of livestock fe-
ces in the 5 years were 68.27 kghm–2 and 26.99 kghm–2,
respectively, with only the N loads of Shexian sur-
passing the EU limit of 170 kghm–2 while 29 counties 
exceeding the P load limit of 35 kghm–2. This showed 
there were great differences in the farmland bearing ca-
pacities, and N and P pollution risks from the feces were 
also different. In addition, different livestock species 
resulted in different farmland N and P loads and feces 
loads. The N loads of the counties mainly engaged in 
poultry exertion were higher than those of pig exertion. 

The average annual N and P loads in the five years 
were 102.91 kghm–2 and 38.76 kghm–2 respectively af-
ter taking into account of human feces. The average 
N loads of the province was equal to 60.5% of the EU 
limit. There were 10 counties and cities exceeding the 
EU limit, with Hefei and Ma’anshan over the local av-
erage nitrogen fertilizer applications. The average P 
loads of the whole province was more than the limit, 
with 49 counties surpassing the limit, accounting for 
63.6% of the total counties. The P loads of Hefei and 
Ma’anshan were the highest.
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ABSTRACT: Fe3O4-N-[(3-Trimethoxysilyl)propyl]ethylenediamine triaceticacid trisodi-
um (Fe3O4-TMS) has been synthesized by TMS adsorb to the surface of Fe3O4. Energy 
dispersive spectrometer (EDS) was used to characterize Fe3O4-TMS. The results of 
EDS indicate that TMS is modified on the surface of Fe3O4 successfully. The effects 
of initial concentration, pH, and coexist ions on the equilibrium adsorption capacities of 
strontium ion were investigated comprehensively. Removal of Sr2+ could reach 100% 
when initial concentration of Sr2+ is 1.0 mmol/L. The effect of pH conforms to S curve. 
Equation of the curve is qSr = 0.08104 – 0.09012/(1 + exp((pH – 2.92707)/0.2995)). Cor-
relation coefficient is equal to 0.9987. Sodium and calcium ions suppress the adsorption 
of strontium ion. Complexation and ion exchange maybe main adsorption mechanism.

INTRODUCTION

AS a radioactive isotope of strontium, 90Sr is one 
of the fission products of uranium[1]. So nuclear 

waste contains lots of 90Sr. 90Sr could launch β rays, 
and its half-life reaches 28.6 years [2,3]. 90Sr with its 
long half-life is considered to be the critical isotope 
tend to be strongly retained within the living organisms 
such as bones [4]. Therefore 90Sr is a contamination 
that must be removed. Treatment of liquid radioactive 
waste quite often involves the application of several 
methods such as filtration, precipitation, sorption, ion 
exchange and membrane separation to meet the re-
quirements for the release of decontaminated effluents 
into the environment [5–11]. Adsorption has become 
one of the most commonly used separation methods 
due to its simplicity, selectivity and efficiency [12,13]. 
However, many other interfering elements in the nu-
clear waste such as 137Cs and 40K are also problems 
[3]. Further, concentration of Sr is unusually enriched 
in oil-field brines of Qaidam Basin, China and have 
excellent potential for development and utilization in 
future [14]. A problem arose when separates strontium 
from oil-field brines. A number of interfering elements 
such as sodium, potassium and magnesium, especially 

calcium, due to their similar chemical behavior, affect 
the separation of strontium seriously [3]. 

Ethylene diamine tetraacetic acid (EDTA) has a 
strong complexation with strontium ion. TMS and 
EDTA have same functional groups (carboxyl). So it is 
highly likely that TMS has a strong complexation with 
strontium ion. TMS is not easy to form gel itself. It is 
easy to separate adsorbate and adsorbent when TMS 
is modified on the surface of Fe3O4 with the help of 
magnet. The influences of initial concentration, pH and 
ionic strength on the adsorption of Sr2+ have been in-
vestigated. Ca2+ has the closest size to Sr2+ among bi-
valent cations. So in addition to Na+ the effect of Ca2+ 
on the adsorption of Sr2+ was also investigated. The 
results provide a simple method to synthesize Fe3O4-
TMS and an effective composite adsorbent for the ad-
sorption of strontium ion. 

EXPERIMENTAL

Synthesis of Fe3O4 and Fe3O4-TMS

Fe3O4 particles were prepared by co-precipitating 
Fe (III) and Fe (II) ions (25.0 g FeCl3·6H2O and 15.8 g
FeCl2·4H2O dissolved into 150 mL H2O) in ammonia 
[15]. Both FeCl3·6H2O and FeCl2·4H2O were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. 
2.0 mL TMS was added into suspension of Fe3O4. 1.0 *Author to whom correspondence should be addressed.  
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mL 0.5 mol/L NaOH was dropped into the suspension 
to initiate TMS hydrolyzation. After keep stirring for 
48 h, Fe3O4-TMS was obtained by magnetic separa-
tion. To facilitate saving, Fe3O4-TMS was dry and 
grinding.

Characterization of Fe3O4 and Fe3O4-TMS

The EDS spectra of Fe3O4 and Fe3O4-OTS were ob-
tained with an Oxford INCA instrument (Oxford In-
strument Co., Ltd., UK).

Analytical Method

The concentrations of metal ions were determined 
by an ICS-1100 ionic chromatograph (Dionex Cor-
poration). An IonPac® CG12A guard column (4 × 
50 mm), an IonPac® CS12A separation column (4 × 
250 mm), a CSRS 300 suppressor (4 mm) and a DS6 
heated conductivity detector were employed. 0.4 mL of 
the sample solution was diluted to 10 mL. Twenty-five 
µL of this diluted solution was injected into the ionic 
chromatograph. The eluent was 20 mmol L–1 methane-
sulfonic acid solution at a flow rate of 1.0 mL min–1 at 
30°C.

Adsorption Experiments

In equilibrium adsorption experiments, the effects of 
initial concentration, solution pH and coexist ions were 
investigated. For each experiment, an exact amount of 
Fe3O4-TMS and 25 mL SrCl2 solution at certain con-
centration and pH were shaking by a SHA-C shaking 
water bath (Changzhou Guohua Co., Ltd.) with a shak-
ing speed of 100 rpm for 8 h. Fe3O4-TMS and solution 
were separated by magnet.

The adsorption capacity of metal ions onto Fe3O4-
TMS was calculated by the following equation:

q V C C
m


( )0

where q (mmol g–1) is the adsorption capacity of metal 
ions onto the Fe3O4-TMS, V (L) the volume of the so-
lution, m (g) is the dry weight of Fe3O4-TMS and C0 
and C (mmol L–1) are the metal ion concentrations be-
fore and after adsorption, respectively. When the equi-
librium solution concentration Ce was used instead of 
C, the equilibrium adsorption capacity qe was obtained.

The distribution coefficient (D) and the separation 

factor (β) were calculated according to the following 
two equations:

D q
C
e

e
=

βC
S Sr

Ca

D
D

=

RESULTS AND DISCUSSION

EDS Characterization of Fe3O4-TMS

As shown in Table 1, compared with Fe3O4, sodium 
and silicon, characteristic element of TMS were detect-
ed by EDS. Atomic content of carbon may be a back-
ground noise in Table 1. Carbon content also improves 
to a certain degree. It indicated that TMS was modified 
to the surface of Fe3O4 successfully.

Adsorption Equilibrium Time 

Figure 1 shows adsorption of Sr2+ occurs rapidly in 
the first 1 h, after which the adsorption capacity chang-
es slowly. It needs 2 h to reach equilibrium. According 
to the adsorption kinetic results, the adsorption time 
was fixed at 8 h for the following adsorption experi-
ments to make sure that all the adsorption experiments 
reach equilibrium.

For the adsorption of methylene blue on activated 
carbon, the equilibrium was found to achieve within 
30 min [16]. For the adsorption of neutral red by Fe3O4 
hollow nanospheres, 1 h was needed to reach equilib-
rium [17]. But the equilibrium time of strontium ion 
adsorption by molecularly imprinted hybrid gel was 
more than 10 h long [18]. The time of equilibrium ad-
sorption of titanosilicates adsorb is about 50 min [19]. 

Table 1. Elemental Compositions of  
Fe3O4 and Fe3O4-TMS.

Element

Fe3O4 Fe3O4-TMS

Weight % Atomic % Weight % Atomic %

C 3.82 9.23 4.90 10.65
O 31.20 56.68 37.58 61.36
Na 0.95 1.08
Si 0.72 0.67
Cl 0.877 0.71 0.38 0.28
Fe 64.12 33.37 55.47 25.95

Totals 100.00 100.00 100.00 100.00

(1)

(2)

(3)
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The equilibrium time of antimony silicate adsorb Sr2+ 
within 30 min [20]. The equilibrium time of TMS ad-
sorb Sr2+ is in intermediate stage.

Effect of Initial Concentration

Initial concentration has little impact on the ad-
sorption of Sr2+ in the range of 1–6 mmol/L (Figure 
2). Percent of Sr2+ removal reach 100% when initial 
concentration of Sr2+ is 1 mmol/L (Table 2). It shows 
that TMS has a strong affinity for Sr2+. When initial 
concentration continues increase, the adsorpiton ca-
pacity of Sr2+ almost do not increase. Maybe it is be-
cause adsorption sites reach saturation. In general, the 
adsorption capacity of Sr2+ increases with the increase 
of initial concentration [21,22]. However, compared to 
the selected concentration range in this paper, the con-
centration ranges they choose are narrow.

Effect of pH

As shown in Figure 3, the adsorption capacity of 
Sr2+ increases with the increase of pH in acid solu-
tion. Variation tendency conforms to Type S curve. 
Equation of the curve is qSr = 0.08104 – 0.09012/
(1 + exp((pH – 2.92707)/0.2995)). Its correlation co-
efficient reaches 0.9987. When pH is lower than 2.3, 
Fe3O4-TMS can not adsorb Sr2+. This regularity has 
been reported in the adsorption of Pb(II) on diatomite 
and adsorption of Cd(II) onto goethite [23,24]. The ad-
sorption capacity increases abruptly at pH 2.3–3.5, and 
maintains a high level at pH > 3.5. Wallace inferred that 
the protonation of specific sorption sites on adsorbent 
surfaces could prevent the electrostatic (outer-sphere) 
adsorption of Sr2+ in low pH values solution [25,26].

Effect of Coexist Ions

Concentrations of Sr2+ maintain at 3 mmol/L in this 
batch of adsorption experiments. When concentration 
of Na+ increases from 3–60 mmol/L, the adsorption ca-
pacity of Sr2+ increases first and then decreases slightly 

Figure 1.  Adsorption kinetic curves..

