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Treatment of Wastewater Containing Crystal Violet 
Using Walnut Shell

Yinghua Song*, He Fang, Hui Xu, Xuemei Tan and Shengming Chen
Chongqing Key Lab of Catalysis & Functional Organic Molecules; Department of Chemistry and Chemical Engineering, 

Chongqing Technology and Business University, Chongqing 400067, China

ABSTRACT: Crystal violet (CV) was removed from aqueous solutions using walnut shell 
(WS) as an adsorbent. The effect of initial pH, contact time, adsorbent level and tem-
perature on CV adsorption, were studied in batch mode. The results indicated that both 
the Langmuir and the Freundlich equations effectively described the adsorption equilib-
rium. A pseudo second-order kinetics provided a perfect fit for the studies. Intraparticle 
diffusion was also used to investigate the kinetic mechanisms. Intraparticle diffusion was 
a significant parameter in the regulation of adsorption. The thermodynamic parameters 
suggested a spontaneous endothermic reaction. The results suggest that WS is an inex-
pensive adsorbent for effective removal of CV.

1.  INTRODUCTION

Wastewater contaminated with dyes is dis-
charged into industrial effluents from textile, 

leather, plastic, printing, food, and cosmetic industries. 
More than 15% of the total dyes is released into the wa-
ter bodies [1]. The discharge of dyes not only poses a 
serious environmental threat, but also toxic health haz-
ards. Treatment of effluents before discharge into the 
environment is imperative. However, synthetic dyes 
are resistant to degradation due to their aromatic chem-
istry. The detoxification of synthetic dyes is important 
for the treatment of dye-based wastewater. Crystal 
violet (CV) is an important triphenylmethane cationic 
dye and is widely used to color paper, cotton, silk and 
leather. It is also used as a disinfectant and antiseptic in 
pharmaceutical industry. CV exposure leads to serious 
disease. 

Among the various chemical and physical technolo-
gies available, adsorption is an inexpensive, fast and 
universal method to decontaminate water containing 
toxic dyes. Currently, activated carbon is used to elimi-
nate dyes from wastewater. It is highly efficient, simple 
and feasible. However, it is an expensive process. Al-
ternative techniques based on inexpensive raw materi-
als such as rice husk [2], wheat husk [3], bagasse pith 
[4], saw dust [5], wheat straw [6], mango seed kernel 

[7], clay [8], apple pomace [6], peanut husk [9], and 
mazandaran wood [10] are desirable. 

Walnut shell (WS) is an agricultural by-product gen-
erated in abundance in China, and is usually treated as 
an agricultural waste. The purpose of this study was to 
utilize WS to remove crystal violet from waste water. 
The study was conducted in batch mode to evaluate the 
effects of initial dye concentration, pH, adsorbent dose 
and temperature on adsorption. The equilibrium data 
were correlated with adsorption isotherms. The kinetic 
parameters were also calculated. The thermodynamic 
parameters were also determined.

2.  MATERIALS AND METHODS

2.1.  Adsorbent Preparation 

WS was obtained from a farmers’ market in Chongq-
ing, China. After careful washing, it was dried at 333 K 
in an oven. It was ground to powder and sieved through 
different meshes before use.

2.2.  Chemicals

A stock solution containing 0.5 g CV in 1000 mL 
of double-distilled water was prepared and diluted to 
obtain test solutions of the desired concentrations. An-
alytical-grade reagents were used. The initial pH of the 
dye solution was adjusted to pre-determined values us-
ing NaOH or HCl solutions (0.1 mol·L–1), before WS 
was added.

*Author to whom correspondence should be addressed.  
Mailing Address: Department of Chemistry and Chemical Engineering, College of 
Environmental and Resources, Chongqing Technology and Business University, 
Chongqing 400067, China; Telephone: +86-023-62769785(office),  
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Journal of Residuals Science & Technology, Vol. 13, No. 4—October 2016

1544-8053/16/03 243-07 
© 2016 DEStech Publications, Inc. 

doi:10.12783/issn.1544-8053/13/4/1



Y. Song, H. Fang, H. Xu, X. Tan and S. Chen244

2.3.  Adsorption Studies 

Batch experiments were conducted with different 
concentrations of WS and 100 mL of CV solutions 
at constant temperature. The flasks containing the re-
agents were agitated on a shaker at 150 rpm. The re-
sidual dye levels in the system were monitored periodi-
cally. All the experiments were repeated and average 
values were obtained. 

Equilibrium studies were conducted in a series of 
flasks containing 50 mL CV solution at concentra-
tions ranging from 30 to 400 mg·L–1. After addition of
0.01 g of WS to each flask, the mixtures were vortexed 
at 298K, 308K and 318K, respectively, for 6 h.

The adsorption capacity q(mg·g–1) and the removal 
efficiency %R were calculated, respectively, as fol-
lows: 

q v c c
m

t=
−( )0

% ( )R c c
c

t=
−

×0

0
100

where c0 denotes the initial CV concentration (mg·L–1),
ct represents the CV concentration at t (mg·L–1); v indi-
cates the volume of CV solution (L); and m is the mass 
of the dry WS (g).

2.4.  Analysis 

The residual dye concentration in the solution was 
estimated spectrophotometrically. The maximum ab-
sorbance of CV was determined at 582 nm.

2.5.  Adsorption Isotherms and Thermodynamic 
Parameters

Adsorption isotherms were used to correlate the 
equilibrium data. The linear form of the Langmuir iso-
therm is generally expressed as follows:

c
q K q

c
q

e

e L

e= +
1

max max

where ce denotes the equilibrium concentration
(mg·L–1), qe represents the equilibrium capacity of CV 
on WS (mg·g–1), KL stands for the Langmuir adsorp-
tion constant (L·mg–1), and qmax is the maximum value 
of monolayer adsorption potential of WS (mg·g–1).

The Freundlich isotherm is expressed as follows:

ln ln lnq k
n

Ce F e= +
1

where kF (L·mg–1) and n represent Freundlich con-
stants.

Thermodynamic parameters are used to determine 
the role of temperature in CV removal. Changes in iso-
steric enthalpy ΔH at different degrees of adsorption 
were determined using the Clasius-Clapeyron equation 
[11]: 

ln tanc H
RT

cons te = +
∆

where R is a constant (8.314 J·mol–1·K–1), and T is the 
absolute temperature (K). The lnce vs. 1/T plot yields a 
straight line with a slope equal to ΔH/R.

The Freundlich isotherm provides an ideal fit for ad-
sorption systems, and the Gibbs free energy function 
ΔG (kJ·mol–1) is estimated using [12]:

∆G nRT= −

where n denotes the Freundlich constant. 
The entropy ΔS (J·mol–1·K–1) is determined using 

the Gibbs-Helmholtz equation:

∆
∆ ∆S H G
T

=
−( )

2.6.  Adsorption Kinetics

The rate-determining step was determined using ki-
netic equations correlating the experimental data. 

The pseudo-first order kinetics of adsorption sys-
tems according to Lagergren [13] is expressed by the 
following equation:

ln( ) lnq q q k te t e− = − 1

where qt(mg·g–1) represents the adsorption capacity at 
time t(min–1) and k1(min–1) is the rate constant.

Further data analysis was conducted using Ho’s 
pseudo-second order kinetics [14], assuming second-
order chemical adsorption. It is expressed as follows:

t
q

t
q k qt e e

= +
1

2
2

where k2(g·mg–1·min–1) denotes the rate constant. 

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)
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Intraparticle diffusion resistance on adsorption is 
evaluated by a diffusion kinetics [15]:

q k t Ct p= +1 2/

where kp(mg·min–1/2·g–1) represents the rate constant 
and C(mg·g–1) is a constant.

The intraparticle diffusion coefficient D(cm2·s–1) 
was calculated using the Wünwald-Wagner intrapar-
ticle diffusion model [16]:

lg lg
.

1 6 4
2 3032

2

2−








 =







 −

q
q

D
d
tt

e π
π

where d(cm) denotes the average diameter of the WS 
particles.

3.  RESULTS AND DISCUSSION

3.1.  Effect of Initial pH 

The initial pH of the working solutions was adjusted 
between pH 2–11, and its effect on adsorption of CV is 
shown in Figure 1.

The adsorption capacity increased sharply when the 
pH of the initial CV solution increased from 2.0–3.0. 
It remained almost constant between 3.0 and 6.0, and 
declined rapidly. 

The poor elimination of CV at lower pH is attrib-
uted to excessive H+ ions, which bind to the negatively 
charged WS surface, and prevent adsorption. Rising 
pH reduces proton generation, and increases the num-
ber of negatively charged adsorption sites. The attrac-
tion between WS and CV is dominant [17]. However, 
at pH greater than 6.0, flocculent precipitation occurs, 

indicating damage to the molecular structure of CV, re-
sulting in a decline in adsorption capacity.

3.2.  Contact Time 

The role of contact time was determined using a CV 
concentration of 200 mg·L–1 at 303K, 313K and 323K, 
respectively.

At similar concentrations, the equilibrium adsorp-
tion capacity was directly correlated with temperature. 
The adsorption capacity of WS for CV increased from 
339.2 mg·g–1 at 303 K to 349.8 mg·g–1 at 323 K. CV 
removal was faster initially and slower before finally 
reaching an equilibrium. Vacant sites on the surface of 
WS facilitate rapid adsorption. Eventually, fewer vacant 
sites prevent binding due to increased repulsion [18].

3.3.  Effect of Adsorbent Dosage

As shown in Figure 3, the efficiency of removal in-
creased from 25.6% up to 83.7% in proportion to the 
increase in adsorbent dosage from 1–6 g·L–1, as vacant 
sites are available for adsorption on WS surface. The 
surface area and vacant adsorption sites are proportion-
al to WS dosage under constant particle size. 

3.4.  Adsorption Isotherm Parameters 

As shown in Figure 4, the adsorption capacity in-
creased from 99.8–502.6 mg·g–1 at 298K, from 111.5–
514.0 mg·g–1 at 308K, and from 108.0–631.3 mg·g–1 
at 318 K with increasing CV concentration. At constant 
temperature, the increase in initial CV concentration re-
sulted in a higher driving force for mass transfer [5] and 
higher interaction between CV and WS.

(10)

(11)

Figure 1.  Role of pH (c0 = 500 mg·L–1, T = 303K, WS concentration 
= 0.1 g·L–1, adsorption time = 6 h, rpm = 150).

Figure 2.  Role of contact time (c0 = 200 mg·L–1, pH = 6.0, WS con-
centration = 2 g·L–1, rpm = 150).
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Adsorption of CV on WS was increased with tem-
perature from 298K to 318K at different initial concen-
trations of the dye. The equilibrium adsorption capac-
ity increased with temperature. 

Equilibrium data displayed in Figure 4 were fitted 
with Langmuir and Freundlich isotherms. The Lang-
muir and Freundlich constants are listed in Table 1. 
The values of R2 suggest that the equilibrium data 
were consistent with the adsorption models. The maxi-
mum monolayer capacities of WS were 526.3, 588.2, 
714.3 mg·g–1 at 298K, 308K and 318K, respectively. 
The Freundlich constant, kf , also showed an increase 
with temperature. Adsorption was favored at n values 
greater than 1 [5]. 

3.5.  Thermodynamic Parameters

ΔH was determined from the slope of the Van’t Hoff 
plot as shown in Figure 5 and Table 2. The Freundlich 
equation adequately defined the equilibrium data, and 
therefore, the Gibbs free energy ΔG (kJ·mol–1) was 
calculated according to Equation (6). The changes in 
entropy were calculated using Equation (7).

The negative ΔG suggested spontaneous adsorption 
while the positive ΔH confirmed the endothermic fea-

tures. It suggested that adsorption capacity increased 
with temperature. A positive ΔS suggests that WS was 
related to CV and also indicates entropy at the solid/
liquid interface [19].

3.6.  Kinetic Parameters

Pseudo first- and second-order kinetics, and intra-
particle diffusion were used to investigate the rate-
controlling steps. The constants of these models were 
reported in Table 3.

Low correlation coefficients (near 0.90) and large 
differences in equilibrium adsorption capacity (qe) sug-
gest poor first-order kinetics. Different temperatures 
yielded straight lines of pseudo-second order kinetics 
with high correlative coefficients (> 0.99). Further, the 
calculated qe values of pseudo-second order kinetics 
were consistent with the experimental data, suggesting 
chemical adsorption. 

Intraparticle diffusion was also observed (Figure 6). 
The time dependence of qt was represented by three 
straight lines. Multi-linearity supported the presence of 
intraparticle diffusion [20] corresponding to the sec-
ond straight line. The kp values were directly calculated 
from the second regression line, with correlation coef-
ficients exceeding 0.96 as shown in Table 3. However, 
the linear plots failed to pass through the origin of co-

Table 1.   Isotherm Constants.