Figure 2. Effect of initial concentration on the equilibrium adsorption 
capacity.

Table 2. Percents of Sr2+ Removal in 
Different Initial Concentrations.

Initial Concentration Sr2+ Removal %

1 100
2 52.13
3 36.81
4 26.59
5 20.71
6 17.00

Figure 3. Effect of initial solution pH on the equilibrium adsorption 
capacity.
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2). It means that ion exchange maybe a kind of adsorp-
tion mechanism of TMS adsorb Sr2+. But the ratio of 
Sr2+ adsorption and Na+ desorption is not equal to 1:2. 
TMS has plenty of carboxyl. Calcium alginate also car-
ries plenty of carboxyl like TMS [27]. It has a great po-
tential for the removal of strontium [28–30]. Carboxyl 
has strong binding forces with strontium and calcium. 
These forces include complexation and electrostatic at-
traction. Complexation is the main adsorption mecha-
nism for calcium alginate. Judged from the structure 
of TMS and adsorption results, complexation and ion 
exchange maybe the main adsorption mechanism as 
shown in Figure 6.

CONCLUSIONS

In this paper, Fe3O4-TMS has been synthesized 
by TMS adsorb to the surface of Fe3O4. The results 
of EDS indicate that TMS is modified to the surface 
of Fe3O4 successfully. Fe3O4-TMS shows a great po-
tential on strontium adsorption. 2 h is needed to reach 
equilibrium. The adsorption capacity of strontium in-
creases rapidly between pH 2.3 and 3.5, and keeps at a 
high level between 3.5 and 5.6. Calcium has a bigger 
influence on strontium than sodium. Fe3O4-TMS hard-
ly adsorbs strontium when concentration of calcium 
reaches 30 mmol/L. Judged from the structure of TMS 
and adsorption results, complexation and ion exchange 
maybe the main adsorption mechanism.
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(Figure 4). The adsorption capacity of Sr2+ still keeps 
at a high capacity when the concentration of Na+ is 60 
mmol/L. However, Ca2+ has a bigger influence on the 
adsorption of Sr2+ than Na+ (Figure 5). The adsorp-
tion capacity of Sr2+ decreases with the concentration 
of Ca2+ increase. The adsorption capacity of Ca2+ in-
creases with the concentration of Ca2+ increase. When 
the concentration of Ca2+ is greater than 12 mmol/L, 
the adsorption capacities of Sr2+ and Ca2+ decrease. 
The corresponding desorption capacities of Na+ also 
decrease. The maximum separation factor is obtained 
when the concentration of Ca2+ is 30 mmol/L (Table 3). 

Adsorption Mechanism

Na+ is released in the process of adsorption (Figure 

Figure 4. Effect of Na+ on the equilibrium adsorption capacity of 
Sr2+.

Figure 5. Effect of Ca2+ on the equilibrium adsorption capacity of 
Sr2+.

Table 3. Distribution Coefficient and Separation 
Factor Influenced by CCa/CSr.

CCa/CSr DSr DCa βS
C

1 0.4133 0.3720 1.11
2 0.2957 0.2302 1.28
3 0.2044 0.1282 1.59
4 0.0845 0.0245 3.45
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ABSTRACT: Coal-fired power plant is one of the important mercury emission sources in 
the world. In order to understand the characteristics of mercury emission from the coal-
fired power plants in Shanghai area, a series of measurement data was collected on a 
continuous basis to evaluate the mercury emissions speciation profiles, and the mercury 
emissions factors as well. The whole-process mercury emissions data in 2012 was also 
obtained with the manual sampling method. The results show that (1) the ratio of the 
mercury balances in the two units were 75.6% and 87.8%, respectively; (2) the existing 
air pollutant control devices in the two power plants showed certain mercury removal ca-
pability, and the average mercury removal efficiencies from dust collector plus Wet-FGD 
was more than 50%; (3) the average mercury content in the mixed coal 73 µg/kg, which 
ranged from 40 to 102 µg/kg. The annual average emission concentration of Hg2+ in #1 
Unit was close to that in #4 Unit. However, the emission concentration of Hg0 in #4 Unit 
was 2.62 µg/Nm3, two times higher than that in #1 Unit. The Hg0 was removed by the 
Fabric Filter, whose efficiency was two times more than the ESPs. (4) In the coal-fired 
power plants, the mercury emission was greatly impacted by coal types, APCD.

INTRODUCTION

MERCURY emission from anthropogenic sources 
is a global environmental pollution problem. 

According to the recent global inventory, about 65% 
of emission came from stationary fuel combustion in 
2000. Geographically, Asia accounts for about 54% of 
the emission, and China is the largest Hg emitting coun-
try. As the largest coal producer and consumer in the 
world, the amount of Hg released from China has been 
increasing rapidly in recent years [1–2]. Meanwhile, 
human health risk caused by Hg are getting more and 
more attention [3–4]. Researches show that the main 
source of mercury emission to the atmosphere is fossil 
fuel burning, especially coal combustion. In the U.S., 
recent estimates attribute 56% of all anthropogenic Hg 
emissions to stationary combustion sources and 87% 
of all Hg emissions from stationary combustion sourc-
es to Coal-fired power plants. Coal-fired power plants 
are the largest mercury emission source in the world 
[5–8]. Mercury emission to the atmosphere accounts 
for 60%, or even more of the total mercury emission 

from Coal-fired power plants [9]. Wang et al. devoted 
themselves to the inventory of mercury emissions from 
anthropogenic activities in China. 

In the inventory, many uncertainties still remain in 
our knowledge of primary anthropogenic releases of 
mercury to the atmosphere in China. Specifically, there 
are lacking actual measurements of Hg emission rates, 
Hg species profiles from Chinese combustors and the 
capture of Hg in Chinese emission control devices 
[10]. There are even higher uncertainties for the spe-
ciation profiles. Hence ,there has been increasing needs 
to characterize the Hg emissions from coal-fired power 
plants in China [11–12]. A total of 124 onsite tests of 
coal-fired power plants were selected from existing lit-
erature to characterize mercury behavior so as to cal-
culate mercury emission factor in the world, among 
which 29 tests were conducted in China [13]. In these 
29 tests, the mercury measurement method is 30B, or 
Ontario Hydro Method but it lacks of continuous data 
to evaluate the mercury emissions speciation profiles 
and the mercury emissions factor.

The most important factors affecting mercury emis-
sions are the mercury content of coal and the mercury 
removal efficiency of APCD (air pollutant control de-
vices).At present, the power plants were equipped with *Author to whom correspondence should be addressed.  
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the high efficiency dust collector and the Wet-FGD for 
the very low pollutant emission limit. Power plants 
will also burn many kinds of coal together to gain 
good economic benefit and meet the emission limit.
In this paper, we used the traditional manual sample 
test methods, and Tekran 3300 Hg-CEMs to study the 
mercury balances and the synergistic effect of the dust 
collectors and FGD facilities for mercury removal. 
We estimated the mercury emission Characteristics in 
coal-fired power plants in Shanghai area with one year 
continuous data from the Tekran 3300 Hg-CEMs. The 
objective is to grasp the mercury emission speciation 
profiles in the coal-fired power plants and the rela-
tionship between mercury emissions and the existing 
APCD in Shanghai area.

MATERIALS and METHODS

The Information of the Two Coal-Fired Power 
Plants

Units #1 and #4 are coal-fired power plants in 
Shanghai area, which were selected as the research ob-
jects. They are 300 MW units. The existing APCD are 
listed in the Table 1.

The Sample and Test Methods

The sampling locations are shown in Figure 1. The 
mercury emission from the coal fired power plant is 

from the mercury containing coal. APCD will affect 
the mercury emission, some of which will exist in the 
bottom ash, fly ash, gypsum and waste water. The rest 
will be emitted with the flue gas.

In one sampling cycle, we calculate the mercury 
mass distribution after the different APCD to get the 
mercury transform regulation. Gaseous mercury sam-
pling was conducted simultaneously at the inlet of the 
dust collector, inlet of the Wet-FGD (outlet of the dust 
collector) and outlet of the Wet-FGD. In the other sam-
pling cycle, two paired samples were running at the 
same sampling points for gaseous mercury (USEPA 
Method 30B). At the same time, about ten pieces of 
solid samples were collected from the raw coal [Meth-
od of the mercury in raw coal is Determination of Mer-
cury in Coal (GB/T 16659-2008)], bottom ash, fly ash, 
gypsum (USEPA Method7473), waste water [Method 
of mercury in waste water is atomic fluorophotometry 
method in Air and Waste Gas Monitor Analysis (4th 
Edition)], and record the flue gas flow, the hourly con-
sumptions or outputs of various solid samples. All the 
data is used to calculate the mercury balances. The two 
Tekran 3300 Hg-CEMs were installed at the inlet of the 
stacks, which monitor the mercury emissions online.

Table 1. The Details of The Existing APCD.

Name SCR Dust Collector Desulfurization GGH

#1 NO ESPs Wet-FGD YES
#4 NO Fabric Filters Wet-FGD YES

Figure 1. The sample points we’re composed of raw coal, bottom ash, inlet of the dust collector, fly ash, outlet of the dust collector, 
outlet of the Wet-FGD, gypsum, and waste water. The sample points are from raw coal to mercury emissions in the stack, which 
can track the mercury transfer and emission rule.
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RESULT AND DISCUSSION

The Mercury Balances

In the two power plants, the average mercury con-
tent was 73 µg/kg in raw coal, which is lower than 
the average mercury mass concentration 220 µg/kg 
in China [14].The mercury mass concentration varied 
greatly from 40–102 µg/kg. It is very close to Shuxiao 
Wang’s resultin 2010, which tested a mercury mass 
concentration range from 17–385 µg/kg in six pow-
er plants [15]. After the burning of raw coal at the 

high temperature in combustion zone of boilers, the 
Hg in coal releases into the exhaust gas as elemental 
mercury (Hg0) vapor. With the existence of Cl, Br,SO2 
and particles in flu gas, part of the Hg0 is oxidized into 
Hg2+ either by gas phase oxidation or catalytic oxida-
tion due to thermo-chemical processes [16–17]. Less 
than 1% Hg was removed by the bottom ash, and about 
41.82–53.4% Hg was adsorbed by the fly ash and re-
moved by the dust collector, and about 17.26–39.96% 
Hg was removed by Wet-FGD, the remaining mercury 
emitted to the atmosphere. In Figure 2, it can be seen 
from the mercury balances and distribution in the two 

Figure 2. The characteristics of the mercury emissions are complex in the power industry. The influential factors include coal type, boiler type, 
combustion type, dust collectors, Wet-FGD system and so on. We can see the mercury transferred after each equipment in the two power plants. 
The mercury emission mass reduced about 17% after the boiler. There are two reasons. Firstly, mercury content is an average value from all 
kinds of coals in power plants. However, the coal burning is not an fixed proportion. Secondly, there are ratio measure errors after the boiler.