T/K

Langmuir Parameter Freundlich Parameter

qmax/mg·g–1
KL/L·mg–1 

(10–2) R2 kF n R2

298 526.3 1.49 0.9836 33.65 2.20 0.9953
308 588.2 1.86 0.9856 38.40 2.27 0.9918
318 714.3 2.04 0.9960 43.85 1.94 0.9899

Figure 3.  Absorbent levels (c0 = 500 mg·L–1, T = 308K, pH = 6.0, 
adsorption time = 6 h, rpm = 150).

Figure 4.  Adsorption isotherms of CV for WS (pH = 6.0, adsorbent 
dosage = 0.2 g·L–1, adsorption time = 6 h, rpm = 150).

Table 2.   Thermodynamic Parameters.

qe
(mg·g–1)

ΔH 
(kJ·mol–1)

ΔG (kJ·mol–1) ΔS (J·mol–1·K–1)

298K 308K 318K 298K 308K 318K

200 32.24
–5.45 –5.81 –5.13

126.49 123.56 117.52
300 38.52 147.56 143.95 137.27
400 51.41 172.52 166.92 161.67
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Table 3.  Kinetic Models of Adsorption.

Model

Temperature, K

303 313 323

First-order reaction

k1(10–3) First-order rate constant, min–1 8.21 7.30 5.58

qe,cal Equilibrium capacity, mg·g–1 97.19 60.14 41.87

R2 Correlation coefficient 0.9157 0.8589 0.8072

Second-order reaction

k2(10–4) Second-order rate constant, g·mg–1·min–1 2.77 5.16 7.61

qe,cal Equilibrium capacity, mg·g–1 344.83 344.83 357.14

R2 Correlation coefficient 0.9998 1 0.9999

Intraparticle diffusion
kp Rate constant, mg·min–1/2·g–1 3.50 4.99 1.40

R2 Correlation coefficient 0.9800 0.9600 0.9818

Wünwald-Wagner intraparticle diffusion

D(10–10) Effective diffusion coefficient, cm2·s–1 8.15 0.14 4.84

Intercept –0.798 –0.738 –1.094

R2 Correlation 0.9817 0.9793 0.9838

qe,exp –  Equilibrium capacity, mg·g–1 346.17 349.9 356.91

ordinates, suggesting simultaneous film diffusion and 
intraparticle diffusion [21–23].

As shown in Table 3, the results of Wünwald-Wag-
ner diffusion model suggest that the internal diffusion 
coeffcient ranged in magnitude between 10–11 and 
10–8. Intraparticle diffusion mediated CV adsorption 
by WS [16].

3.8.  Comparison of qmax of Various Adsorbents

The adsorption capacities of different materials for CV 
are depicted in Table 4, suggesting a maximum adsorp-
tion capacity of WS for CV (714.3 mg·g–1). The value 
was greater than any other adsorbent listed, suggesting 
that WS was a promising adsorbent for dye removal.

4.  CONCLUSIONS

The CV adsorption capacity of WS was significantly 
affected by temperature, initial dye concentration and 
pH. The adsorption isotherms suggest that WS was a 
cost-effective agricultural by-product suitable for ad-
sorption and removal of CV.

CV adsorption based on pseudo-first and pseudo-
second order kinetics suggested the role of chemiad-
sorption and intraparticle diffusion. Thermodynamic 
constants, especially positive values of ΔH, suggested 
endothermic reaction. Negative ΔG demonstrated the 
spontaneous nature and positive ΔS suggested in-
creasing entropy at the solid-liquid interface of ad-
sorption.

Figure 5.  Determination of isosteric enthalpy. Figure 6.  Adsorption of CV via intraparticle diffusion.
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ABSTRACT: This experiment was aimed to investigate the influence of Pb enriched 
sewage sludge and cow manure on Pb availability to sunflower (Helianthus annuus L.) 
and corn (Zea mays L. Single cross 704). A loamy sand soil was treated with organic and 
inorganic Pb salt. Lead was extracted in 1:2.5 soil: water using metal chelating exchange 
resin membranes. The VISUAL MINTEQ computer program was used to estimate con-
centrations of various soluble inorganic and organic species of Pb in the 1:2.5 soil: water 
extracts and chemical composition data obtained was considered as input data. Re-
gardless of plant type, Pb bioavailability in soil amended with organic amendments was 
greater than in soil amended with Pb(NO3)2 salt. The soil Pb solution in sewage sludge 
and cow manure treatments was mainly complexed with dissolve organic carbon (Pb-
DOC) and the other species of the metal in soil solution were low. A strong relationship 
between concentrations of soil Pb extracted by the Ca-saturated Chelex membrane with 
shoots and root corn Pb concentration showed that the resin membrane extraction can 
be used to estimate Pb phytoavailability of soil. According to the results, inorganic and 
organic components of organic treatments significantly affect Pb phytoavailability.

1.  INTRODUCTION

Organic matter content of soils in arid and semi-
arid regions is often very low (less than 1%) [22]. 

Therefore, addition of organic amendments such as 
cow manure or sewage sludge to soils is highly rec-
ommended as an approach to increase soil organic 
content. Although, addition of organic fertilizer to 
soils affect soil physico- chemical properties and crop 
production [14], elevated heavy metals concentration 
in soils amended with some organic products has also 
been reported [2,8,13,28]. Therefore, knowledge on 
fractionation metals in organic amendment has to be 
understood for application of these products in agricul-
tural soils [5,6]. 

Heavy metals are considered as one of the most seri-
ous pollutants due to their toxicity, persistence and bio-
accumulation. Heavy metals uptake by plants is affected 
by solubility and availability of metals in the soil [31]. 
However, soil physico-chemical properties can affect 
soil metal availability. Despite relatively high amounts 
of metal added by organic amendments to the soil, for-
mation of metal-organic matter complexes might re-
duce the availability of metals to plants [20,33]. On the 

other hand, many researchers reported the phytotoxic-
ity critical concentration of metals by inorganic salts is 
much higher than that by organic amendments. These 
results indicate that organic amendments add adsorp-
tive phases to soil and thereby change availability of 
metals to plants [6,10,18]. Baghaie et al. (2011) re-
ported addition of cow manure or sewage sludge to the 
soil at a rate of 10% (w/w) significantly increased soil 
capacity of Pb sorption [6]. 

To better understand Pb phytoavailbility as affected 
by organic amendments in comparison with inorganic 
Pb salt, the metal species in soil solution has to be de-
termined. Metal ions in soil are free, hydrated ions and 
the formation of soluble complexed with organic or in-
organic ligands. 

Trace metal free ion activities in soil solution play 
an important role in determining plant metal concen-
tration. Because it is clear that heavy metal component 
and free ionic activity is more important in determining 
plant availability than total concentration in soil [15]. 

Metal speciation determination in soil solution is not 
easy and depending on soil physico-chemical proper-
ties. Computer programs can used to estimate chemical 
species of metals ions in solutions [21]. Although these 
programs are available to calculate metal speciation, 
they should be verified using experimental data. *Author to whom correspondence should be addressed.  
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Several experiments such as the ion exchange res-
ins have used for determination of free ion and differ-
ent species of metals in soil solution [17]. Khoshgf-
tarmanesh et al. (2006) found significant correlation 
relationship between MINTEQA2 model and Am-
berlite resin to estimate soluble concentrations of the 
Cd2+ and Zn2+ ions in soil [4]. Significant relationship 
between the Amberlite resin and MINTEQA2 calcu-
lated free Zn2+ and Cd2+ showed that the MINTEQA2 
model is appropriate for estimation of soluble Zn2+ and 
Cd2+ [17]. The resins can also be used for extraction of 
available metal pools in soil [17]. 

Chelating exchange resins are better than ion ex-
change resins for extraction of available pools of met-
als from soil [17]. Lee and Zheng (1994) reported the 
Ca-saturated Chelex membrane can easily be used for 
simultaneously extraction of soil available Cd, Cu and 
Pb in a wide range of soils [17]. 

Although the role of organic treatments on the 
changes in heavy metals availability in soils has large-
ly been conducted [2,11,12], very little information 
is available about the speciation of heavy metal (e.g., 
Pb) in solution of soils amended with organic amend-
ments and their relation correlation with plant metal 
concentration [1]. Therefore, the impact of organic and 
inorganic Pb sources on Pb speciation in soil solution 
and its concentrations in corn and sunflower was in-
vestigated. 

2.  MATERIALS AND METHODS

2.1.  Soil Treated Characteristic

Loamy sand soil with a low in saline, calcareous and 

organic carbon (Typic Xerorthents) [30] was collected 
from the 0–15 cm layer of a wheat field around Shahr-
e-kord, central Iran. The soil was transferred to labora-
tory, air dried and ground to pass 2 mm sieve. Some 
soil physico-chemical properties are presented in Table 
1. In addition, free cation and anion soluble concentra-
tion in the soil: water extracted solutions (1:2.5) was 
shown in Table 2. 

2.2.  Treatments

Secondary, anaerobically digested municipal sew-
age sludge was selected from city of Isfahan, central 
Iran and cow manure was 8-months decomposed. Sew-
age sludge and manures were enriched with Pb(NO3)2 
to 600 mg Pb kg–1 level. Soil incubated in greenhouse 
for 15 days. Some physico-chemical properties of the 
organic amendments are mentioned in Table 3. 

Soil was sprayed with a similar rate of Pb (600 Pb 
kg–1) through two organic treatments (enriched sewage 
sludge and manure) and an inorganic salt Pb(NO3)2. 
Enriched sewage sludge and manure were applied at 
a rate of 10% by weight to the soil. Four kilograms of 
treated soils were put into the plastic pots. Soil was irri-
gated till 80% water holding capacity during two weeks 
at 23–25°C for two weeks. Sunflower (Helianthus an-
nuus L.) and corn (Zea mays L. single grass 704) seeds 
were sown with 3 seedlings kept in each pot.

2.3.  Resin Membrane

According to the Lee and Zheng method (1993), Na-
saturated chelating resin membrane sheets (Chelex 12″ 
× 12″ membrane sheets, Bio-Rex ion exchange mem-

Table 1.  Some Physico-chemical Properties of Untreated, Sewage Sludge 
and Cow Manure Treated Soil.

Parameter Unit Unamended Soil Sewage Sludge Amended Soil* Cow Manure Amended Soil*

pH – 7.3a** 6.8b 7.4a
Electrical Conductivity (EC) dS m–1 2c 3.3b 5a
Organic carbon % 0.1c 2b 2.7a
Sand % 70 – –
Silt % 18 – –
Clay % 12 – –
Iron oxide mg kg–1 600a 620b 600a
Total P % 0.01a 0.03b 0.02ab
CaCO3 % 10a 10a 11a
Total Pb mg kg–1 3c 580a 570b
Cation exchange capacity (CEC) cmolc (+)kg–1 31.3c 33b 34.7a
*After enrichment.
**For each treatment, means with the similar letter in each row are not significantly different (P ≤ 0.05, LSD test).
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brane sheets, Bio-Rad) were cut into 1 cm × 5 cm pieces 
and transformed into Ca-saturated form for use [16].

2.4.  Soil Pb Uptake by Resin Membrane

The ion-exchange resin capsules were used to pro-
vide a simple, convenient, repeatable resin methodolo-
gy to measure soil Pb bioavailability. For this purpose, 
according to the Lee and Zheng method (1994), 40 mL 
of deionized water added to four-gram of soil (ground-
ed through 80 meshes), and one piece of Ca-saturated 
Chelex resin membrane (5 cm2) in a polypropylene 
bag were placed in a 50-mL centrifuge tube. The tubes 
were centrifuged during 24 h. The soil suspensions 
were decanted and the resin membrane was recovered, 
rinsed thoroughly with distilled water, and air-dried. 
For the second time, a clean 50-mL centrifuge tube was 
used and 40-mL aliquots of 1 M HC1 were added. For 
cleaning Pb saturated membrane, the tube was centri-
fuged for 24 h to. The Pb desorption procedures were 
repeated once [17]. 

2.5.  Soil Cd, Cu, and Pb 

The Pb in organic and inorganic amended soil was 
also extracted by 0.01 M CaCI2, DTPA (pH = 7.3), and 
DTPA (pH = 5.3) described by Lee and Zheng (1994) 
[17] and atomic absorption spectroscopy (Model 3030) 
was used for determining soil heavy metal concentra-
tion.