L. QI-ZHEN, S. YI, B. YONG, X. XIAO-YU, T. YING-MING and L. JINMEIS178

The annual average Hg2+ emission from #1 Unit and 
Unit #4 were 0.38 µg/m3 and 0.39 µg/m3 respectively. 
This means that the Wet-FGD systems have effect on 
the removal of Hg2+. The Wet-FGD systems mainly 
remove Hg2+ by means of the scrubber solution. As 
the Hg2+ is soluble in water, when gaseous Hg2+ is dis-
solved in the Wet-FGD scrubber solution. Hg2+ reacts 
with the sulfate, which will produce insoluble mercury 
sulfate and deposit in the slurry. Thus the Hg2+ can be 
removed. That is why the Wet-FGD systems have effi-
ciency of Hg2+. However, in these two units, the annual 
average Hg2+ concentration is not very low. The EGU 
Mercury Speciation Profiles for the Clean Air Mercu-
ry Rule project list mercury speciation profile data of 
the power plant. The average Hg2+ concentration after 
Wet-FGD normally lower than 0.1 µg/m3,with the ex-
ception of one power plant which had a Hg2+ concen-
tration of 0.32 µg/m3 [22]. We can make sure that the 
Wet-FGD can remove the Hg2+, but there exits some 
unknown conditions which will affect the Hg2+ remov-
al efficiency.

power plants, the existing APCD had certain mercury 
removal capability, average mercury removal efficien-
cies of dust collector plus Wet-FGD was more than 
50%.

The mercury balances in the two units were 75.6% 
and 87.8% respectively. The two results were within 
the acceptable error range of ±30% [18–19].

Annual Characteristic of the Mercury Emissions

In Figure 3 and Table 2, the average total gaseous 
mercury emission concentration was not high. It was 
1.34 µg /Nm3 in the 1# Unit, but 3.01 µg /Nm3 in the 
4# Unit, which was two times more than that in the 
#1 unit. We found that the percentage of the average 
element mercury concentration was very high in the 
total gaseous mercury emission, 1# unit 72%, 4# unit 
87%. The oxidized mercury concentration was rather 
low, but the average concentration was very close to 
each other.

In Table 2, the element mercury emission was 2.62 
µg/Nm3 in the #4 unit, two times more than that from 
#1 unit 0.96 µg/Nm3. There was no big difference in 
the coal types used in the two Units. The difference 
was the dust collector, Fabric Filters with ESPs. In the 
#1 Unit, the Fabric Filters collects the particles in the 
flue gas, and some unburned carbon was also collected. 
The fine particles and the unburned carbon build up on 
the surface of the Fabric Filters and absorb the element 
mercury extensively [20–21].

Table 2. The Mercury Emission Average 
Concentration in One Year.

Name
Total Mercury 

(µg/Nm3)
Element Mercury 

(µg/Nm3)
Oxidized Mercury 

(µg/Nm3)

#1 1.34 (100%) 0.96  (72%) 0.38 (28%)
#4 3.01(100%) 2.62  (87%) 0.39 (13%)

Figure 3. The annual operating data of the Tekran 3300 Hg-CEMs from March 2012 to February 2013. Tekan 3300 Hg-CEMs is an online 
system. It monitors the mercury emissions and calculates the average mercury emission concentration, which is converted with 6% oxygen.
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ably, this is the reason of low correlation. In the unit 
4# with EPS for dust collection, the mercury emission 
concentration affects greatly by mercury content in the 
raw coal.

CONCLUSIONS

The data collected in the whole-process mercury 
emissions in 2012 in two coal-fired power plants 
with the manual sampling showed that: (1) the ratio 
of the mercury balances in the two units were 75.6% 
and 87.8% respectively; (2) the existing air pollutant 
control devices in the two power plants had certain 
mercury removal capability, and the mercury removal 
efficiency of dust collector plus Wet-FGD was more 
than 50% on average; (3) In the unit 4#, ESP for dust 
collection, mercury content of coal and total mercury 
emission concentration in flue gas is high correlation.

To better understand the characteristic of Hg emis-
sions from coal-fired power plants in China, there is 
a need to collect long time continuous data to evalu-
ate the mercury emissions speciation profiles and the 
mercury emissions factor. The long time Hg-CEM 
data showed that: (1) The annual average emission 
concentration of Hg2+ in #1 Unit was close to that 
in the #4 Unit. However, the emission concentration 
of Hg0 in #4 Unit was 2.62 µg/Nm3, two times more 
than that in #1 Unit. The Hg0 was removed by the 
Fabric Filter, whose efficiency was two times more 
than the ESPs. (2) In the coal-fired power plants, coal 
types along with APCD have a significant influence 
on the mercury emissions. In 1999, the coal-fired 
power plants in China were seldom equipped with 
flue gas purification devices. But nowadays they 
have high efficiency dust collector and Wet-FGD. 
At present, the coal-fired power plants in China of-
ten burn many kinds of coal in order to get a good 

Impact of Coal Types

We sampled the raw coal in the two power plants 
from April to September in 2012. The data shows the 
average mercury content in raw coal in the power plant 
was 73 µg/kg (Figure 4). Moreover, the mercury content 
varied in the different coal types in power plants. The 
average mercury content is lignite 0.221 mg/kg (range 
from 0.102–0.309 mg/kg), bituminous coal 0.045 mg/kg 
(range from 0.00–0.213 mg/kg), subbituminous coal 
0.132 mg/kg (range from 0.019–0.532 mg/kg), anthra-
cite coal 0.196 mg/kg (range from 0.085–0.437 mg/kg). 
The Halogen content varied in different coal types in 
the power plant. The average Halogen content are lig-
nite Cl 238 mg/kg, Br 74 mg/kg, bituminous coal (0.045 
mg/kg), subbituminous coal (0.132 mg/kg), anthracite 
coal (0.196 mg/kg) (Department of Environmental Sci-
ence and Engineering Tsinghua University, Reducing 
mercury emissions from coal combustion in the energy 
sector United Nations Environment Program).

At present, the coal-fired power plants in China 
often burn many kinds of coal together to get a good 
economic benefit, and the mercury emissions are in 
positive correlations with the mercury content in the 
coal. As the coal type changes, the mercury emissions 
will change too. This is because mercury content in the 
raw coal changes substantially from 40 to 102 µg/kg. 
There is much difference in the correlation coefficient 
between mercury content of coal and total mercury 
emission concentration in flue gas in unit 1# and unit 
4# (Figure 4). In the unit 4 that uses ESP for dust col-
lection, the correlation is 0.903, which is much higher 
than that in unit 1#, which uses Fabric Filter for dust 
collection. As mentioned before, fabric filter capture 
mercury in a more efficient way due to unburned car-
bon. The percentage of unburned carbon changes in 
different mixed coals and different fire modes. Prob-

Figure 4.  Correlations between mercury content of coal and total mercury emission concentration in flue gas.
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economic benefit, and the average mercury con-
tent in the mixed coal in the two power plants is 73  
µg/kg (40–102 µg/kg).This is one of the two reasons 
for lower mercury emissions in two power plants.
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ABSTRACT: Recovering aluminum from coal fly ash (CFA) is a practical option for its 
value-added utilization. The alkali activation of CFA with Na2CO3 was carried out using 
two heating methods: the conventional heating (CH) and microwave heating (MWH). 
Compared to CH, MWH enhanced the atomic diffusion and mass transportation in the 
CFA-Na2CO3 mixture, accelerated the decomposition of mullite and the formation of the 
soluble Al-containing materials, thus greatly reducing the sintering temperature and dra-
matically shortening the activation reaction time. Under the moderate activation condi-
tion in MWH (700°C and 20 min), the aluminum extraction could reach 95.52% or more.

INTRODUCTION

COAL FLY ASH (CFA), a well-known industrial by-
product, is increasingly spewed out mainly from 

coal-fired power plants, and also partly from the smelt-
ing, and chemical industries [1,2]. Currently, the an-
nual generation of CFA is estimated more than 750 
million tons all over the world [1–4]. In China, the 
annual generation is still increasing and anticipated to 
reach 580 million tons by 2015 [4], due to the rapid 
growth of industries. At present, the utilization of CFA 
is mainly concentrated in some low and medium value 
applications such as concrete production [4], soil ame-
lioration [4–7], ceramic industry [8–10], mineral filler 
[11] and so on. Moreover, the utilization rate is very 
low [1,4], and so a large proportion of CFA is gener-
ally dumped in lands without further treatments [1,4], 
which not only results in the occupancy of vast lands, 
but also causes serious pollution of soil, water, air and 
even organism [1,4,12,13]. Therefore, the efficient, 
safe and high value disposal of CFA is highly desired.

Extracting aluminum from CFA is a practical option 
since CFA contains about 10–55% (by mass) of Al2O3 
[14–18]. Especially, high-aluminum CFA (40–50%) 
has been found in southern Inner Mongolia, northern 
Shanxi and the Shaanxi province of China [4,19–20]. 
The proven high-alumina coal reserve in Inner Mongo-

lia is approximately 50 billion tons [4]. So, it is estimat-
ed that about 15 billion tons of high-alumina CFA will 
be produced, namely, about 5 billion tons of alumina 
can be recovered [4]. This huge number is equivalent 
to 12 billion tons of bauxite, which is the 3.2 times 
as abundant as the proven bauxite resources in China 
[4]. These are especially important for China since it 
depends so much on the import of bauxite [4], mainly 
from Indonesia and Australia, to meet the demand for 
alumina. Therefore, several newly revised regulations 
have been issued by the state and local government 
to encourage the recovery of alumina from this high-
alumina CFA and then the comprehensive utilization 
[4,19].

CFA mainly consists of mullite, quartz and other 
amorphous phases [1,20]. As the major form of alumi-
num in CFA, the mullite is very stable and generally 
considered a non-reactive reactive matter [1,20–21]. 
Owing to these, it is a stiff task to efficiently extract alu-
minum from CFA via the conventional Bayer Process 
and direct acid leaching method only after a vigorous 
treatment through some methods [1,20,22–24]. The al-
kali activation of CFA, namely, the CFA is mixed with 
certain alkaline activators (such as NaOH, Na2CO3, 
Lime and calcium oxide), then calcined at high tem-
perature (1000–1200°C) [25–26], has been extensively 
used to motivate the reactivity of CFA to improve the 
aluminum extraction [1,25,27–28]. Although some 
competitive development and improved aluminum ex-
traction have been achieved with the help of this acti-*Author to whom correspondence should be addressed.  
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vation [1,27–28], the large amounts of additive and the 
high energy consumption are still the major obstacles 
hindering the large-scale applications [1,19,27–28]. To 
solve these problems, the improvement of heating ef-
ficiency is essential.

In light of these, the advance and development of 
microwave technology open up new opportunities. 
Generally speaking, microwave heating (MWH) is 
a process that can couple electromagnetic field with 
materials to convert into thermal energy [19,29]. It is 
widely accepted that MWH can enhance the diffusion 
and mass transportation in solids [30–32], thus low-
ering the energy barrier of reaction. Owing to these, 
MWH has many advantages, including lower energy 
consumption, a faster heating rate and less processing 
time [19,33–36], and been frequently applied in the 
processes of energy-saving sintering [19,37–39].

The MWH was therefore introduced into the  
Na2CO3-activation system of high-aluminum CFA (ob-
tained from Inner Mongolia) in the present study, and 
then followed by the leaching with dilute hydrochloric 
acid. The effect of activation temperature and holding 
time on the extraction efficiency of alumina were stud-
ied in detail. To highlight the superiority of MWH, the 
conventional heating (CH) with the muffle furnace was 
also used for Na2CO3-activation system. Many analy-
sis techniques such as TG-DSC, XRD, XRF and SEM 
were used to follow the changes in the physic-chemical 
properties of CFA before and after the Na2CO3-activa-
tion.

EXPERIMENTAL

Materials and Instruments

CFA samples used in this study were obtained from 
the coal-fired power plant in Inner Mongolia, China. 
The hydrochloric acid (HCl, Shanghai reagent Facto-
ry) and sodium carbonate (Na2CO3, Shanghai reagent 
Factory) are analytical grade reagents.

The microwave furnace [37], equiped with a sin-
gle-mode continuous controllable power, was used 
for MWH. A microwave frequency of 2.45 GHz was 
applied and the output power is controlled within the 
maximum of 2 kW. The activation temperature was 
measured with thermocouple, and controlled by vary-
ing the input microwave power. For comparison, the 
muffle furnace (YFX12/16Q-YC, Y-feng, China), was 
also used for CH experiments. Water bath magnetic 
stirrer (DF-101S, YUHUA, China) was used in the 
leaching process.

Processing Procedure

CFA samples were firstly dried at 70°C for 2 h to 
eliminate the effect of relative humidity, and then 
mixed with Na2CO3 (the weight ratio of Na2CO3/CFA 
was 1:1). This mixture was soaked with a little of de-
ionized water, and then cured at room temperature for 
2 h. After these, the muffle furnace or the microwave 
furnace was used to roast the mixture. Then, the grinded 
mixture was leached with HCl of 6 mol/L at 363 K for 
60 min, using the Solid/Liquid ratio of 1:10. Finally, The 
Al concentration of leaching solution was analyzed by 
ICP-OES (Prodigy, Leeman, USA). The extraction ef-
ficiency was expressed by the following formula:
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Where η is the extraction efficiency of aluminum, 
mF(Al2O3) denotes the mass of Al2O3 in leaching so-
lution, mSCFA(Al2O3) denotes the mass of Al2O3 in 
activation coal fly ash before leaching, C(Al3+) is the 
Alumina concentration in leaching solution, and V(F) 
denote the volume of leaching solution.

Analysis

The phase analysis was carried out on an automated 
power X-ray diffractometer (TTRAX III, RIGAKU, Ja-
pan) with Cu Ka radiation, at 40 kV and 700 mA. The 
scan ranged from 10° to 90° at the speed of 10°/min. 

TG-DSC was carried out in a Simultaneous thermal 
analyzer (STA 449 F3 Jupiter, NETZSCH, Germany) 
in an argon atmosphere. The sample loading was 10 
mg and the heating rate was 5°C/min.

Chemical composition of CFA was analyzed by X-
ray fluorescence analyzer (1800, SHIMADZU, Japan), 
at 40 kV and 95 mA, with the prt of 8 ml/min.

Particle size distribution of CFA raw material was 
analyzed by Laser particle size analyzer (Rise-2002, 
RISE, China).

RESULTS AND DISCUSSION

The Physic-chemical Properties of Raw CFA

CFA is one of the most complex materials [4,41]. 

(1)
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The insight into the chemical and mineralogical prop-
erties of CFA is critical for the extraction of alumina.

The chemical composition of CFA measured by 
XRF showed that the weight contents of SiO2, Al2O3, 
Fe2O3 and CaO were 37.47%, 46.22%, 5.05% and 
3.17%, respectively, indicating that this CFA is a kind 
of high-alumina ones. 

The XRD pattern of the raw CFA (Figure 1) ex-
hibited that only strong peaks assigned to Al6Si2O13 
(mullite) and SiO2 (quartz and amorphous silica) had 
been detected by XRD. No other phase had been 
found. 

The particle size distribution of CFA was also inves-
tigated. D5 = 3.47 µm, D10 = 4.47 µm, D25 = 7.68 µm, 
D50 = 15.80 µm, D75 = 27.14 µm, D90 = 38.93 µm, 
D99 = 61.10 µm, the max calculus distribution was got 
at the size of 20.71 um. This particle size distribution 
is beneficial to alkali activation reaction.

Thermal Treatment of CFA- Na2CO3 Mixture

The thermal treatment of the CFA-Na2CO3 mixture 
was investigated by TG-DSC analysis, and the corre-
sponding TG-DSC curves were showed in Figure 2. 
Two main steps of mass loss could be found. The first 
mass loss of 4.8% at 60–130°C region, accompanied 
with an endothermic peak centered at 80°C in DSC 
profile, was ascribed due to the removal of adsorbed 

water [1,41]. The second mass loss of 21.6% occurred 
in the temperature range of 550–920°C, correspond-
ingly, there appeared a series of exothermic and endo-
thermic peaks in the DSC curve. It was reported that 
only an exothermic peak. due to the combustion of un-
burnt carbon in CFA [1,42], could be found in the this 
temperature range. Therefore, these complicated peaks 
indicated that very complicated reactions might take 
place between CFA and Na2CO3 [1,42], which were in 
favor of the decomposition of mullite and then the im-
provement of alumina extraction in the following acid-
leaching [1].

As well, the capability of the CFA-Na2CO3 mixture 
to absorb microwave energy was studied in detail. As 
Figure 2 shown, the temperature-rise process of the 
CFA-Na2CO3 mixture in microwave field could be di-
vided into two stages: 18–400°C and 400–900°C. The 
average heating rate was 40.6°C/min in the first stage, 
and then rapidly increased to 249.5°C/min in the sec-
ond stage. These phenomena could be explained as fol-
low. As known from XRD result, mullite, quartz and 
amorphous silica were the main phase of CFA. The 
microwave energy was adsorbed firstly by the amor-
phous silica due to the selective heating of microwave 
[19,43], since quartz is microwave transparent, and the 
microwave absorption capacity of amorphous silica is 
much better than those of mullite and Na2CO3 [19,43]. 

Figure 1. XRD patterns of sintered CFA under different conditions. 
A: NaAlSiO4; B: Na2SiO3; C: Al2O3; D: Na2CO3; E: Al6Si2O13; F: SiO2.

Figure 2. TG-DSC and temperature-rise curves of the CFA-Na2CO3 
mixture in microwave.
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Alkali Activation of CFA with MWH and CH

Heating temperature is one of the most important 
parameters since the low temperature may result in 
the incomplete activation of CFA and then the reduced 
extraction efficiency, while the high temperature may 

After heating the mixture to 400°C, the amorphous 
silica reacted with mullite and Na2CO3 to form a new 
material, which has a stronger microwave absorption 
capacity [19]. These might contribute to the great in-
crease of the heating rate in the second stage, which in 
turn accelerated the activation of CFA.

Figure 3. SEM images of CFA-Na2CO3 mixture sintered under different conditions. (a) and (b): heated at 600°C for 90 min by CH; (c) 
and (d): heated at 600°C for 20 min by MWH.
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lead to the high energy consumption. To obtain the 
appropriate heating temperature, several alkali acti-
vation experiments were performed within the tem-
perature range of 600–1000°C. Correspondingly, the 
heating time for CH and MWH was 60 min and 20 
min, respectively.  As expected, the aluminum extrac-
tion efficiency increased with temperature for both 
MWH and CH. Moreover, the aluminum extraction 
efficiencies of MWH were much higher than those 
of CH, especially for the lower temperature. For ex-
ample, 71.34%, 95.52%, 96.42%, 96.87% and 97.06% 
were obtained at temperature of 600°C, 700°C, 800°C,  
900°C, 1000°C, respectively, under MWH, compared 
to 33.28%, 48.63%, 71.71%, 95.10%, 96.11% under 
CH, respectively. The results showed the overwhelm-
ing advantage of MWH with respect to CH.

Considering the great difference in aluminum ex-
traction efficiency at 600°C by the two methods, the 
changes of CFA in the phase and morphology were 
studied.

As seen from Figure 1, Na2CO3 and NaAlSiO4 are 
the main phase after activation of CFA by Na2CO3 us-
ing MWH at 600°C, while NaAlSiO4, Na2CO3 and 
Al6Si2O13 (mullite) could be identified under CH at 
600°C. Clearly, the amount of NaAlSiO4 was much 
higher for MWH. It could be concluded easily that 
MWH was much more beneficial to the decomposition 
of mullite to extract more alumina.

Important information could be also obtained from 
the SEM results, as depicted in Figure 3. Obviously, a 
considerable difference in morphology was observed 
over CFA-Na2CO3 mixture, activated by CH and 
MWH, respectively. After activation with CH [Figure 
3(a) and 3(b)], the mixture mainly consisted of isolated 
particles with the irregular shape, and no significant 
fused phase could be found. Moreover, a lot of small 
particles attached diffusely over the surface of the mix-
ture [Figure 3(b)], implying the incomplete activation 
of CFA. On the contrary, after activation with MWH 
[Figures 3 (c) and 3(d)], the fused phase was seen no-
ticeably, indicating the thorough reaction between CFA 
and Na2CO3 [19]. These might be due to the fact that 
microwave enhanced the atomic diffusion and mass 
transportation in the mixture, and improved the heat-
ing efficiency, thus promoting the efficient activation 
reactions and increasing aluminum extraction effi-
ciency.