2.6.  Soil Chemical Analysis

The soil pH of the treatments used in this research 
was measured in 1:2.5 soil: water suspension using a 
pH meter (Model EA940, Orion, USA) that was stan-
dardized with the three reference buffers (4, 7 and 9.2) 
[26]. Electrical cconductivity was determined by con-
ductivity meter (Model, AZ 86503) [26]. Ammonium 
acetate extractable solution was used for extracting soil 
cations such as Na+, K+ and Ca2+ by repeated leach-
ing procedure and then their concentrations were de-

termined by Atomic Absorption Spectrophotometer 
(AAS) (Model 3030). The 1 M HC1 extractable was 
used for determining Pb concentrations by AAS [3]. 
Total organic carbon (TOC) analyzer (Model 1088) 
was used for determining dissolving organic carbon 
(DOC) [1]. The Soil phosphorous was measured ac-
cording to the Olsen and Sommers [23]. 

2.7.  Soil Pb Speciation 

Soil cation and anion such as Na+, Ca2+, Mg2+, K+,  
HCO ,3

−  SO ,4
2− Cl– and DOC concentrations were used 

as input data to calculate concentrations of the soluble 
inorganic and organic species of Pb by the VISUAL 
MINTEQ computer program [11] in the 1:2.5 soil: 
water extracts [1]. The soil solution pH was fixed and 
equilibrium with atmospheric CO2 was assumed. Com-
paring ion activity products (IAP) with the correspond-
ing formation constant (K°) were used for determining 
Thermodynamic stabilities of select solid phases.

2.8.  Statistics

A factorial experiment in the layout of completely 
randomized design with the three replications was 
used. The ANOVA procedures were performed for data 
statistical analyses [25]. The least significant differ-
ence (LSD) statistical analysis was used to determine 
the differences between the means.

Table 2.  Cation and Anion Soluble Concentration in the Soil: Water Extracted Solutions (1:2.5) (mmol/lit).

Treatment DOC*** (mg/lit) Pb Na+ K+ Cl– NO3- P

Pb salt ND** 0.08a* 0.34c 0.02c 2.0c 14.0a 0.001c
Sewage sludge 28.0b 0.04b 1.41b 0.10b 8.0b 3.70b 0.01b
Cow manure 36.0a 0.02c 9.34a 3.0a 20.0a 0.60c 0.03a
*For each treatment, means with the similar letter in each column are not significantly different (P ≤ 0.05, LSD test), 
**ND: not detectable.
***DOC: Dissolve organic carbon.

Table 3.  Selected Properties of Sewage Sludge and 
Cow Manure Used in this Experiment.

Characteristic Unit Sewage Sludge Cow Manure

EC dS m–1 9 17
pH – 6.7 8.9
Organic carbon % 17.9 31.3
Fe2O3 mg kg–1 730 73
Total Pb* mg kg–1 75 20
Total Zn mg kg–1 710 217
Total Cd mg kg–1 5 3
*Before enrichment.
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3.  RESULTS AND DISCUSSION

3.1.  Soil Properties 

Soil pH was not significant affected by adding 10% 
cow manure, while adding sewage sludge to the soil, 
significantly decrease soil pH (Table 1). It may be due 
to the dilution effect or the low amount of the applied 
cow manure. Slight decrease in soil pH by addition of 
sewage sludge is related to release of its acidic compo-
nents during biodegradation [7]. 

Soil EC increased by addition of organic amend-
ments (Table 1). In general, Soil treated with cow 
manure had higher EC than the soil treated with sew-
age sludge. Soil treated with cow manure and sewage 
sludge (10%) showed a significant increasing in car-
bon to nitrogen ratio (C/N) relative to the control soil 
(Figure 1). The greater organic carbon of cow manure 
relative to sewage sludge maybe caused a significant 
increasing in C/N ratio of the soils treated with cow 
manure relative to the soils treated with sewage sludge 
(Table 3). Soil CEC was affected by adding 10% cow 
manure and sewage sludge and showed a significant 
increasing by 2.9 and 1.5%, respectively.

3.2.  Effect of Pb Enriched Sewage Sludge and 
Cow Manure on Soil Available Pb

The DTPA-Pb concentration was greater in the soil 
treated with Pb(NO3)2 than manure and sewage sludge-
amended treatments (Table 4). This result is similar 
with the result of other researchers indicating that or-
ganic sources of heavy metals added to the soil are less 
available to plant than the soils treated by inorganic 
salts [10,18]. It has been shown that time has a sig-

nificant effect on heavy metal availability. Long term 
application of organic treatments cause a significant 
decreasing in heavy metal availability and reach to a 
base level after several uses for extended time [6,10]. 
However, the sorption properties of inorganic compo-
nents of the organic amendments such as carbonates or 
phosphates on the Pb sorption cannot be ignored [10]. 

Regardless of the plant species, soil DTPA-extract-
able Pb was lower at the cow manure than sewage 
sludge treatment. This might be related to higher pH 
and organic carbon content of the cow manure (Table 
2). A reverse relationship was observed (r = –0.9, p ≤ 
0.05) between the soil DTPA extractable Pb and carbon 
to nitrogen ratio. Increasing carbon to nitrogen ratio of 
the soil amended with cow manure showed a decreas-
ing in Soil DTPA extractable Pb in comparison with 
soil treated with sewage sludge. Tarighi et al. (2012) 
reported soil available Zn in the soil amended with 
cow manure significantly decreased relative to the soil 
treated with inorganic Zn sources. They found that cow 
manure application caused a significant increasing in 
the soil sorption capacity, thus, decreased the availabil-
ity of soil Zn [32]. Organic amendments generally con-
taining organic and inorganic matters such as organic 
matter, carbonate, phosphate, Fe, Mn, Al oxides and 
anions that increasing the sorption phases and adsorb 
or precipitate heavy metals. Many types of organic 
matters such as sewage sludge, cow manure, sewage 
sludge with a different properties have been used in 
agricultural land and have modified the soil physico-
chemical properties and thereby, heavy metal avail-
ability in soils. Addition of these amendments to the 
soil can change the chemical properties of metal- bind-
ing in the soil-residual mixture. 

The result of the Table 4 showed that soil DTPA-
extractable Pb of the corn rhizosphere was greater than 
that for the sunflower plant. It maybe related to the 
plant root rhizosphere that affect heavy metal avail-
ability in soil [32]. Corn relative to sunflower culti-

Table 4.  Effect of Cow Manure and Sewage Sludge on 
Soil Pb Under Corn and Sunflower Sultivation.

Treatment

Soil DTPA Extractable Pb(mg/kg)

Corn Sunflower

Control soil ND* ND
Pb salt amended soil 87 ± 0.12a** 85 ± 0.17a
Sewage sludge amended soil 48 ± 0.09b 45 ± 0.13c
Cow manure amended soil 38 ± 0.21d 35 ± 0.10e
*ND: Not detectable by AAS.
**For each treatment, means with the similar letter are not significantly different 
(P ≤ 0.05, LSD test).

Figure 1.  Effect of organic and inorganic Pb sources on soil Carbon 
to nitrogen ratio (C/N), for each treatment, columns with the same 
letter are not significantly different (P ≤ 0.05, LSD test).
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vated under cow manure and sewage sludge amended 
soil showed significant differences by 3 units in the soil 
DTPA-extractable Pb. Similar to our results, Tarighi et 
al. (2012) concluded that with increasing application 
of organic and inorganic Zn sources, the soil DTPA-
extractable Zn will significantly increase. In addition, 
they found that plant cultivars are very important in 
Zn efficiency, as, a greater soil DTPA extractable Zn 
was shown under cultivation for Alvand relative to 
Backcross cultivars. Plant root rhizosphere may be 
changed the soil chemical properties such as soil pH 
that affect soil Zn availability. However, the effect of 
plant cultivar cannot be ignored, as, the higher soil Zn 
availability was observed under the Alvand relative to 
Backcross cultivar [32].

3.3.  Effect of Organic and Inorganic Sources on 
Plant Pb Concentration 

Plant Pb concentration was largely affected by or-
ganic and inorganic treatments (Table 5). The corn 
Pb concentration under cow manure treated soil was 
lower than those cultivated under sewage sludge treat-
ments (Table 5). This is most likely attributed to higher 
affinity of manure to adsorb Pb as compared to sew-
age sludge because of greater organic carbon content 
of manure. In addition, cow manure had a higher pH 
(Table 3) that may cause precipitation of Pb and thus 
decreasing its phyto-availability. However, root lead 
concentration in sunflower was lower in sewage sludge 
relative to cow amended soil. Negative sewage sludge 
composition may be caused to stunt the sunflower root 
growth (data was not shown). 

The results of this study showed that cultivation of 
corn in soil treated with sewage sludge or cow manure 
caused a significant decreasing in root Pb concentra-
tion relative to the soil that received inorganic Pb salt 
(Table 5). Application of manure and sewage sludge 
decreased root Pb concentration of sunflower by 3.5 
and 10.2 times in comparison with the inorganic Pb salt 

treated soil, respectively. However, for corn it was de-
creased 3.6 and 3.3 times, respectively.

Translocation factor (TF factor) is the measuring 
plant ability to translocate heavy metals from roots to 
shoots. The TF parameter for all the treatments was less 
than 1. The shoot and root Pb concentration of corn was 
significantly greater than the sunflower grown in inor-
ganic Pb salt treatment, but the TF value did not show 
any differences. However, the Root Pb concentration 
of corn and sunflower grown in cow manure amended 
soil did not show any significant differences, but the 
TF value of sunflower was significantly greater than 
corn. It may be concluded that metal accumulation in 
roots may be dependent on plant physiology or soil rhi-
zosphere condition that affect heavy metal availability 
or it may be due to binding heavy metal with sulphy-
dryl groups that prevent the heavy metal translocation 
from root to shoot [29].

3.4.  Soil Pb Extractable Methods

The results of Table 6 showed that DTPA and resin 
membrane is a good method for estimating root and 
shoot Pb concentration, as, all of the correlation coef-
ficients between DTPA or resin membrane method and 
root and shoot Pb concentration were higher than 62% 
(Table 6). 

Resin membrane extractable-soil Pb was a better 

Table 5.  Effect of Sewage Sludge, Cow Manure and Pb(NO3)2 on Shoot and
Root Pb Concentration of Sunflower and Corn.

Treatment

Corn** Sunflower

Shoot Root Shoot Root

Pb(NO3)2-received soil 25.0 ± 0.21f 335 ± 0.42a** 23.2 ± 0.11g 323.2 ± 0.37b
Cow manure amended soil 7.7 ± 0.07i 91.5 ± 0.25d 12.25 ± 0.10h 92.0 ± 0.14d
Sewage sludge amended soil ND* 99.2 ± 0.27c 22.2 ± 0.13g 31.5 ± 0.11e
*ND: not detectable.
**For each treatment, means with the similar letter are not significantly different (P ≤ 0.05, LSD test).

Table 6.  Correlation Coefficients Between Root and 
Shoot Pb Concentration of Plants and Chemical 

Extraction Methods.

Extraction Method
Shoot Pb 

Concentration
Root Pb 

Concentration

Chelex resin membrane 0.85* 0.96*
0.01 M CaCl2 0.77* 0.83*
DTPA (pH = 5.3) 0.75* 0.81*
DTPA (pH = 7.3) 0.62* 0.68*
*Significant, p ≤ 0.05.
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of indicator of root or shoot Pb concentration than 
Pb extracted by other methods in this research (Table 
6). Lead extracted by DTPA method at the pH = 5.3 
showed a greater significant differences relative to 
DTPA method at the pH = 7.3 methods. Lower pH af-
fected the Pb solubility [19] and thereby affecting the 
soil Pb extracted. Lee and Zheng (1994) reported a 
high correlation between heavy metal concentration by 
plant and resin method. In addition, they founded a sig-
nificant high correlation (> +0.9, p ≤ 0.05) for Pb plant 
uptake and Pb-DTPA method at the pH = 5.3. 

3.5.  Predication of Pb Species by VISUAL 
MINTEQ Software

The greatest Pb concentration was measured in the 
Pb salt treatment as the greatest Pb plant concentration 
was also observed. The greatest NO3

−  was also mea-
sured in this treatment. The greater pH of cow manure 
relative to sewage sludge may be caused the decreasing 
Pb concentration of the soil solution by 50%. The low-
est Phosphorous concentration was observed in Pb salt 
treatment that may be related to the interaction of Pb 
and Phosphorus. Applying the cow manure relative to 
sewage sludge caused a significant decreasing in P con-
centration by two times that maybe due to the greater 
percent of Al and Fe oxides (data was not shown) in the 
cow manure treatment. 