Also, in view of the similar aluminum extraction 
efficiency obtained at 900°C by CH and at 700°C by 
MWH, the crystalline structure of the mixture on the 
above two conditions was further studied. As Figure 1 

Figure 4. XRD patterns of CFA-Na2CO3 mixture sintered with differ-
ent time by MWH. A: NaAlSiO4; B: Na2SiO3; C: Al2O3.

shown, NaAlSiO4, Na2SiO3 and Al2O3 could be identi-
fied for the both samples, accompanied with the disap-
pearance of Na2CO3 and mullite. The similar crystal-
line structure implied that MWH had the much higher 
heating efficiency than CH.

The effects of duration time on aluminum extraction 
efficiencies were investigated by changing duration 
time at 900°C for CH and 700°C for MWH, respec-
tively. For MWH, the alumina extraction efficiency 
increased from 78.51–95.52% as the duration time in-
creased from 5 min to 20 min, then, it reached a plateau 
as the duration time was 20 min and 30 min. Similar 
phenomenon was observed for CH, the alumina extrac-
tion efficiency rapidly increased from 58.42–95.10% 
with the duration time from 10 min to 60 min, followed 
by a plateau within the time range of 60–100 min. 
Clearly, the very efficient activation reaction between 
Na2CO3 and CFA could be achieved in the short time 
when MWH was used.

Figure 4 showed the XRD patterns of Na2CO3-CFA 
mixture after activation by MWH with different time. 
No diffraction peak assigned to Na2CO3 and Al6Si2O13 
(mullite) could be seen, suggesting the complete de-
composition of mullite even when very short duration 
time (5 min) was used. The diffraction peaks corre-
sponded to the soluble NaAlSiO4 were clearly visible, 
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moreover, the intensities of these peaks increased with 
the duration time, implying the more amount of NaAl-
SiO4 with increased duration time. These findings were 
consistent with the above Al leaching results. Addition-
ally, a small amount of Al2O3 formed after activation 
with duration time above 20 min. These XRD results 
further confirmed the efficient activation of CFA by 
Na2CO3 with MWH in the short time.

CONCLUSIONS

The comparative study of the MWH and CH for 
activation of CFA by Na2CO3 was carried out in this 
paper. According to the experimental and character-
ization results, a high aluminum extraction efficiency 
(> 95.52%) and the complete decomposition of mull-
ite into NaAlSiO4, Na2SiO3 and Al2O3 could been 
achieved at a moderate temperature (700°C) in short 
time (20 min) when MWH was used; as for CH, a 
much higher temperature (900°C) and longer time (60 
min) were needed to successfully activate the CFA 
to obtain the equivalent aluminum extraction. These 
could be due to the fact that MWH, compared to CH, 
improved the heating efficiency, enhanced the atomic 
diffusion and mass transportation in the CFA-Na2CO3 
mixture, accelerated the decomposition of mullite and 
the formation of the soluble Al-containing materials. 
Therefore, MWH is a promising technique for the acti-
vation of CFA to recovery aluminium.
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ABSTRACT: The purpose of this study was to compare the effects of two herbage 
crops (awnless brome and alfalfa) on the removal of high molecular weight polycyclic 
aromatic hydrocarbons (HMW-PAHs) in sludge, including 9 PAHs. The results showed 
that Awnless brome and alfalfa had similar removal percentages for the total Σ9 HMW-
PAHs in the sludge, which were 85.75% and 85.08%, respectively. However, these two 
plants were different in the removal percentages of individual PAHs, for example, awn-
less brome had higher removal percentages for the 4-ring compounds (Pyr, BaA, Chry, 
BbF and BKF), while alfalfa showed higher removal percentages for the 5-ring and 6-ring 
compounds (BaP, DbA, Bghip and InP). The activities of catalase and polyphenol oxi-
dase in the sludge planted with alfalfa were significantly higher than those in the sludge 
with awnless brome, while the activities of dehydrogenase in these two kinds of sludge 
were opposite. In conclusion, awnless brome and alfalfa could be directly used for the 
remediation of HMW-PAHs-polluted sludge, and awnless brome inclined to degrade the 
HMW-PAHs with 4 rings, while alfalfa tended to degrade the HMW-PAHs with 5 and 6 
rings.

1. INTRODUCTION

WITH rising treatment rate of urban sewage, the 
residual sludge is rapidly increasing. Higher 

PAHs content in industrial wastewater sludge was 
found, some of which even reached 2000 mg/kg [1]. 
PAHs have strong carcinogenic effect, so that many 
countries have listed PAHs in the blacklist of prior-
ity pollutants, in which high molecular weight PAHs 
(HMW-PAHs) were more poisonous and risky in the 
environment than low molecular weight PAHs. In the 
applied process of agricultural sludge, the PAHs in the 
sludge endanger the safety of farm field [2]. There-
fore, reduction of PAHs in the sewage sludge to a safe 
level is particularly urgent in China. However, the 
most widely used removal approach of sludge PAHs 
is concentration-digestion-dehydration-compost or 
landfill process [3], and the PAHs in the sludge can-
not be effectively removed, especially the HMW-

PAHs are more difficult to degrade. Numerous studies 
have shown that some plants can be used to repair the 
PAHs-contaminated soil [4], whereas the efficacy var-
ies greatly among plant species [5]. Phytoremediation 
has shown promise as a potentially effective and low-
cost treatment option. However, there were only a few 
reports about using plants to degrade PAHs in sludge 
ecosystem [6]. We had shown in a previous study that 
alfalfa and awnless brome (Smooth bromegrass) have 
stronger resistance to the PAHs-polluted sludge [7,8]. 
The objective of this study was to explore the abilities 
of awnless brome and alfalfa to degrade HMW-PAHs 
in the sludge. The changing rules of enzyme activities 
in the sludge planted with these two grasses were dis-
cussed in order to understand their potential mecha-
nism of phytoremediation on PAHs.

2. MATERIALS AND METHODS

2.1. Materials

Sludge was taken from domestic wastewater treat-*Author to whom correspondence should be addressed.  
E-mail: yangzhixin@126.com 
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ment plant in Baoding, China. The sludge was then air-
dried and sieved through a 2 mm mesh to remove rocks. 
The nutrient levels of the sludge were 23.47 g·kg–1 of 
total N, 0.6993 g·kg–1 of available P and 3.8634 g·kg–1 
of available K. The seeds of awnless brome and alfalfa 
were purchased from Jingjingyuanyi Seed Company.

2.2. Experimental Design

The measured initial total HMW-PAHs concentra-
tion in the sludge was measured as 1235.83 µg·kg–1, 
including 9 PAHs as follows: pyrene (Pyr) (181.94 
µg·kg–1), chrysene (Chry) (223.65 µg·kg–1), benzo[a]
anthracene (BaA) (85.34 µg·kg–1), benzo[b]fluor-
anthene (BbF) (62.95 µg·kg–1), benzo[k]fluoran-
thene (BKF) (240.43 µg·kg–1), benzo[a]pyrene (BaP) 
(60.45 µg·kg–1), dibenzo[a,h]anthracene (DbA) (43.84 
µg·kg–1), benzo[ghi]perylene (Bghip) (80.19 µg·kg–1) 
and indeno[1, 2, 3-cd]pyrene (InP) (257.02 µg·kg–1). 
Then, the air-dried and sieved sludge were packed 
into greenhouse pots (1.5 kg dry weight per sludge 
pot), which was 15 × 20 cm (diameter × height) in 
size. These pots were then moved to the greenhouse of 
Agriculture University of Hebei in China and kept for  
7 days at 60% of field water capacity before transplant-
ing seedlings. The temperature of the greenhouse was 
20–23°C in the day and 17–19°C in the night. 

Alfalfa and awnless brome were chosen as the plant 
species in the study. Seeds of each plant were germi-
nated and grown on moist perlite in growth chambers 
and the seedlings were transplanted to the greenhouse 
pots after 10–15 days of germination. Six seedlings of 
alfalfa or awnless brome in each pot were transplanted. 
Treatments in this trial were set as follows: (1) sludge 
without plants (CK); (2) sludge with alfalfa (AS); (3) 
sludge with awnless brome (BS). Each treatment was 
performed in triplicate. Seedling transplanting date was 
considered as the starting time of the experiment. After 
five months of plant growth, the sludge and plants were 
sampled. The planted and unplanted sludge were care-
fully collected, homogenized and each sludge sample 
was divided into two parts, one of which was placed in 
a small plastic bag at 4°C was used immediately for en-
zyme activities analysis. And the second was air-dried 
at room temperature under ventilated and near-dark 
conditions, ground, and then sieved through 1-mm 
mesh. The shoots of the plants were harvested, washed 
in tap water followed by distilled water, then freeze-
dried. Dry sludges and shoots of the plants samples 
were stored in polyethylene Ziploc bags at 4°C in the 
dark prior to PAHs analysis. 

2.3. Plant and Sludge Analysis

2.3.1. PAHs Analysis of the Plants and Sludge

Sample extraction: sludge (20 g) and plant samples 
(15 g)s were extracted for 16 h with an extraction sol-
vent of hexane and acetone (50:50, v/v) in a Soxhlet 
apparatus. After reducing these extracts to 1 mL 
through rotary evaporation as well as nitrogen pressure 
blowing at 60°C, and then silica chromatography col-
umns were used to purify the samples. The final frac-
tion of 1 mL was transferred to a 2 mL vial capped with 
a Teflon-lined septum ready for PAH analysis using 
7890A-5975C (Agilent, USA) equipped with a Agilent 
HP-5MS chromatographic column [7,9]. All detectable 
PAHs concentrations were reported as µg·kg–1 (dry 
wt.). 

All samples were subjected to strict quality control 
procedures. 20 µl (10 µg/ml) P-Terphenyl-d14 and  
20 µl (10 µg / ml) 4-bromo-2-fluoro-biphenyl are add-
ed in the sludge sample prior to the extraction, which is 
used to evaluate the recovery efficiency of experimental 
analysis. The chrysene-d12 and perylene-d12 added in 
the study are used as internal standards for HMW-PAH 
analysis, which each of 5 µl (40 ng/µl) is added in 1ml 
extract solution [11]. Statistical significance was evalu-
ated using SPSS version 10.0 with one-way analysis 
of variance (ANOVA) and least significant difference 
(LSD) tests for comparison of treatment means with  
P < 0.05. 