Appling the 10% cow manure or sewage sludge 
caused a significant increasing in DOC (Table 7). Dis-
solve organic matter was not detectable in Pb salt treat-
ment. The VISUAL MINTEQ software was used for 
estimating the different Pb chemical species of the soil 
solution [9] (Table 7).

The greatest Pb-DOC concentration was estimated 
in the organic treatments. Organic carbon made strong 
complexes with Pb, as, Pb-DOC was the greatest (more 
than of 99%) Pb complexes in the sewage sludge and 
cow manure treatments. Abbaspour et al. (2008) also 
concluded that the most prevalent species of dissolved 
Pb was belong to Pb-DOC in organic amended soil 

treatments [1]. However, the type of the elements and 
chemical condition of the soils can affected to the for-
mation of the complexes cannot be ignored. 63.4%, 
24% and 8.9% of the amount Pb in soil solution was 
belonged to Pb2+, Pb(OH)+ and PbNO3

+  in the Pb salt 
treatment. Despite of the greater percentage of the Cl- 
complex (nearly 10 times) in the soil solution of the 
cow manure and sewage sludge relative to Pb salt treat-
ment, a significant decreasing in the PbCl+ complex 
was observed that maybe due to the formation of the 
Pb-DOC relative to PbCl+ complexes. 

4.  CONCLUSION

Soil and organic amendments can directly affect soil 
sorption properties that change soil heavy metal avail-
ability. Soil physico-chemical properties such as soil 
pH, carbon to nitrogen ratio and organic and inorganic 
fractions of soil are important role controlling heavy 
metal availability systems. Our result showed that soil 
Pb availability in cow manure or sewage sludge amend-
ed soils is less available than those treated in inorganic 
Pb salt. However, the cow manure had shown more de-
creasing in soil Pb availability relative to sewage sludge 
that maybe related to the greater soil organic carbon 
percentage of cow manure relative to sewage sludge 
amended soil. High correlation between root and shoot 
concentration and resin membrane extractable-soil Pb 
showed that resin membrane was a better of indicator 
of root or shoot Pb concentration than Pb extracted by 
DTPA. Pb-DOC was the important Pb species in or-
ganic amendment soil estimated by VISUAL MINTEQ 
Software. However, the most important factor for soil 
Pb availability was belonged to the inorganic Pb salt 
treatment. Plant Pb concentration was largely affected 
by both organic treatments applied and plant species. 
In Pb salt treatment, shoot and root Pb concentration 
in corn was greater than in sunflower. However, the 
results of this study showed that corn and sun flower 
root Pb concentration was greater under inorganic Pb 
salt relative to those grown in organic treatments. 

Table 7.  Results of VISUAL MINTEQ Software for Estimation Pb Species Percentage in Soil Solution.

Treatment Pb-DOC* Pb2+ Pb(OH)+ Pb(OH)2 PbCl+ PbNO3
+ Pb(NO3)2

Pb salt ND** 63.40a*** 24.0a 0.10 3.10a 8.90a 0.10
Sewage sludge 99.86a 0.06c 0.04b – 0.03c – –
Cow manure 99.40a 0.40b 0.07b – 0.08b 0.01b –
*DOC: Dissolve organic carbon.
**ND: Not detectable.
***For each value, means with the similar letter in each column are not significantly different (P ≤ 0.05, LSD test).
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ABSTRACT: Most of the targeted heavy metals (HMs) in sewage sludge ended up in 
solid residues after pyrolysis and gasification, such as Cu, Zn, Cr, Ni and Pb, which their 
residual rates were over 70%. The bioavailability of the HMs in residues decreased de-
spite their concentrations being higher compared with in sludge. The potential eco-toxic-
ity of each HM were ceased after pyrolysis and gasification of sludge. It was particularly 
noted that HMs in steam gasification residue exhibited the lowest contamination levels. 
In addition, the modification of pyrolysis temperature could pose a significant reduction 
on contamination level and environmental risk of HMs.

1.  INTRODUCTION

Municipal wastewater treatment results in the 
production of a huge amount of sewage sludge 

(SS), the disposal of which is of serious environmental 
concern. In recent years, the amount of the SS gener-
ated in China has increased dramatically, and this trend 
is expected to increase many folds in the years to come 
[1]. Nowadays, the main approaches of disposing of 
SS can be classified into land use, incineration and 
landfill. Land use is one of the most economic ways 
because it can provide many easily available nutrient 
sources like N, P, K and organic matters [2,3]. How-
ever, SS also carries undesirable components, such as 
heavy metals (HMs), polycyclic aromatic hydrocar-
bons (PAHs),  and polychlorinated dibenzo-P-dioxins 
and dibenzofurans (PCDD/Fs) which restrict its use as 
a fertilizer [4,5]. It was reported that the total concen-
tration of HMs in SS (dry weight) was 0.5–2% and in 
some cases may increase to 4%, especially for Cu and 
Zn [6–8]. The reutilization of contaminated SS may re-
lease toxic pollutants into soil and underground water 
along with the decomposition of sludge organic matter. 
Sludge incineration and landfill similarly raises envi-

ronmental concerns with the relevant accumulations of 
HMs and toxic organic pollutants in SS. Sludge incin-
eration can result in emissions of dioxins and HMs into 
fly ash and flue gas [9,10]. Sludge landfill has already 
been banned by “Landfill Directive” in some European 
countries and China. Alternatively, SS can be thought 
of as a potential bio-resource due to its high content 
of organic matter. In this respect, to develop suitable 
technologies that can simultaneously combine material 
recycling and sludge disposal is become essential and 
expectable. 

Pyrolysis and gasification technologies of recov-
ering sustainable energy from SS are gaining more 
and more of interest [11–14]. The influences of vari-
ous operation parameters (e.g., reaction temperature, 
residence time, moisture content, and catalysts) on by-
product yields and hydrogen-rich syngas production 
have been systematically investigated [15–18]. Solid 
residue is an important by-product after pyrolysis and 
gasification treatment of SS. Recently, the residue is 
attracting an increasing interest, since its reutilization 
can potentially improve soil productivity [19], restore 
contaminated soils [20], reduce carbon dioxide emis-
sions and adsorb contaminants [21]. 

A prediction of the ecological impact of the solid 
residue can be regarded as one of the essential points 
to confirm whether various approaches for the recov-
ery of energy from SS can cause a secondary pollution 
problem [22]. In particularly, some problems need to 
be further investigated, such as the mitigation of the 
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potential ecological risks and pollution levels caused 
by HMs in SS after pyrolysis and gasification. Agra-
fioti et al. [23] confirmed that the chemical composi-
tion of pyrolysis residue depends on characteristics of 
the raw SS and the pyrolysis conditions. He et al. [24] 
determined the chemical composition and thermal sta-
bility of solid residues, as well as migration and trans-
formation of HMs during SS pyrolysis. Hwang et al. 
[25–26] found that most HMs was completely retained 
by solid residue after SS pyrolysis treatment and the 
composition of raw SS had a significant influence on 
the quality of the resulting residue and thus, the mobil-
ity of HMs. Lu et al. [27] also studied the influence of 
pyrolysis temperature on physical and chemical prop-
erties of pyrolysis residue. It was observed that the to-
tal concentration of Cu, Zn, Cd and Pb in the residues 
increased with increasing pyrolysis temperature from 
300–500°C. Marrero et al.. [28] reported that the HMs, 
such as Cu, Zn and Cd, were mainly retained in the 
residue after SS gasification treatment, of which are 
only partially leachable. Li et al. [29] proved that bio-
availability and eco-toxicity of HMs in solid residue 
decreased after super-critical water gasification of SS, 
particularly for Cu in the bioavailable fraction of which 
decreased nearly 97%. To obtain a more comprehen-
sive understanding, it is therefore necessary to conduct 
a quantitative assessment of HMs contamination haz-
ards for pyrolysis and gasification residues, which will 
be discussed in depth in the present paper.

This study was aimed to (1) investigate quantitative 
assessment of HMs distribution in the various solid 
residues from SS pyrolysis and gasification treatment 
processes, (2) to provide significant information about 
the differentiation of the relative bonding strength of 
metal on various solid phases and their potential reac-
tivity, (3) and to investigate the contamination levels 
of HMs in solid residues and potential ecological risk 
to the environments regarding their reutilization. For 
comparative purposes, the same assessment were em-
ployed for analyzing contamination level/risk of HMs 
in SS. In addition, the influences of pyrolysis tempera-
ture and moisture content of raw SS on the contami-
nation level/risk of HMs in solid residues were also 
discussed.

2.  EXPERIMENTAL

2.1.  Materials Preparation 

The dewatered SS in this study was sampled in a 
municipal wastewater treatment plant, located in 

Hangzhou of Zhejiang Province, China. In order to 
study the influence of moisture content of SS on the 
transformation behavior of HMs during gasification 
and pyrolysis of SS, some experiments were carried 
out for the following samples: (1) a totally dried ali-
quot of the sludge; (2) a partially dried fraction of this 
sewage sludge, with a moisture content of 55 wt%. 
Raw wet sludge was initially dried in open air for 2 
days to remove the majority of the moisture content 
and obtain 55% of the sludge sample. In order to ob-
tain dry sludge sample, the sludge was further dried in 
a lab-scale air convection oven at 105°C for 10 hours 
to obtain. The dry sludge was grounded and screened 
into fractions of particle diameter smaller than 0.25 
mm. These sludge fractions were then kept in airtight 
containers in an ice box to prevent re-absorption of 
moisture or re-dewatering before experimentation. The 
proximate of the sludge (dry basis), including volatile 
matter content (46.3%), the amount of ash (48.2%) and 
the moisture content (3.8%), was analyzed according 
to the National Testing Standard of Proximate Analysis 
of Coal [30]. The fixed carbon content (1.7%) of the 
sludge was calculated on the basis of the mass balance. 
The ultimate analysis of the sludge was conducted by 
LECO CHN 600 element analyzer and the National 
Testing Standard of Ultimate analysis of Coal [31], 
including carbon (36.5%), hydrogen (5.3%), nitrogen 
(3.5%), sulfur (1.1%), and oxygen (52.6%).

2.2.  Pyrolysis and Gasification Procedures to 
Collect Solid Residues 

The schematic diagram of SS pyrolysis and gas-
ification is shown in Figure 1. A lab-scale cylindrical 
quartz reactor with a heating area of 40 mm in diameter 
and 600 mm in length was used to carry out sludge 
pyrolysis and gasification tests. The reactor is heated 
by a programmable temperature control, and can be ad-
justed from room temperature to 1200°C. The SS py-
rolysis tests were operated at atmospheric pressure and 
a nitrogen atmosphere. A nitrogen flow rate of 80 mL/
min was passed through the whole system for 20 min 
prior to the commencement of the pyrolysis testing. 
The nitrogen flow was shut down during the sludge py-
rolysis, which is good for high residence time of vola-
tiles derived from sludge in the furnace and their sec-
ondary reactions. When the chosen ending temperature 
was reached, it was maintained for a pre-determined 
length of residence time (20 min). The gasification test 
of SS was operated under a high temperature steam at-
mosphere and at atmospheric pressure. The steam with 
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the mass flow rate of 2.5 g/min was fed into the reactor 
throughout the entire gasification process. A sample of 
sludge around 35 g in weight was placed in the cen-
ter of the hot zone of the reactor for each pyrolysis 
and gasification treatment. With the chosen amount of 
sludge and the fed steam, the corresponding mass ratio 
of steam to the used SS was about 2.3 during the SS 
gasification. The resulting gaseous, aqueous and solid 
products from SS pyrolysis and gasification processes 
were carefully and separately collected. The volatiles 
evolved from the SS sample passed through three con-
secutive gas condensers which were placed in an ice-
water bath. The condensed oil fraction recovered in 
the condensers showed a dark color with about pH 9. 
This fraction was separated from the organic fraction 
by decantation, while the organic fraction dissolved in 
the dichloromethane was obtained by evaporating the 
solvent at 45°C. The non-condensable gases were col-
lected in Tedlar sample bags of 5 L with a polypropyl-
ene fitting for sampling. Upon the completion of the 
reaction, heating was suspended, the electric reactor 
was cooled down using fans, and the resulting solid 

residue was taken out and collected in sample bag for 
further weight and chemical analyses. The experimen-
tal conditions, by-product yields of SS pyrolysis and 
gasification and moisture contents of the used sludge 
are described in Table 1. 

2.3.  HMs Analysis

Six targeted elements to define environmental quality 
include Cu, Cr, Pb, Zn, Ni and Cd. They are selected 
because these elements are relatively high concentra-
tions in the local SS, and are readily migrated from 
SS into pyrolysis and gasification residues, and hold a 
specific risk to the environment. In order to more accu-
rately measure the total concentration of individual HM, 
replicate samples of the dried SS (approximately 0.2 g) 
and the collected residues samples (approximately 0.2 
g) were digested in a microwave with an acid mixture 
composed of 9 mL of concentrated HNO3 and 3 mL of 
concentrated HF [32]. Then the concentrations of the 
targeted HMs were measured using inductively coupled 
plasma-mass spectrometry (ICP-MS, Elan DRC-e). 

Table 1.  Operation Conditions and Products Yields of SS Pyrolysis and Gasification,  
the Moisture Content of the Used Sludge.

Experimental Gangue (%)

Residue Sample Code

PR-1 PR-2 PR-3 GR

Operation Conditions

Average Heating rate (°C/min) 80 80 80 80
Ending temperature (°C) 650 950 950 950

Agent flow rate 80 ml/min 80 ml/min 80 ml/min 2.5 g/min
Reaction agent N2 N2 N2 Steam

Yields of solid residue (g/g SS)a 0.59 0.56 0.54 0.48

Moisture content of SS (%) 0 0 55% 0
aExpressed on a SS dry basis.

Figure 1.  The schematic presentation of the experimental apparatus. 1-nitrogen or air; 2-pressure gauge; 3-gas flow meter; 4-quartz tube; 5-re-
actor; 6-SS sample; 7-high temperature steam production; 8-programmable temperature controller; 9-gas condenser; 10-pump; 11-condensed 
oil fraction; 12-moisture absorber (anhydrous calcium sulfate); 13-filter; 14-gas flow meter; 15-Tedlar sampling bag.
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The chemical forms of HMs were determined 
through an established BCR multi-step sequential ex-
traction method [33]. Four fractions were collected 
during each extraction and grouped according to the 
metal species as follows: exchangeable, water and ac-
id-soluble species (F1); reducible, iron and manganese 
oxides (F2); oxidizable, species bound to organic mat-
ter (F3); and residual, associated with mineral matter 
(F4). Multi-step sequential extractions were carried 
out for each fraction with different chemical forms of 
association and mechanisms of availability. Table 2 
summarized the details of BCR extraction procedure. 
Sequential extractions were carried out in duplicate, 
using 1 g dry SS and various reagents. Solid samples 
were placed in polypropylene centrifuge tubes (30 mL 
with cap) and mixed in a stepwise fashion with dif-
ferent reagents to conduct the extractions. The sus-
pensions were equilibrated as introduced in Table 2. 
In order to minimize loss of solid residues, between 
all successive extractions, the solid residues was sus-
pended in 5 ml of 0.1M NaCl and centrifuged at 3000 
rpm for 20 min to displace the extraction solution re-
maining from the previous step. The above step was 
aimed to reduce sample dispersion and to minimize the 
re-adsorption of the metal. The obtained supernatant 
was added to the former extractant. Afterwards, the su-
pernatants was filtered through a 0.45 um membrane 
filter, and the residues were washed and shaken with 
8 mL of deionized water for 25 min, and then centri-
fuged, making it ready for the subsequent extractions. 
The concentrations of HMs in different fractions were 
measured by ICP-MS.

2.4.  Risk Assessment Methodology

In the past years, various assessment indices and 
methods, such as the geo-accumulation index (Igeo) 
and potential ecological risk index (RI), the analyses 
of risk assessment code (RAC) and bioavailability and 

eco-toxicity of HMs have been employed to assess 
the pollution levels of HMs in solid materials, such as 
some sediments, sewage sludge and its thermal treat-
ment residues [29,33–39]. According to the total con-
tent or speciation characteristics of HMs, the index of 
Igeo and RI were categorized into all total content indi-
ces, and RAC was a speciation index [40]. 

Igeo index can be obtained by the following Equation 
(1), where Cn is the measured concentration of bio-
available HMs in SS and solid residue (PR-1, 2, 3 and 
GR); Bn is the background values of individual HMs. 
It has been proved that the total content of HMs must 
be substituted with the content of bioavailable HMs. 
Otherwise, the assessed ecological risk and contami-
nation degree of HMs in SS and its resulting residues 
after thermal treatment will be increased and overesti-
mated [29]. Soil background values in Zhejiang Prov-
ince were selected as reference values to evaluate toxic 
HMs contamination, which were from the statistical 
parameter of top soil environmental background in the 
plain regions of Zhejiang [41].

I C
Bgeo
n

n
= log

.2 1 5

Calculation of Potential ecological (RI) was em-
ployed to quantitatively assess the ecological risk of 
HMs. It was denoted to characterize the environmental 
ecological risk resulting from the distribution of HMs, 
which was obtained by the following Equations (2), (3) 
and (4) [28,33,34,36]. Where,Cf

i is the pollution index 
of each HM;Cd

i is the measured concentration of bio-
available HMs in SS and PR1, 2, 3 and GR;CR

i is the 
reference value of individual HMs defined as Bn; ER

i is 
the monomial potential ecological risk factor; TR

i  is the 
toxic response factor of each HM, and the value is in 
the order of Zn = 1 < Cr = 2 < Cu = Ni = Pb = 5 < Cd 
= 30 [44].

C C
Cf

i d
i

R
i=

E T CR
i

R
i

f
i= ×

RI Ei
n

R
i= −Σ 1

Analysis of RAC index has been employed by sev-
eral authors to assess the environmental risk associated 
with HMs pollution in some sediments or solid resi-
dues [28,34]. In this study, it was used to estimate HMs 

Table 2.  Sequential Extraction Procedures.

Fraction Solution Equilibrium Conditions

F1 40 ml 0.11M CH3COOH 16 h, room temperature

F2 40 ml 0.5 M NH2OH-HCL
(pH 1.5)

16 h, room temperature

F3 10 ml 8.8M H2O2
1 h, room temperature

1 h, 85

F4
10 ml 8.8M H2O2

40 ml 1M NH4OAc (pH 2)
HNO3-HCl digestion

1 h, 85
16 h, room temperature

(1)

(2)

(3)

(4)
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Table 3.  The Total Concentration of HMs in SS, PRs and GR and Permitted Values in 
Discharge Standards (mg/kg)a.

Sample Codes Cu Zn Pb Cr Ni Cd

SS 557 1860 114 335 81 1.92
PR-1 774.3 2570.1 161.6 408.3 115.5 1.8
PR-2 874.5 2846.1 129.5 413.1 129.7 1.41
PR-3 883.6 2829.6 141.7 414.3 117.4 1.7
GR 882.7 2941.4 174.2 470.0 140.3 2.3

Discharge standards values [45]
pH < 6.5 800 2000 300 600 100 5
pH > 6.5 1500 3000 1000 1000 200 20

aThe results are expressed as the average values, and the experimental errors of the replicated tests are less than 10%.

contamination in SS and PRs and GR. The RAC as-
sessment was carried out through comparing the mass 
percentages of HMs in the carbonate and exchangeable 
fraction with the classification of risk categorized in 
terms of RAC tabulated by Sundaray et al. [42]. 

3.  RESULTS AND DISCUSSIONS

3.1.  Total Concentration of HMs 

The total concentrations of the six targeted HMs in 
SS, PR-1, 2 3 and GR are listed in Table 2. For com-
parative purposes, the discharge standards of pollutants 
for municipal wastewater treatment plant in China are 
also presented in Table 3. It can be seen that the con-
centration of each HM in the PR1, 2, 3 and GR is all 
higher than those in SS, except for Cd. The content of 
Cd in PR-1, 2 and 3 is slightly lowered than that in 
SS. One of the reasons may be that Cd is expected to 
partition in higher concentration in gaseous and liquid 
phases by-products (gas or bio-oil) due to its physical-
chemical properties such as low vapor pressure and 
high volatility under the condition of high temperature. 
In addition, as a result of the trace concentration of 
Cd in the residue samples, an unavoidable sampling 
and measurement error of about 9% from three rep-
licated samples could slightly influence the average 
contents of Cd in PR-1, 2, and 3. For all of the targeted 
elements, the content of Zn in various residues and SS 
samples is highest. Moreover, the concentration of the 
individual HM was all below the discharge standards 
of pollutants for municipal wastewater treatment plant 
before the pyrolysis and gasification treatment of SS. 
However, Cu in PR-2, PR-3 and GR, and Zn and Ni in 
all the tested residues exceeded the acid soil standards 
after pyrolysis and gasification treatment, but still were 
within the basic soil control range. The increase of the 
total concentration of individual HM in PRs and GR 

potentially means the contamination risk of HMs to en-
vironment increased. As discussed in previous investi-
gations, the bioavailability and eco-toxicity of HMs in 
solid materials are strongly associated with their spe-
cific chemical forms and their binding state [6,25–26]. 
Therefore, whether the HMs in PRs and GR pose an 
eco-toxicity risk on the environment depends on fur-
ther sequential extraction results.

3.2.  Residual Rate of HMs 

Among the targeted HMs, Cd held a relatively lower 
residual rate of below 55%. For the other HMs, their 
residual rates were all over 70%, which indicated that 
most of the HMs remained in the solid residues after 
pyrolysis and gasification treatment. The obtained re-
sults are similar to other research findings showing that 
HMs in SS are concentrated in residue fractions fol-
lowing pyrolysis [25–26,44]. It is also observed that 
the operation temperature influenced the residual rate 
of HMs to a different extent. As the pyrolysis tempera-
ture increased, Cu, Zn, Ni and Cr became increasingly 
trapped in the resulting solid residues. However, as the 
temperature increased from 650–950°C, the residual 
rate of Pb and Cd during SS pyrolysis decreased by 
16.7% and 12%, respectively. In addition, the change 
of moisture content in the raw SS from 0–55% only 
showed a slight impact on the residual rates of the test-
ed HMs. This may mean that a low water mass con-
tained in SS was not a dominant factor influencing the 
partition of HMs. If enough water was involved in the 
SS pyrolysis process, it could promote the chemical re-
action among mineral matters, metals, and water, and 
increase the residual rates of HMs in solid residues. 
This was confirmed by Verhulst et al. [45] that some 
HMs with high volatility could be easily converted to 
oxides, and a certain level of water in the system could 
decrease the metal volatilization by shifting the equi-
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librium based on the chemical formula (1) towards the 
left, which improved their fixation rates to the resulting 
solid residue. The SS steam gasification in this study 
similarly proved the result. The residual rates of Zn, 
Cr, Ni, Pd, and Cd in GR were observed to be signifi-
cantly lower than those in PR2 and PR3. The residual 
rates of Cu and Ni in GR were rarely varied though 
steam was fed into SS gasification reactor.

MO HCl(gaseous) MCl (gaseous) H O(gaseous)+ = +2 2 2

3.3.  Bioavailability of HMs 

The bioavailability and eco-toxicity of HMs in the 
environment is dependent not only on their concentra-
tions, but also on their chemical speciation [40]. It is 
widely recognized that the acid soluble/exchangeable 
fraction (F1) and the reducible fraction (F2) with a 
thermodynamically unstable characteristic are the di-
rect toxicity fractions. The oxidizable fraction (F3) in 
oxidizing condition and the residual fraction (F4) are 
identified as a stable fraction, because they mainly con-
tains primary and secondary minerals holding metals 
within their crystal structure and these metals are not 
expected to be leached into solution under normal con-
dition in nature [46] . Hence, in this study, the bioavail-
able fraction was defined as the sum of F1 and F2 in 
order to accurately assess contamination levels and po-
tential ecological risk of the HMs in SS, PRs and GR. 
The non-bioavailable fraction consisted of F3 and F4. 
Table 4 shows the statistical results of the average con-
centration of each HM in the bioavailable (CBio) and 

non-bioavailable (Cnbio) fractions. It can be found that 
the bioavailable fractions of HMs in PRs and GR nota-
bly decreased compared with those in SS. In particular, 
the amount of HMs in the bioavailable fraction most 
notably decreased for GR. The result is consistent with 
a previous study by Marrero [28], which reported that 
metals retained in the solid product of SS gasification 
could be expected to be much less mobile than those 
in SS. However, the amount of Pb in the bioavailable 
fraction of PRs showed a relatively small variation. Pb 
is preferentially bound to residual fractions (F4) and 
is almost undetectable in its conveniently mobile form 
[47].