2.3.2. Analysis of the Enzyme Activities in  
the Sludge

Urease (UR) activity was measured as described by 
Kandeler and Gerber [10]. The activity was expressed 
as micrograms of hydrolyzed substrate per hour at  
30°C by 1 g of dried sludge. Catalase (CAT) activity 
was measured with the standard method, potassium 
permanganate titration [11]. One unit of catalase ac-
tivity decomposed 1.0 µmole H2O2 per minute (pH 
7.0, 25°C). The polyphenol oxidase (PPO) activity 
was measured by the method described by Kunwar 
and Khan [12]. The amount of purpurogallin formed 
was estimated by measuring the absorbance at 420 nm. 
The activity was expressed as per minute per gram of 
soil fresh weigh. Dehydrogenase (DH) assays were 
performed using soluble tetrazolium salt (TTC) as an 
artificial acceptor [13], and the activity was defined as 
micromoles of substrates transformed per hour at 30°C 
by 1 g of dried sludge. 
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2.4. Calculation

2.4.1. Final Removal Percentage of the PAHs  
in the Sludge 

Removal percentage = (Initial PAHs concentration 
of sludge – PAHs residual concentration of sludge after 
five months of plant growth)/ Initial PAHs concentra-
tion of sludge × 100 %

2.4.2. Accumulation Contribution Percentage of the 
Plant Shoots

Accumulation Contribution percentage = (HMW-
PAHs content in plant shoots of each pot × dry weight 
of plant shoots in each pot) / [(Initial PAHs concentra-
tion of sludge – PAHs residual concentration of sludge 
after five months of plant growth) × dry weight of 
sludge in each pot] × 100 %.

3. RESULTS AND DISCUSSION

3.1. HMW-PAHs Accumulation in Alfalfa and 
Awnless Brome Shoots

After five months growth, the HMW-PAHs accumu-
lated in the alfalfa and the awnless brome shoots were 
presented in Table 1. The total amounts of 9 HMW-
PAHs that accumulated in the alfalfa biomass were 
significantly higher than that in the awnless brome. 
However, the contents of respective HMW-PAHs that 
accumulated in the two plants were significantly dif-
ferent. Higher concentrations of Pyr, BaA, Chry were 
observed in the shoots of alfalfa than those in the awn-
less brome shoots, while higher concentrations of BbF, 
BkF, BaP, DbA were observed in the shoots of awnless 
brome. In addition, the concentrations of BghiP and InP 
in the shoots of alfalfa and the awnless brome were not 
significantly different. The percentages of respective 
HMW-PAHs were significantly different in the alfalfa 
by LSD test, which were in the order of Pyr (84.2%) 

> Chry (7.21%) > BaA (3.84%) > BkF ≈ BaP (1.33%, 
1.47%) > BbF ≈ DbA ≈ BghiP ≈ InP (0.54 ~ 0.59%). 
Similarly, those in the awnless brome were also signifi-
cantly different, but were in the order of Pyr (55.2%) > 
DbA (22.32%) > Chry (9.84%) > BkF ≈ BaP (3.36%, 
3.41%) > BaA (2.2%) > BbF (1.77%) > BghiP ≈ InP 
(0.95%). The results showed that pyrene was the most 
easily to be absorbed by the two plants among all these 
HMW-PAHs. Moreover, great variations of the HMW-
PAHs concentrations in the shoots were observed be-
tween the two plants, which should be resulted from 
the plant properties.

As shown in Figure 1, alfalfa shoot contained a 
higher percentage of 4-ring PAHs (96.9%) than awn-
less brome (72.4%), while awnless brome contained 
a higher portion of 5-ring PAHs (26.7%) than alfalfa, 
whereas the bioaccumulation of 6-ring PAHs was low-
er than 1% in both plants. For both alfalfa and awnless 
brome shoots, the bioaccumulation decreased with the 
increasing aromatic ring-numbers, which was in con-
sistent with the results from Michael H. et al. (2009) 
[14]. Moreover, identification of the HMW-PAHs in 
the shoots indicated that the PAHs must have been ac-
tively translocated from the sludge to the shoots, espe-
cially for the 4-ring PAHs.

Figure 1. Percentage  of PAHs with  different  rings  to Σ9 PAHs  in 
Alfalfa and Awnless Brome.

Table 1. The Contents of HMW-PAHs and Percentages of Respective HMW-PAHs  
in the Total Σ9 PAHs in the Awnless Brome and Alfalfa.

HMW-PAH Type Pyr BaA Chry BbF BkF BaP DbA BghiP InP Sum

PAHs content in alfalfa (µg/kg) 156.04 7.11 13.37 1.10 2.46 2.73 1.02 1.00 1.00 185.83
The percentage of each PAH in alfalfa (%) 84.20a 3.84c 7.21b 0.59e 1.33d 1.47d 0.55e 0.54e 0.54e
PAHs content in awnlessbrome (ug/kg) 58.08 2.32 10.36 1.86 3.54 3.59 23.49 1.00 1.00 105.24
The percentage of each PAH in awnless brome (%) 55.2a 2.20e 9.84c 1.77f 3.36d 3.41d 22.32b 0.95g 0.95g
Notes: Values in each row followed with different capital letters (a, b, c, e, d and g) indicated significant differences among the percentages of respective HMW-PAHs in the total 
Σ9 PAHs (p < 0.05) .
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respectively 61.87% and 87.24% for the 6-ring PAHs, 
Bghip and InP by awnless brome, which was 13.34% 
and 7.82% lower than alfalfa (Figure 2). Overall, awn-
less brome treatments had a 6.7% higher removal per-
centages for the total 4-ring PAHs than alfalfa, while 
the removal percentages for the total 5-ring and 6-ring 
PAHs by alfalfa were 13.3% and 9.1% higher than 
awnless brome, respectively. 

Although the accumulation of HMW-PAHs in the 
two plant tissues was obvious, the PAHs amounts ex-
tracted from each plant only accounted for 0.075% and 
0.20% of the total removal amounts of Σ9 HMW-PAHs 
by alfalfa and awnless brome, respectively (Table 3). 
However, despite the fact that the total content of  
Σ9 HMW-PAHs that accumulated in alfalfa was sig-
nificantly higher than that in the awnless brome, the 
contribution ratio of awnless brome uptake to sludge 
PAHs removal amount was larger than alfalfa because 
of its higher dry weight biomass after 5 months of 
growth. For each HMW-PAH, awnless brome also had 
a higher accumulation contribution percentage com-
pared with alfalfa. The contribution percentage of DbA 
absorbed by awnless brome from the sludge was the 
highest among all the HMW-PAHs, which was up to 
1.45%. All these results suggested that the accumula-
tion of HMW-PAHs in the plant tissues was negligible 

3.2. Removal Percentages of HMW-PAHs from the 
Sludge by Awnless Brome and Alfalfa

After five months of plant growth, the concentra-
tions of each PAH in AS and BS treatments were sig-
nificantly lower than those in CK (Table 2). So, signifi-
cantly higher PAH degradation percentage were found 
in treatments with plant growth (Figure 2). These re-
sults agreed with the conclusion of Cui [15]. Overall, 
there was a similar removal percentage for the sum of 
Σ9 HMW-PAHs from the sludge, which were 85.08% 
of the total PAHs removed by the alfalfa and 85.75% 
by the awnless brome. The removal percentage of the 
awnless brome was just 0.67% higher than that of the 
alfalfa (Figure 2). 

Compared the removal percentages of respective 
HMW-PAHs between the two plants (Figure 2), for 
the 4-ring compounds, 88.38% of Pyr, 93.49% of BaA, 
89.86% of Chry, 83.42% of BbF, and 90.43% of BkF 
was respectively removed from the sludge planted with 
awnless brome after 5 months, which was respectively 
14.44%, 3.89%, 4.842%, 5.61%, 3.75% higher than 
alfalfa. For the 5-ring PAHs, the removal percentages 
of BaP and DbA by awnless brome was 68.95% and 
74.72%, which was 6.27% and 23.0% lower than those 
by alfalfa respectively. The removal percentages were 

Table 2. The Contents of PAHs in All Treatments After Five Months of Plant Growth (µg/kg).

Treatments Pyr BaA Chry BbF BkF BaP DbA BghiP InP Σ9 PAHs

CK 100.07a 85.04a 210.23a 62.32a 187.54a 56.22a 32.26a 58.54a 179.91a 972.13a
AS 47.42b 8.88b 33.51b 13.97b 32.02b 14.98b 1.00c 19.88c 12.70c 184.36b
BS 21.14c 5.56b 22.69c 10.44b 23.01b 18.77b 11.08b 30.58b 32.79b 176.05b

Notes: Values in each column followed with different capital letters (a, b and c) indicated significant differences among the percentages of respective HMW-PAHs contents (p < 0.05).

Figure 2.  The removal percentage of Single PAH and Sum of Σ9 PAHs. Averages and standard errors of three replicates are shown.
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to the total remediation. These results agreed with the 
conclusion of Gao [16], who concluded that enhanced 
dissipation of PAHs in planted soil was mainly because 
of the plant-promoted biodegradation, but the contribu-
tion of plant uptake and accumulation was negligible. 
Plants may contribute to the biodegradation of organic 
compounds through increasing the microbial numbers 
[17], promoting the microbial activity [18] and modi-
fying the microbial community in the rhizosphere [18], 
and thus cause the massive input of easily degradable 
organic substances, the improvement of physical and 
chemical soil conditions, and increased humidity and 
adsorption of pollutants in the rhizosphere. The plant-
promoted biodegradation of HMW-PAHs in the sludge 
should be the comprehensive results of the above fac-
tors in this study.

3.3. The Changing Rules of Enzyme Activities in 
the Sludge

To find out the reasons causing the difference of 
HMW-PAHs degradation percentages in the sludge 
with the two plant treatments, microbial extra-cellular 
enzyme activity was monitored at the end of the exper-
iment (Table 4). Results showed that significant differ-
ences were observed for the activities of PPO and CAT 
between awnless brome and alfalfa planted sludge. The 
activities of PPO (2.80) in the alfalfa planted sludge 
were significantly higher than the awnless brome plant-
ed sludge (1.62), whereas the activity of DH (12.15) 
was lower significantly than awnless brome (22.13). 
However, there was no significant difference for the 
UR and CAT activities between the awnless brome and 
alfalfa treatments.

The difference in the removal of different HMW-
PAHs may be caused by the different activities of en-
zymes in the rhizospheric areas. The removal percent-

ages of awnless brome for PAHs with 4 rings were 
obviously higher than alfalfa, which may be related 
to DH whose activity was significantly higher in the 
sludge at the presence of awnless brome. In addition, 
DH typically occurs in all intact, viable microbial cells, 
and is usually related to the presence of viable micro-
organisms and their oxidative capability [13]. There-
fore, it was speculated that awnless brome might ex-
crete some biochemical substances under the stress of 
HMW-PAHs with four-rings, change rhizosphere en-
vironment and the structure of microbial populations, 
stimulate DH activities significantly in the rhizosphere 
which is in favor of 4-ring HMW-PAH issipation. 
Strong correlations between hydrocarbon removal and 
dehydrogenase activity are frequently observed in soil 
condition [19]. Lee et al. [20] found that there was a 
negative correlation between dehydrogenase activity 
and the contents of phenanthrene and pyrene in soil 
condition. However, a positive correlation between de-
hydrogenase activity and the contents of PAHs has also 
been observed in soil condition [21]. The opposite re-
sults in the PAHs contaminated soil might be attributed 
to the differennce of their root exudation.