3.4.  Contamination Assessment 

3.4.1.  Geo-accumulation Index (Igeo)

Figure 2 shows the Igeo index of the six HMs in 
SS, PRs and GR. For SS, the Igeo values of Zn and Cu 
were above 2, meaning a heavy contamination in SS; 
Pb showed no contamination; Cr, Ni and Cd showed a 
moderate contamination. Compared with the Igeo values 
for SS, the values for PRs and GR were decreased to 
different extents. The Igeo values of Cu, Cr, Ni, Pb and 
Cd in all the residues samples were below zero, imply-
ing an uncontaminated level. Zn levels in all residues 
could be classified as heavy contamination except for 
GR showing a moderately contaminated level. On the 
whole, the contamination levels of the six HMs after 
pyrolysis and gasification processes were all evidently 
reduced, except for Zn. In particular, the contamina-
tion levels of Cu, Cr, Ni and Cd were ceased from a 
contaminated level to an uncontaminated level after 
pyrolysis and gasification treatment of SS.  

Figure 2.  Igeo index of HMs in SS, PRs and GR.

(5)

Table 4.  Statistical Results of Bioavailable  
Fractions of Heavy Metals in PRs and GR 

(mg/kg)a.

Sample Specification Cu Zn Pb Cr Ni Cd

SS
CBio 222.8 1209 42.2 184.25 56.7 0.86
Cnbio 334.2 651 71.82 150.75 24.3 1.05

PR-1
CBio 25.5 682.8 25.9 7.4 12.0 0.2 
Cnbio 748.9 1870.6 135.7 401.0 98.5 1.6 

PR-2
CBio 23.9 617.7 24.6 6.2 4.5 0.1 
Cnbio 850.6 2228.4 104.9 406.9 125.2 1.3 

PR-3
CBio 2.6 761.8 32.6 8.1 3.4 0.1 
Cnbio 881.0 2067.8 109.1 396.2 114.0 1.6 

GR
CBio 4.4 235.3 8.7 0.0 3.7 0.1 
Cnbio 842.1 2694.3 141.1 390.7 118.7 2.2 

aThe results are expressed as the average values, and the experimental errors of the 
replicated tests are less than 10%.
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3.4.2.  Potentially Ecological Risk Index (RI)

Figure 3 shows the ecological risk assessment results 
of six targeted HMs. All of the risk indices ( )ER

i  of the 
HMs in SS were higher than those in PRs and GR. It 
was observed that Cd polluted SS considerably, with a 
high ER

i  value of 95, and Cr polluted SS moderately, 
with an ER

i  value of 50. The two targeted HMs in SS 
were deemed a very high risk to the environments, and 
should give rise to wide-spread concerns. In regards to 
Zn, Pb, Cr and Ni in SS, the ER

i  values were below 40, 
therefore they can be classified as very low risk to the 
enviroment. However, for all the studied residues, the 
ER
i  values of Cu, Zn, Pb, Cr, Ni and Cd were all below 

40, suggesting no or low risk to the local environment. 
RI was employed to further evaluate the overall po-

tential ecological risk of HMs. The RI method covers a 
variety of research domains i.e., biological toxicology, 
environmental chemistry, and ecology [40]. The RI of 
six targeted HMs for SS was as high as 211.2, repre-
senting a high risk to the environment. However, the 
solid residues PR-1, PR-2, PR-3 and GR showed much 
lower RI values (39.2, 26.2, 23.7 and12.8, respective-
ly) presenting low risk or no risk to the environments. 
It can be concluded that the low ecological risk of resi-
dues resulted from the metal, Cd.

3.4.3.  Analysis of Risk Assessment Code (RAC)

RAC can be characterized as the environmental 
risk due to the presence of HMs in the exchangeable 
and carbonate-bound fraction (F1). Figure 4 shows 
the results of the environmental risk assessment based 
on RAC index. The mass ratios of F1 in SS varied in 
decreasing order of Zn, Cd, Pb, Ni, Cu, and Cr. In par-

ticular, Zn posed a high risk to the ecosystem and Cd 
and Pd could be categorized as medium risk. It can be 
observed that the RACs of the HMs in SS were higher 
than those of PRs and GR. The RAC values for Zn and 
Pd in PR-1 and PR-2 were higher than 11, indicating 
a medium risk to the environment. The RAC indices 
for Cu, Cr and Ni in SS, PRs and GR were all below 
10, and could be classified as low risk or no risk. Cr, 
Ni, Cu, Pd and Cd in GR could be classified as no risk, 
which was consistent with the results from their ER

i ,  
and RI values.

3.5.  Comparisons of Different Assessment 
Methods 

The comparison of the assessment results among the 
Igeo, ER

i ,  RI and RAC indices consistently indicated 
that HMs contamination level were significantly de-
creased after SS pyrolysis and gasification. Igeo, and 
ER
i  indices showed uncontaminated and low risk of 

Cu, Pb, Cr, Ni, and Cd in the pyrolysis and gasification 
residues. The assessment results of the HMs in PRs and 
GR showed good agreement, implying negligible or 
very low risk to the environments. RAC index for most 
of HMs in residues also gave consistent results with 
Igeo, and ER

i .  The three assessment indices all showed 
a medium risk or moderate contamination for Cr in SS

However, there were some disagreements among 
the risk ranks of the HMs. The major disagreement ex-
isted for the risk assessment of Cu, Zn, Pd and Ni in SS 
and Zn in PRs. The assessment results based on Igeo in-
dex indicated that the levels of Zn and Cu pollution in 
SS were classified as heavy contamination risk, and the 
levels of Zn in PR-1, 2 and 3 were classified as moder-
ate contamination or heavy contamination. However, 
based on ER

i  assessment results, Cu, Zn, Pd and Ni in 
SS and Zn in PRs presented a low risk. Based on RAC 

Figure 3.  Potentially ecological risk indices of HM in SS, PRs and 
GR.

Figure 4.  The RAC index of HMs in SS, PRs and GR.
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index, Zn in PR-1 presented a medium risk because of 
its high percentage of F1 fraction and Cu in PR-3 and 
GR showed low risk to no risk. In particular, based on 
the Igeo and ER

i  indices, the level of Cr contamination 
in SS ranked as moderately contaminated, whereas a 
negative result was obtained from RAC indicating that 
Cr pollution in the SS presented a low risk to the envi-
ronment. Similar contradictions were also observed for 
Pb. For instance, the risk classification of Pd in the SS 
and PR-1 based on RAC was medium rank, but they 
presented no pollution risk based on ER

i  and Igeo. 
The three risk assessment methods possess distinc-

tive characteristics, despite some disagreements exist-
ing among the risk ranks of the six targeted HMs. The 
Igeo method focuses primarily on the accumulation lev-
els of the individual HM. RI can describe both ecologi-
cal risk caused by a single pollutant and the overall risk 
or contamination from various pollutants. During the 
calculation of Igeo and RI, the concentration of the indi-
vidual HM distributed in the F1 and F2 fractions is ad-
opted as the measured parameters, instead of the total 
content of each HM. The RAC classification considers 
only F1 values, ignoring the F2, F3 and F4 proportions 
of each HM. For RI index, the total concentration and 
different fraction of individual HM were taken account 
while neglecting the difference of each HM in terms of 
their bioavailability and eco-toxicity. 

3.6.  Comparisons Between PRs and GR

Through assessing the risk contamination based 
on Igeo, and RAC, it was observed that PRs were pol-
luted by some of the targeted HMs more heavily than 
GR by some HMs. Zn, for example, was considered 
to be heavy contamination classification based on Igeo, 
and to be under the medium risk categories to the en-
vironment based on the RAC value. In addition, the 
environmental risk assessment value of each HM in 
GR decreased or showed no risk to the environments, 
reflecting minimal contamination of the HMs and en-
vironmental risk to the ecosystem. Though the total 
concentration of HMs in GR increased, its bioavailable 
fractions of HMs decreased. According to the RI val-
ues, the potential ecological risk of GR is much lower 
than those of PRs. 

The comparison among the obtained risk assess-
ment results indicates that pyrolysis temperature has 
a significant impact on the ecological risk and pollu-
tion level. As pyrolysis temperature increased the Igeo 
values of the HMs decreased. A higher temperature 
could potentially contribute to a lower environmental 

risk of HMs in solid residues. With respect to Cd, for 
example, the rank of risk significantly decreased from 
medium risk to no risk when the reaction temperature 
increased from 650–950 °C. With the Cu and Ni, the 
rank of risk decreased from low risk to no risk. How-
ever, the moisture content of SS had little influence on 
the ecological risk and intensities of HMs pollution. 
The total concentration and bioavailability of HMs 
were only slightly influenced as the moisture content 
increased from 0–55%. 

4.  CONCLUSIONS 

Most of HMs in SS was still retained by solid resi-
dues after gasification and pyrolysis treatment. The 
potential eco-toxicity and bioavailability of the tar-
geted HMs were ceased, but their total concentrations 
increased compared with them in SS. According to 
Igeo, and ER

i  indices, the contamination levels of Cu, 
Pb, Cr, Ni and Cd in pyrolysis and gasification resi-
dues are uncontaminated or low risk to the environ-
ment, but as regards HMs in SS, their contamination 
levels and eco-toxicity risk to the environment maybe 
have an overestimated. On the whole, the pyrolysis and 
gasification treatment effectively reduced the bioavail-
ability of HMs by chemical modification of their chem-
ical speciation into less available forms. In addition, 
the modification of pyrolysis temperature could pose a 
significant reduction on contamination level and envi-
ronmental risk of HMs. Meanwhile, the steam fed into 
reactor during SS gasification imposed a more active 
effect on reduction of the environmental risk caused 
by HMs in the resulting solid residue. Attention should 
also be paid to the fact that the three risk assessment 
methods, Igeo, RI ( )ER

i  and RAC, possess distinctive 
characteristics. 
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Dissipation and Residue of Azoxystrobin in Tomatoes and Soil 
Using Gas Chromatography with Tandem Mass Spectrometry
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Henan Institute of Science and Technology, Xinxiang, 453003, China

ABSTRACT: The analytical technique for the determination of azoxystrobin in tomato 
and soil was obtained by gas chromatography with tandem mass spectrometry (GC-MS/
MS), and its dissipation fate was also investigated under field conditions. Azoxystrobin 
residues in tomato and soil were extracted with ethylacetate+cyclohexane extraction 
and followed by the dispersive-SPE purification. The average recoveries in tomatoes 
and soils at different spiked concentrations (0.1, 0.5 and 1.0 mg/kg) ranged from 86.16% 
to 105.47% with RSDs from 6.8% to 12.3%. The LOD ranged from 0.003 µg/kg to 0.004 
µg/kg, and LOQ ranged from 0.009 µg/kg to 0.012 µg/kg. This developed methodology 
was also used to investigate the residues and dissipation of azoxystrobin in tomatoes 
and soil under the field conditions. The initial azoxystrobin concentrations in tomato fruits 
in Henan province and in Zhejiang province were 0.494 mg/kg and 0.638 mg/kg with 
half-lives of 9.9 days and 11.5 days, respectively. Concentrations were reduced by more 
than 50% at 10 days after application for both sample sets. Initial azoxystrobin concen-
trations in soil were 1.747 mg/kg and 1.845 mg/kg in Henan province and in Zhejiang 
province with half-lives of 8.6 days and 7.7 days, respectively.

INTRODUCTION

There being a world gross production of nearly 100 
million tonnes in 2010 and an enhancement of 45% 

from 2000 to 2010, tomatoes are one of the main food 
crops according to human diets, as wells as 16 essential 
nutrients and many other chemical elements that are 
beneficial to human health. Today tomato is cultivated 
almost everywhere all over the world, among which, 
China, India, and Egypt were the three biggest produc-
ing countries. China is generally suitable for tomato 
growing, however, diseases are key factors threaten-
ing the tomato production [1]. Therefore, the pesticides 
involving a shorter preharvest interval (PHI) of seven 
days or less are needed to protect tomato from plant 
pathogens, for instance, gray mildew (Phytophtora in-
festans) and gray mold (Botrytis cinerea) [2,3].

Aazoxystrobin, belonging to a systemic 
β-methacrylate strobilurin fungicide, and it is effec-
tive to control the fungal diseases caused by four main 
groups of plant pathogenes including Basidiomycota, 
Ascomycota, Oomycota and Deuteromycota [4,5]. 
Its main action mode is the inhibition of electronic 
transport between cytochrome b and cytochrome c1 

[5,6]. In terms of toxicity, it is low chronic to an adult 
man [2]. Its brand name is Amistar and first launched 
in 1996 by Syngenta company, and now became the 
world's biggest selling fungicide. Nowadays, there are 
several formulations of single and azoxystrobin mix-
tures in china, such as water dispersible granule (WG), 
aqueous suspension concentrate (SC), and aqueous 
suspo-emulsion (SE). Azoxystrobin mixtures can save 
the dosage and the costs, and also reduce the resistance 
development of single fungicide formulations.

In term of consumers’ food safety and international 
import and export trade, maximum residue limit (MRL) 
in foods had been established from different govern-
ments [7]. The MRLs for azoxystrobin in tomatoes are 
2, 0.2, 1, 1, 0.5 mg/kg in EU, U.S., Japan, Korean and 
Australia, respectively. However, there has been no 
MRLs for azoxystrobin in tomato in China. Therefore, 
the determination of azoxystrobin residues is important 
for the human exposure assessment to azoxystrobin in 
foods.

Solid phase extraction (SPE) and solid phase mi-
croextraction (SPME) followed by multiple opera-
tion steps have become regular sample preparation 
techniques for azoxystrobin analysis [8,9]. However, 
in these methods, time consuming and a great number 
of organic solvents are often required. The QuECh-*Authors to whom correspondence should be addressed.  
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ERS method is a newly developed sample preparation 
technique for pesticide residue analysis. Compared to 
traditional and regular extraction methods, the method 
was recently selected as an alternative technique for 
sample extraction and cleanup due to its many advan-
tages [7,10]. However, to our knowledge, there is no 
previous report based on the use of the QuEChERS ex-
traction technique for determining azoxystrobin resi-
due in tomatoes. And the dissipation of azoxystrobin in 
tomatoes and soil under field conditions has not been 
studied.

A larger amount of analytical methods had been 
used for determining and monitoring azoxystrobin 
residues in biological and environmental matrices. 
These methods included high performance liquid chro-
matography (HPLC) with diode array detector (DAD) 
[11], massspectrometry (MS) detector [12] and tandem 
mass spectrometry (MS/MS) [13,14], gas chroma-
tography (GC) with electron capture detector (ECD) 
[6,15], NPD detector [16], and MS detector [8,17]. 
Furthermore, enzyme-linked immunosorbent assay 
(ELISA) [4, 18], the chemiluminescence (CL) method 
[19], and fluorescence methods [20] have been investi-
gated for the determination of azoxystrobin. In tandem 
mass spectrometry, there is a significant increase in the 
precision and reproducibility of the target compounds 
[7,10]. 

In this paper, we developed a fast, simple and effec-
tive extraction procedure and GC-MS/MS technique to 
determine the residue and dissipation of azoxystrobin 
in tomato and soil. 

MATERIAL AND METHOD

Chemical and Reagent

An azoxystrobin standard (purity ≥ 99.7%) and 30% 
azoxystrobin·propamocarb hydrochloride suspension 
concentrate were obtained from Li’er (China) Co., 
Ltd. Analytical grade Ethylacetate, cyclohexane, NaCl 
and MgSO4 were obtained from Beijing Chemical and 
Reagent Co. Graphitized carbon (GCB) and primary 
secondary amine(PSA) were get from Agela Tecnol-
ogy Co.. Ultra-pure water was prepared from a Milli-Q 
purification system from America Bedford Co.

The standard stock solution of azoxystrobin (100 
mg/L) was prepared in acetone; standard curve analy-
sis (0.05–2.0 mg/L) were obtained in acetone by se-
rial dilution to 0.05, 0.1, 0.5, 1.0 and 2.0 mg/L. All the 
above standard solutions were stored at –20°C prior to 
use.

Extraction and Purification Procedure

Samples extraction. The blank samples (tomatoes 
and soils) were gathered from Henan province of Chi-
na and did not contain the target analyte(azoxystrobin). 
The above samples were extracted based on a modified 
QuEChERS method; 10 g of representative portion 
of homogenized samples (tomatoes and soils) were 
weighed and put in a 50 mL poly-tetrafluoroethylene 
(PTFE) centrifuge screw-capped tubes. In the recovery 
experiment, the tomato and soil samples were fortified 
with different concentrations of standard azoxystrobin 
solution, well agitated and stood for 1h at room tem-
perature. Next, 10 mL of extraction solvent (ethylac-
etate + cyclohexane)  (1 + 1, v/v) was added and the 
cap was closed. The above samples were immediately 
vortexed vigorously for 5 min. After 4g of MgSO4 and 
2g of NaCl were added into the tubes, the above tubes 
were agitated for 2 min and then centrifuged for 10min 
at a speed of 2077 g (4000 rpm). 

Cleanup. In each case, above upper layer of 1.5 
mL solvent (ethylacetate + cyclohexane) was add-
ed into the dispersive solid-phase extraction (SPE) 
tubes containing 15 mg GCB, 20 mg PSA and 100 
mg anhydrous MgSO4 for purification. Afterward, the 
tubes agitated for 1 min and centrifuged for 5 min at 
a speed of 2077 g. The supernatant solution was fil-
tered through a 0.22 μm polypropylene filter prior to 
GC-MS/MS analysis. 

GC-MS/MS Analysis

The concentrations of azoxystrobin were investigat-
ed by a Varian 4500 GC equipped with a 300 module 
triple quadrupole mass spectromete, a 1177 Series split/
splitless auto-injector and a Capillary Column VF-5 
(30 m × 0.25 mm × 0.25 μm). The high pure helium of 
99.999% was employed as the carrier gas with a con-
stant flow rate of 1.0 mL/min. The column temperature 
was programmed as follows: initially at 150°C holding 
for 1 min and directly increased to 280°C at the rate of 
40°C/min and holding for 20 min. The temperature of 
the injector port was set at 250°C and a volume of 2 μL 
supernatant solution was injected into the column with 
the splitless mode. The MS spectrometer was manipu-
lated at the positive electron ionization (EI+) mode, 
with 250°C of ion source temperature and 280°C of 
transfer-line temperature, as well as 70 eV of electron 
ionization energy, and 7.0 min for solvent delay time. 
The scan mode was selected in the MRM. The parent 
ion of azoxystrobin was m/z 344, as well as its daugh-
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ter quantitative ion and qualitative ion were m/z 329 
and m/z 273, respectively.

Method Performance

Matrix effect assessment, precision, accuracy, LOD 
and LOQ were carried out to develop analytical meth-
odology for azoxystrobin detection. As for recovery 
experiment, it was evaluated by extraction and analysis 
of five replicates at three different spiked concentra-
tions (0.1, 0.5, and 1.0 mg/kg) by adding known vol-
ume of azoxystrobin standard solutions into different 
matrices (tomatoes and soils). 

Field Application

In the field trials, the dissipation experiment in to-
mato and soil was carried out from Henan province 
and Zhejiang province of China in 2012. The different 
treatments and controls plots were divided into 15 m2  
sized  blocks with three replicates. The application of 
30% azoxystrobin · propamocarb hydrochloride sus-
pension concentrate in dissipation experiments was 
in the dosage of 526.5 g (a.i.)/ha with using a single 
spray. Representative tomato and soil samples were 
picked up after 2 h, 1, 2, 3, 5, 7, 10d and 14d when 
azoxystrobin spraying. All of the above tomato and soil 
matrices were immediately put into polyethylene bags 
and kept in a deep freeze (–20°C) prior to analysis. 

RESULTS AND DISCUSSION

Extraction Solvents

Acetone and petroleum ether are the solvents in-
volved in the published journal references [2,3]. And 
subsequently it was cleaned up using mini chromato-
graphic columns. It required a lot of time and organic 
solvents that are harmful to environment. In our study, 
fungicide azoxystrobin residues were extracted by the 
solvents according to the solvent system recommended 
by Bo et al. (2007) [17]. The extraction effects for three 
kinds of solvent systems are compared in this experi-
ment. The results are as follows: the emulsion phenom-
enon is serious and not easily layered in the solvent 
system of acetonitrile/water (9 + 1, v/v), and there are 
a large amount of impurity peaks in the solvent system 
of methylene chloride/acetone (7 + 3, v/v), and there is 
a good recovery and selectivity in the solvent system of 
ethyl acetate/cyclohexane, so ethyl acetate/cyclohex-
ane (1 + 1, v/v) solution is chosen as extraction solvent.

Cleanup Method

In the quantitative determination of the pesticide 
residue in foods by GC, due to the complexity of ma-
trix, without purification treatment after extraction, 
the content of total flow will affect the target ion, and 
reduce the sensitivity of the detector. SPE is the com-
monly used approach for the pesticide preconcentra-
tion. In order to select suitable sorbents for cleanup, we 
firstly checked the cleanup effect of silica column and 
C18 column. And it was found that azoxystrobin was 
cleaned up on a silica SPE column to obtain an extract 
suitable for analysis. Compared to the SPE, dispersive 
SPE cleanup is easier and faster. These cleanup sor-
bents include GCB, PSA, florisil, C18, and so on. And 
they can fastly remove the impurities and colorings 
such as chlorophyll, carotene. In our study, we found 
that the combination of GCB with PSA can effectively 
remove the visible pigments.

MS/MS Parameters

The pure standard solution of azoxystrobin at 1 mg/L 
was infused into the tandem mass spectrometer with 
continuous flow injection. In this study, we evaluated 
ESI+ and ESI- ion modes, and it was proven that the 
ESI+ mode could get higher precursor ion and daughter 
ions signal intensities and good fragmentation patterns 
than the ESI- mode; so the ESI+ mode was selected for 
the analysis. The azoxystrobin was monitorized with 
scanning mode in the range of m/z 50–600. The parent 
ion of azoxystrobin was selected as m/z 344, as well 
as its daughter quantitative ion and qualitative ion se-
lected were m/z 329 and m/z 273, respectively.

Matrix Effect

As we know, the electrospray ionization of the target 
analytes may be influenced by the existence of matrices 
compounds, and they also have been co-extracted from 
the samples when electrospray ionization (ESI) is used 
[7,10]. The matrix effects may affect the repeatability 
and accuracy of the developed method. Therefore, in 
order to decrease the matrix effect and get much better 
results, a calibration was carried out for azoxystrobin 
analysis by adding the external azoxystrobin standards 
into tomato and soil samples in the current study. A zero 
value denotes that there is no matrix effect, a positive 
value means that the compound response is strength-
ened by the different matrixes, and a negative value 
shows that the compound response is inhibited by the 
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different matrixes. In the present study, the matrix ef-
fect value is 2.5%, it showed that the azoxystrobin re-
sponse was enhanced by the matrixes of tomatoes and 
soil.

Linearity, LODs and LOQs

The calibration curves of azoxystrobin were ob-
tained at five different concentrations (between 0.05 
mg/kg and 2 mg/kg) in different tomato and soil matrix 
(Table 1). The linearity was good with a coefficient of 
determination (R2) higher than 0.99 in two matrixes 
standards solutions for azoxystrobin. LODs and LOQs 
were calculated at spiked level (0.1 mg/kg) according 
to an signal/noise (S/N) of 3:1 and 10:1, respectively. 
The results showed that the LODs of azoxystrobin 
ranged from 0.003 µg/kg to 0.004 µg/kg, and LOQs 
ranged from 0.009 µg/kg to 0.012 µg/kg in tomatoes 
and soils. In this developed method, the LOQs for 
azoxystrobin in toamto and soil samples were much 
below than the MRL (0.2–2 mg/kg) set by different 
government agencies. 

Recovery, Precision and Accuracy

As shown in Table 2, the recoveries of azoxystrobin 
obtained with this method at different spiked concen-
trations for 0.1 mg/kg, 0.5 mg/kg and 1.0 mg/kg in to-
matoes and soil samples. The mean recoveries ranged 
from 86.16% to 105.47%, and the relative standard 
deviations (RSDs) of repeatability of the azoxystrobin 
ranged from 6.8% to 12.3%. They may provide author-
itative reference for azoxystrobin residue analysis.

Validation in Tomato and Soil Samples under Field 
Conditions

The method application was carried out to detect 

azoxystrobin residue in tomato and soil dissipation rate 
experiment both in Zhejiang province and Henan prov-
ince in 2012. The curves for azoxystrobin dissipation 
in field treated tomato and soil samples were shown in 
Figure 1. The t1/2 of azoxystrobin was obtained using 
the first-order kinetics equations as follows, Ct = C0e–kt 
and t1/2 = (ln 2)/k. Ct is the concentration of the azoxys-
trobin at specific time, C0 is the initial concentration 
after the azoxystrobin applicaton, k is the constant of 
dissipation rate, and t1/2 denotes the half-life. The t1/2 
and other parameters of azoxystrobin residue dissipa-
tion were summarized in Table 3. The initial concentra-
tions in the tomato samples from Henan province and 
Zhejiang province were 0.494 mg/kg and 0.638 mg/kg, 
respectively. It was found that the decline in azoxys-
trobin concentration was gradual when azoxystrobin 
spraying. Azoxystrobin residue concentrations were 
decreased by more than 50% at 10 days after appli-
cation both in Henan province and in Zhejiang prov-
ince. Initial concentrations in soil were 1.747 mg/kg 
and 1.845 mg/kg in Henan province and in Zhejiang 
province with half-lives of 8.6 days and 7.7 days, re-
spectively.