In this study, alfalfa had 13.3% and 9.1% higher 
removal percentages for the PAHs with 5 and 6 rings 
than awnless brome, respectively. The activities of 
PPO in the presence of alfalfa were higher than those 
in the presence of awnless brome. PPO are very im-
portant oxidoreductase in soils, which can catalyze the 
degradation and transformation processes of aromatic 
compounds [22] and might be related to the degrada-
tion of 5- and 6-ring PAHs. UR and CAT were not sig-
nificantly different between these two kinds of plants, 
indicating the effect of this enzyme on the sludge 
HMW-PAHs degradation was not different in the two 
plant treatments. At present, there have been a lot of 
research on the phytoremediation of soil PAHs pollu-

Table 3. Contributions of Plant Accumulation to the Sludge HMW-PAHs Removal Amounts (%).

Type Pyr BaA Chry BbF BkF BaP DbA BghiP InP Sum

Alfalfa 0.493 0.039 0.030 0.010 0.005 0.025 0.010 0.007 0.002 0.075
Awnless Brome 0.732 0.059 0.104 0.072 0.033 0.175 1.453 0.041 0.009 0.210

Table 4. Enzyme Activities of Sludge in the Different Treatments.

Treatments Urease (UR) Dehydrogenase (DH) Polyphenol Oxidase (PPO) Catalase (CAT)

CK 100.07a 58.54a 179.91a 972.13a
AS 47.42b 19.88c 12.70c 184.36b
BS 21.14c 30.58b 32.79b 176.05b
Note: Values in each column followed with different capital letters (a, b and c) indicated significant differences among different treatments. CAT units: µg TPF g–1 sludge, UR units: 
0.1N KMnO4 ml mL g–1 sludge (20 min), DH units: mg NH4+ g–1 sludge (24 h), PPO units: mg Purple purple theogallin g–1 sludge (2 h). 
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tion, but few were about the PAHs phytoremediation 
in sludge. There are great differences in the physical 
and chemical properties between soil and sludge, so 
the plant repair mechanism for the sludge PAHs needs 
further study because of the complexity of the sludge 
compositions.

4. CONCLUSIONS

Both of awnless brome and alfalfa could be direct-
ly used for the remediation of HMW-PAHs-polluted 
sludge. Awnless brome cultivation had greater poten-
tial to degrade four-ring PAHs from the sludge, while 
alfalfa was better for the degradation of five-ring and 
six-ring PAHs from the sludge. Two plants did uptake 
the HMW-PAHs into the plant parts but the contribu-
tion percentages of plant accumulation to the total re-
mediation were negligible. The activities of PPO and 
CAT in the sludge with alfalfa were higher than those 
in the sludge with awnless brome, while it was oppo-
site for DH, which might correspond to the difference 
of the removal percentages between the two plants. 
Furthermore, based on the removal percentages of the 
two plants, the better way may be awnless brome and 
alfalfa intercropping, for which further studies should 
be carried out in the future. Further research work is 
also required to elucidate the relationship between spe-
cific enzymes activities and the degradation of HMW-
PAHs in sludge.
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ABSTRACT: The effect of initial total solid (TS) concentrations on the volume percent 
of methane and TAN contents from the anaerobic digestion of kitchen waste was stud-
ied in this paper by setting the initial TS as 4 wt%, 5 wt%, 6 wt%, 7 wt%. The inflection 
points of the cumulative biogas productions curve of different initial TS concentration 
took place at day 8,19 day, 17 day, 15 day, 9,20 day, respectively. The concentra-
tions of methane generally rose firstly and then declined except that two different peaks 
(71.54% and 64.31%) of the methane volume percent were observed in day 15 and day 
25 respectively under the condition of initial TS mass fraction of 4 wt%. The maximum 
methane volume percent under the condition of initial TS mass fraction of 5 wt%, 6 wt%, 
and 7 wt% was 76.7%, 73.93%, and 74.32% respectively in day 20. The TAN contents 
increased with the reaction time under the influence of varied initial TS contents. When 
the initial TS content was 4 wt%, 5 wt%, 6 wt%, and 7 wt%, the accumulated total ammo-
nia nitrogen (TAN) content in day 30 was 1830, 2659, 2647, and 3040 mg/L respectively.

INTRODUCTION

THE municipal solid waste (MSW) has surpassed 
490 million tons with economic development 

and urbanization in recent years in China [1]. Kitchen 
waste accounts for 40–60% of MSW [2]. In particu-
lar, in some large cities of China, the output of kitchen 
waste exceeds 1500 tons per day [3]. Other than raising 
swines [4,5], the kitchen waste was treated, together 
with other household wastes, with landfill, compost-
ing and other pathways, which not only occupies vast 
valuable land but also pollutes the surroundings [6–8]. 
Based on the nature of kitchen waste, anaerobic diges-
tion technology has advantages on kitchen waste treat-
ment, such as harmless disposal and co-production of 
clean biogas [9,10].

The anaerobic process has been investigated under 
mesophilic conditions [11,12]. Thefirst step of the an-
aerobic degradation, the hydrolysis, is considered to be 
the rate-limiting step [13]. Xing Wang et al analyzed 
the factors influencing methane production from an-
aerobic digestion of kitchen waste with the response 
surface method. Substrate concentration had the big-
gest influence on anaerobic digestion among the three 

parameters (substrate concentration, ratio between in-
oculum and substrate, and concentration of calcium 
ions) [14]. TAN, as an inhibiting factor, was mainly 
generated from the decomposition of protein and other 
nitrogenous organic matter. Due to the lack of auto-
trophic inorganic-nitrogen-consuming microorganisms 
in anaerobic digestion systems, the generated TAN can 
not be further converted [15,16], causing the accumu-
lation of TAN. Deficiencies in ammonia nitrogen have 
been shown to cause low methane yields due to low 
microbial activity and buffering capacity [17], while 
excessive ammonia nitrogen may inhibit biogas pro-
duction [18]. If put different quantitive material in the 
same volume reactor, The higher material quality, the 
higher the concentration of TAN. Biogas production 
is related to the VS or TS, some scholars believe that 
biogas production is the highest when TS = 4 wt%, but 
some studies have shown that biogas production is the 
highest when TS = 13 wt% [19–21]. Ensiling of crops, 
excess sludge and cattle dung were used in the above 
paper. The material in this research was kitchen waste. 
During the actual operations, favorable factors for the 
anaerobic digestion system should be paid full atten-
tions to. For example, pH is between 6.8–7.2, The best 
temperature is 37°C, every day stirring was performed, 
and the carbon and nitrogen ratio (C/N) is proper [22]. 
For instance, a few reinforcements or techniques could *Author to whom correspondence should be addressed.  
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be adopted to ensure the activity of methane-producing 
bacteria, in order to achieve a higher gas production 
and a smooth anaerobic digestion process, such as, in-
oculum domestication, there are many types of anaero-
bic bacteria cultivation methods, the most important is 
to create anaerobic environment, by adding reducing 
agent to the medium, or removal the free oxygen in 
environment by adopting the method of physical and 
chemical, in order to reduce the redox potential. Fol-
lowed by the reactor insulation, make the system tem-
perature stable, with little fluctuation. Different biogas 
production occurred under the condition of different 
initial material and experiment condition [23–25]. So 
this article selected the TS concentration was 4–7 wt% 
as the main line, to explore the effect to the biogas 
production of the low TS for kitchen waste. The effect 
of initial TS concentrations on the volume percent of 
methane and TAN contents from the anaerobic diges-
tion of kitchen waste which was fundamental scientific 
finding was studied in this paper.

MATERIALS AND METHOD

Materials and Their Characteristics

The kitchen waste was derived from the Canteen of 
Shenyang Aerospace University in China, and cut into 
particulates with a diameter of 10 mm. The mid-tem-
perature (37°C) domesticated inoculated sludge was 
obtained from a waste water treatment plant in north 
Shenyang. Mass fractions of TS and volatile solid (VS) 
in the kitchen waste were 23.31 wt% and 92.84 wt%, 
respectively. Mass fractions of TS and VS in the inocu-
lated sludge were 11.95 wt% and 78.05 wt%, respec-
tively. The C/N ratio of the raw material was 21.38. 

And VS was calculated on the base of TS. The kitchen 
waste and inoculated sludge parameter were shown in 
Table 1.

Experimental Apparatus

The experimental apparatus contained a self-de-
signed anaerobic fermentation reactor, which was 
shown as Figure 1. Two wide-mouthed 1 L bottles 
acted as a gas collecting bottle and a water collecting 
bottle. Total volume of the reactor was 1.1 L and work 
volume was 1 L. The bottleneck was sealed with a rub-
ber stopper and sealant. The apparatus was placed in 
airtight and anaerobic environment. The fermentation 
reactor was heated with a thermostat water bath.

Experimental Method and Equipment

In this study, the initial mass fraction of TS was 
separately set as 4 wt%, 5 wt%, 6 wt%, and 7 wt%. 
Experiments were repeated for three times. The Initial 
kitchen waste weight and the inoculated sludge volume 
were shown in Table 2, and add water to the reactor to 
the level (1 L). The fermentation reactor was filled with 
1 L of sample and was cultured at 37°C for 30 days in 
the water bath. The fermentation liquor was withdrawn 
with a syringe, of which the pH was measured with a 
digital pH meter per day. The fermentation liquor was 

Figure 1. Experimental apparatus of anearobic digestion. 1–controller, 2–heated rod, 3–water bath, 4–react-
er, 5–collecting bottle, 6–water collecting bottle, 7–exhalent siphon, 8–airway, 9–test tube, 10–thermometer.

Table 1. The Kitchen Waste and  
Inoculated Sludge Parameter.

Raw Material TS (wt%) VS/TS (wt%)

Kitchen waste 23.31 92.84
Inoculated sludge 11.95 78.05
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then returned into the reactor. The ideal value pH of 
fermented liquid is 7. During the anearobic process, the 
pH of fermented liquid was below 7. When the pH was 
less than 6.8, pH was increased to 7.0 with the addition 
of NaHCO3 solution at about 5 P.M. whose pH was 9. 
Volume of NaHCO3 solution injected was calculated 
and added according to the rule above. Stirring were 
performed twice a day. One was after the pH adjust, 
the other was at about 9 A.M.. The production of bio-
gas was determined once per day by its displacement 
of water. Biogas production of the sequencing batch 
reactor was further revised with the production of con-
trol group where only inoculum was added without 
any substrates. Simultaneously, the pH of fermentation 
liquor, total ammonia nitrogen (TAN) concentrations 
and other parameters were monitored at intervals dur-
ing the sequencing-batch anaerobic digestion process. 
Measuring total ammonia nitrogen value once two days 
before the 12 days, then test the value every three days, 
testing the volume percent of methane every two days 
in the first ten days, and then testing that every five 
days. TS and VS were determined by using the dry-
ing method at 103–105°C and 600°C, respectively. The 
TAN concentration was measured by spectrophotom-
etry with a HI96700 TAN determinator, whose method 
was ASTM D1426-93, Nessler. Composition of the 
biogas was determined by a gas detector (GT901 CH4-
IR). To make the data accurate, We connect the biogas 
bag port to the receiving detecting instrument sensors 
tightly. Total organic carbon was checked by potassium 
dichromate volumetric-external heating method, total 
nitrogen was measured by kjeldahl determination. The 
ratio of total organic carbon and total nitrogen was the 
C/N value.

RESULTS AND DISCUSSION

Analysis of Biogas Production and Composition 
from Anaerobic Digestion of Kitchen Waste

Daily and cumulative biogas productions per gram 
of VS were depicted in Figure 2. Under different TS 

concentrations, the total biogas productions were sig-
nificantly different.

In detail, with an initial TS concentration of 4 wt%, 
the biogas production in the first day was up to 106.75 
mL·g–1 VS. In day 29, the biogas production was zero 
and the reaction was complete terminated. The daily 
biogas production was dramatically reduced day by 
day in the first four days. The daily biogas production 
was relatively stable from day 5 to day 19, and bio-
gas production peaks were observed at day 8 (17.40 
mL·g–1 VS), day 14 (15.06 mL·g–1 VS), and day 18 
(15.58 mL·g–1 VS). In the remaining time, the daily 
biogas production was also stable in the range of 4.68 
to 0.26 mL·g–1 VS.

The percentage cumulative biogas productions in 
the first several days accounted for the total amout was 
shown in the Table 3.

For initial TS concentration of 4 wt%, from day 1 to 
day 7, the daily gas production was high and exhibited 
a significant convex curve. However, from day 8 to day 
18, the cumulative biogas productions curve accorded 
with the characteristics of a concave function and the 
gas production was low. Finally, from day 19 to day 30, 
the slope of the curve was almost zero, indicating that 
the gas production was zero.

When the initial TS content was 5 wt%, the daily 
gas production in day 3 reached a maximum of 71.74 
mL·g–1 VS and a minimum of 0.21 mL·g–1 VS in 
day 30. The daily gas production was significantly 
decreased from day 3 to day 9. Three maximums of 
20.93, 14.17, and 10.54 mL·g–1 VS were reached in 
day 10, 12, and 18. In the remaining time, the daily gas 
production was stable and low (8.07–0.21 mL·g–1 VS).

For initial TS concentration of 5 wt%, In terms of the 
convexity and concavity, the curve from day 1 to day 6 
was evidently convex with high daily gas productions, 
whereas the curve from day 7 to day 20 was concave 
with low daily gas productions. The cumulative biogas 
productions was a constant from day 21 to day 30 and 
thus the daily gas production was almost zero.

Table 2. The Initial Kitchen Waste Weight and the 
Inoculated Sludge Volume.

Initial TS Weight 
Content (%)

Initial Kitchen 
Waste Weight (g)

Inoculated Sludge 
Volume (mL)

4 17.8 300
5 60.7 300
6 103.6 300
7 146.5 300

Table 3. The Percentage Cumulative Biogas 
Productions in the First Several Days Accounted for 

the Total Amount.

Initial TS Weight 
Content (%)

The Number of the 
First Several Days The Percentage (%)

4 4 60.60
5 6 61.50
6 7 49.50
7 5 27.5
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mum daily gas production was 29.40 mL·g–1 VS in day 
17 and the minimum daily gas production was 1.041 
mL·g–1 VS in day 30. The gas production fluctuated 
more violently under this condition of TS content. Six 
maximums of 26.85, 25.24, 9.94, 23.19, 29.40, and 
18.52 mL·g–1 VS were observed in day 2, 4, 10, 13, 
17, and 20 respectively. The gas production was stable 
in the remaining time with a daily gas production of 
6.91–0.04 mL·g–1 VS.

For initial TS concentration of 7 wt%, the curve of 
cumulative biogas productions from day 1 to day 5 
was convex and daily gas productions were high. In 
contrast, the curve day 6 to day 15 was concave and 
daily gas productions were low. However, from day 
16 to day 20 the daily gas production was significantly 
increased. The daily gas production was almost zero 
from day 21 to day 30.

Under the conditions of 4 wt%, 5 wt%, 6 wt%, and 7 

Under the condition of initial TS mass fraction of 
6 wt%, the daily gas production reached a maximum 
of 59.55 mL·g–1 VS in the first day. The minimum of 
0.045 mL·g–1 VS was observed in day 28. A small in-
crease occurred in the last two days. In comparison, 
under this condition of initial TS mass fraction, the gas 
production fluctuated evidently. Four peaks of 39.83, 
37.02, 28.77, and 23.77 mL·g–1 VS were observed in 
day 4, 7, 9, and 15 respectively. In the remaining time, 
the daily gas production was relatively stable but low 
(6.91–0.04 mL·g–1 VS).

For initial TS concentration of 6 wt%, from day 1 
to day 7, the curve was obviously convex and the daily 
gas production was high. From day 8 to day 17, the 
curve exhibited a concave function and daily gas pro-
duction was low. Finally, the daily gas production was 
almost zero from day 18 to day 30.

When the initial TS content was 7 wt%, the maxi-

Figure 2. Daily biogas production and cumulative biogas productions under the condition of different initial TS content.
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wt% of TS, cumulative biogas productions was 476.36, 
551.10, 502.76, 364.26. Initial TS content 5 wt % had 
the highest value comparing with the initial TS content 
was 4 wt%, 6 wt% and 7 wt%, it was 13.56 %, 8.77%, 
33.90% higher, respectively. In the literaure different 
biogas production occurred under the condition of dif-
ferent initial material and experiment condition [22–
24].The inflection points of the cumulative biogas pro-
ductions curve were observed at day 8·19, day 17, day 
15, and day 9·20. Hence, these points are also critical 
for the anaerobic digestion of kitchen waste for biogas 
production.

Composition of Biogas from Kitchen Waste 
Anaerobic Digestion

The plot of volume percent of methane versus time 
is depicted in Figure 3. Most of the volume percent of 
methane rose in the first place and then declined ex-
cept that when the initial TS mass fraction was 4 wt%, 
two different peaks (71.54% and 64.31% in day 15 
and 25) were observed respectively. Under the condi-
tion of initial TS mass fraction of 5 wt %, the volume 
percent of methane reached a maximum of 76.7% in 
day 20, which is also the maximum in the entire pro-
cess. When the initial TS mass fraction was 6 wt% and  
7 wt%, the volume percent of methane reached a maxi-

mum of 73.93% and 74.32% respectively in day 20. 
The volume percent of methane reached a maximum 
in day 15 to day 20 and the fraction gradually reduced 
afterwards.

Dependence of TAN Concentration on  
TS Content

The range of C·N which was proper for microor-
ganism growth was 20–30, and the optimal value was 
25 [26]. Herein, the C·N ratio of the raw material was 
21.38, and hence it was expected that little ammonia 
(inhibitor) was produced. Evolution of TAN contents 
under the influence of different initial contents of solids 
is illustrated in Figure 4. The maximum TAN content 
is only 3040 mg·L among all these experiments. Con-
sequently, the gas production was hardly depressed. 
Sung and Liu [27] and Procházka et al. [28] they have 
demonstrated that higher TAN concentrations (> 4000 
mg·L) could cause obvious inhibition of methanogen-
esis. Whereas, Sawayama et al. [29] and Lauterbock 
et al. [30] observed the inhibition when the TAN con-
centration exceeds 6000 mg NH4–N·L. So ammonia 
nitrogen inhibition did not exist in this experiment.

In Figure 4, the TAN contents increased with the re-
action time regardless of the initial TS concentration. 
When the initial TS mass fraction was 4 wt%, 5 wt%, 

Table 3. Contributions of Plant Accumulation to the Sludge HMW-PAHs Removal Amounts (%).

Type Pyr BaA Chry BbF BkF BaP DbA BghiP InP Sum

Alfalfa 0.493 0.039 0.030 0.010 0.005 0.025 0.010 0.007 0.002 0.075
Awnless Brome 0.732 0.059 0.104 0.072 0.033 0.175 1.453 0.041 0.009 0.210

Figure 3. Volume percent of methane under the influence of differ-
ent initial contents of solids.

Figure 4. Evolution of TAN contents under the influence of different 
initial contents of solids.
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6 wt%, and 7 wt%, the content of accumulated TAN in 
day 30 was 1830, 2659, 2647, and 3040 mg·L respec-
tively. Specially, when the initial TS mass fraction was 
7 wt%, the TAN content decreased dramatically in day 
8 and then increased. Such a phenomenon was also ob-
served from day 15 to day 20.

CONCLUSION

1. Initial TS content 5 wt% had the highest value com-
paring with the initial TS content was 4 wt%, 6 wt% 
and 7 wt%, it was 13.56%, 8.77%, 33.90% higher, 
respectively. Under the conditions of 4 wt%, 5 wt%, 
6 wt%, and 7 wt% of initial TS content, the inflec-
tion points of the cumulative biogas productions 
curve took place at day 8,19 day, 17 day, 15 day, 
9,20 day, respectively.

2. Each of the methane volume percent decreased af-
ter their corresponding peaks under the condition 
of initial TS mass fraction of 5 wt%, 6 wt%, and 
7 wt%, two peaks occurred during the experiment 
process of initial TS mass fraction of 4 wt%.

3. The TAN contents increased with the reaction time 
under the influence of varied initial TS contents. 
When the initial TS content was 4 wt%, 5 wt%,  
6 wt%, and 7 wt%.
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Table 5. Comparison of state-of-the-art matrix resins 
with VPSP/BMI copolymers.

Resin System
Core Temp. 
(DSC peak) TE

Char Yield, 
%

Epoxy (MY720) 235 250 30
Bismaleimide (H795) 282 >400 48
VPSP/Bismaleimide copolymer
C379: H795 = 1.9 245 >400 50
C379: H795 = 1.4 285 >400 53
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