Previous studies showed that the dissipation rates 
of azoxystrobin changed from different matrixes. Be-
cause of the systemic activity of azoxystrobin, it was 
stable in tomato fruits and there is no any decrease un-
der greenhouse conditions. But it is sensible to sun-
light, the photodegradation test showed that the waxes 
had a stronger screen effect compared to the glass, and 
its t1/2  is 9.6 h and 0.9 h, respectively[3]. In a green-
house study, when the tomato leaves was sprayed with 
homogenous 0.1% aqueous solution of Amistar 250 
SC, it was found that the t1/2 of azoxystrobin was on the 
average within 13 days [2]. Huan et al. found that the 
half-lives of the azoxystrobin in banana soil in Yunan 
province were shorter than in Hainan province, and the 
half-lives were 11.9–13.9 days and 16.0–16.1 days, 

Table 1.  Standard Curve Data, LODs and LOQs for Azoxystrobin in Tomato and Soil.

Matrixes Standard Curve Relative Coefficient (R2) LODs (μg/kg) LOQs (μg/kg)

Tomato y = 37595x – 689.3 0.995 0.003 0.009
Soil y = 24588x + 1235.8 0.994 0.004 0.012

Table 2.  Average Recoveries (%) and RSDs (%) of Azoxystrobin at Various Spiked Concentrations (n = 5).

Matrixes

Spiked, 0.1 mg/kg Spiked, 0.5 mg/kg Spiked, 1.0 mg/kg

Average (%) RSD (%) Average (%) RSD (%) Average (%) RSD (%)

Tomato 105.47 10.3 98.13 9.7 86.30 12.3
Soil 89.89 8.5 89.05 6.8 86.16 9.6
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Table 3.  Half-lives and Other Parameters for Azoxystrobin Dissipation in Tomato and Soil.

Sample Site Dissipation Curve Determination Coefficient (R2) Half Life t1/2 (days)

Tomato
Henan y = 0.440e–0.07t 0.990 9.9

Zhejiang y = 0.495e–0.06t 0.937 11.5

Soil
Henan y = 1.623e–0.08t 0.990 8.6

Zhejiang y = 1.731e–0.09t 0.990 7.7

respectively [21]. In the current study, the concentra-
tion of residues and the dissipation rate were analyzed 
under field conditions. And the decline in azoxystrobin 
concentration was fast and continous. The possible rea-
sons are as follows: on the one hand, it was due to the 
existence of sunlight under the field condition, and it 
accelerated the dissipation of the azoxystrobin; on the 
other hand, the above-mentioned results suggest that 
it was also associated with the samples from different 
sites and at different collection times, and the temper-
ature, solar radiation level, rainfall and soil physico-
chemical properties play a vital part in the dissipation 
of the azoxystrobin.

CONCLUSION

A very simple residue analytical technique had been 
set up and investigated for the dissipation of azoxys-
trobin in tomato and soil based on QuEChERS and 
GC-MS/MS. This developed method obtained satisfac-
tory validation parameters, e.g., linearity, accuracy and 
precision, LOD and LOQ. In addition, it is cheap and  
simple to enforce. Therefore, the method can be used 
for the routine determination of azoxystrobin residues 

in tomato and soil samples. This study also provided 
basic data for azoxystrobin registration and MRL es-
tablishment in China.
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ABSTRACT: This study suggests a new method for determining the viability of Asca-
ris spp. ova, based on in-vitro early-to-late stage development of ova. This method in-
cludes stages prior to larval development, providing an estimation of potential viability. 
After application of biosolids onto soil and exposure to 7°C, 22°C, or 37°C for 45 days, 
ova were microscopically distinguished as viable or non-viable according to progression 
through development categories. Results were compared to viability estimates from cur-
rent methods that distinguish viable ova as motile larva. Results suggest conventional 
techniques underestimate viability, whereas the new method provides a more conserva-
tive approach.

INTRODUCTION

Ascaris lumbricoides is the most common 
roundworm infecting humans, causing 1.3 billion 

illnesses worldwide [1–2]. Ascariasis is endemic in 
areas of Africa, Latin America, and the Far East suf-
fering from poverty and poor sanitation [1,3–4]. Par-
ticularly, wherever people defecate around settlements 
and in geographical regions where night soil (human 
faeces) is applied as an agricultural fertilizer [1,5]. Fe-
male worms produce 240,000 ova per day, all of which 
are passed by the infected host via faeces [1,5–8]. Soil 
and fecal-oral transmissions are routine as ova are de-
posited in high abundances, then ingested via hand-to-
mouth contact from contaminated objects, or consumed 
with polluted crops, meat, or water [1,3,5,9–10].

Survival of Ascaris spp. ova after land application 
of biosolids can be highly variable, depending on soil 
composition and climate, as well as, other abiotic and 
biotic factors. Williams et al., indicated that exposure 
to different soil types and temperatures influenced 
A. suum ova inactivation [11]. Ascaris spp. are most 
prevalent in tropical and sub-tropical regions, but oc-
cur worldwide in various climates [12–13]. Yet, even 
though developmental time depends on geographic 
area and climate, there is a lack of understanding of 
Ascaris spp. survival and inactivation in arid and semi-

arid climates [14–15]. One objective of this study is 
to determine the survivability of A. suum ova in arid 
biosolid-amended soils.

Methods to extract and concentrate Ascaris spp. ova 
from biosolids via flotation and sedimentation have 
proven to be adequate [16–19]. However, there is not 
an universally accepted assay for determining viability 
of ova [16]. Staining techniques are rapid, as viable ova 
contain multiple layers that are impermeable, whereas 
ova that are permeable are assumed to be non-viable 
[20–22]. Potential infectivity is assumed at the moment 
ova remain impermeable. However, some slightly per-
meable ova are stained with a light appearance and are 
assumed to be non-viable [20]. Without monitoring 
embryo development it is unknown whether slightly 
stained ova were actually viable, or if some non-viable 
ova remained impermeable. 

Real-time PCR (qPCR) may suggest viability, as 
signals drastically increase throughout the progression 
of ova development. In principle, viable ova will grow 
into infective larval stages that contain approximately 
600 cells, with qPCR signals increasing as more cells 
are produced [23]. Whereas non-viable ova will remain 
single-celled and provide a low signal [23]. However, 
this method may be subjective as it incorporates total 
nucleic acid, without any discrepancy for infectious 
and non-infectious ova. 

Current microscopy methods dictate viable ova as 
those containing motile distinguishable larvae, but all 
others are non-viable [16,24–27]. The Environmental 
Protection Agency (EPA) method classifies Ascaris 
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spp. ova into six stages of a life cycle, labeling unem-
bryonated ova as non-viable [17]. Yet, these methods 
are subject to major constraint, as they do not monitor 
embryo development, and/or consider all ova display-
ing early-stages of embryonation, prior to motile lar-
vae, to be non-viable. 

The sequential development of A. suum ova outside 
of a host has been documented into 12 stages; 1-cell, 
2-cell, 3-cell, 4-cell, early-morula, late-morula, blas-
tula, gastrula, pre-larva 1, pre-larva 2, first-stage larva 
(L1), and second stage larva (L2) [28]. Current micros-
copy techniques do not include these stages in the de-
termination of viability and are underestimating the 
development of ova [28–29]. Cruz et al. suggest that 
early developmental stages, prior to larvae, are capable 
of developing into infectious stages and must be con-
sidered when determining viability [28]. 

The goal of the present study was to develop a 
methodology for enumerating the viability of Ascaris 
spp. ova with consideration to all development stages. 
Therefore, a new method would not assume that ova 
prior to containing distinguishable larvae are non-via-
ble. Also, the requirement for motility of cell structures 
and/or larvae inside the ova would be disregarded, as 
ova that are stationary during microscopy are often 
viable. Such a method would provide enumeration of 
potential viability, revising the viewpoint of possible 
infection and human health risks associated with A. 
lumbricoides ova in biosolids, wastewater, compost, 
and soils. 

In the present study, the viability of A. suum ova was 
compared utilizing the current microscopy methods 
and a new development-stage enumeration technique 
created by the authors. A. suum ova were used as a 
model for A. lumbricoides, as the two are morphologi-
cally and genetically similar, yet the swine type is less 
infectious, easier to acquire, and more resistant to envi-
ronmental stresses [10,12,30–31]. Results obtained by 
both methods were compared to determine any signifi-
cant differences between the methods. 

2.  MATERIALS AND METHODS

2.1.  Viable and Non-Viable Ova Controls

Concentrated A. suum ova were purchased from Ex-
celsior Sentinel, Inc. (Trumansburg, NY, USA), and were 
initially tested by both enumeration methods to ensure 
viability. Briefly, a suspension containing ova was seri-
ally diluted directly from the packaging to a concentra-
tion of approximately 100 ova/ml, aliquoted into 250 µl 

triplicates in 24-well culture plates containing equal 
amounts of 0.2 N H2SO4 (to prevent the growth of fun-
gi), counted for total number, and examined via light 
microscopy for ova development throughout a 30-day 
incubation at ambient temperature (22°C). Viability 
was determined by the criteria for each enumeration 
technique, as described in Section 2.6. 

Briefly, 227 ova were placed into a 15 ml conical 
tube and submerged in a water bath at 52°C for 24 
hours. Then, ova were aliquoted into designated 24-
well culture plates containing equal amounts of 0.2 N 
H2SO4 and observed via microscopy. The total number 
of viable-intact ova were examined via microscopy pri-
or to heat exposure. The same ova were examined via 
microscopy post-thermal inactivation to observe non-
viable morphology. Inactive ova appeared as dark-oval 
shapes, often containing bubbles, and did not progress 
in development over the incubation period (Figure 1). 
The resulting heat inactivation provided a control to 
visualize dead (non-viable) ova.

Death (D) by heat inactivation was calculated as fol-
lows:

D N
N
d

i
= ×100

where Nd represents the number of non-viable ova af-
ter thermal inactivation, and Ni represents the number 
of viable ova prior to thermal inactivation. Non-viable 
ova were examined over 30 days at ambient tempera-
ture (22°C) to ensure no further embryonation or de-
velopment. 

2.2.  Microcosm Preparation

Microcosms were created to simulate the decay of 
A. suum ova in arid soil amended with biosolids incu-
bated at 7°C, 22°C, and 37°C for up to 45 days.  Class 
B biosolids (anaerobic digestion followed by dewater-
ing) were obtained from a local wastewater treatment 
plant. The mean total solids content was determined to 
be 6.2 ± 0.1%, (Standard Method 2540 G) [32]. The 
pH of the biosolid was adjusted to 7 by the addition of 
1 N NaOH. 

Brazito sandy loam soil was collected from the Uni-
versity of Arizona Agricultural Center in Tucson, AZ 
using a shovel down to a 6-inch depth. Soil was mixed 
in a capped bucket, and then large matter was separated 
and removed by passage through a 2 mm sieve. The 
mean soil moisture content was determined to be 8.4 ± 
0.1 (Standard Method D2216) [33].

(1)
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Briefly, 50 µl of A. suum ova (3.0 × 105 ova/ml; 
>90% viability) was added directly to 1.5 g of Class 
B biosolids and mixed vigorously for several minutes 
in an aluminum dish to obtain a homogenous mixture 
of approximately 10,000 ova/g of total solids, which 
is the same mean concentration of night soil [5]. Us-
ing a flat spatula, the entire 1.5 g of ova-biosolid mix-
ture was transferred to the surface of 50 g of Brazito 
sandy loam soil in an uncovered 50 ml beaker. The 
aluminum dish was rinsed with DI water to ensure 
the entire mixture was transferred. Then, the spatula 
was used to till the top few cm of the soil surface to 
blend in the ova-biosolid mixture. Additional deion-
ized (DI) water was added to the biosolid-amended 
soil to increase the moisture content of each micro-
cosm to approximately 22.25% (less than 25% sug-
gested for pathogen destruction) [12,34]. A total of 48 
microcosms were prepared.

2.3.  Microcosm Exposure to Experimental 
Conditions

Triplicate microcosms were held at 7°C (refrigera-

tor), 22°C (ambient temperature), or 37°C (incuba-
tor), and processed at time intervals of 0 (control), 5, 
15, 30, and 45 days. Microcosms were not exposed to 
light and temperature was held constant throughout the 
time intervals. Ambient temperature was held constant 
at 22°C in a laboratory room that received pre-set au-
tomatic air conditioning without any windows or air 
ventilation obstructions. Temperatures were monitored 
via thermometers (cat no. S01639; Fisher Scientific, 
Waltham, MA, USA) placed alongside the micro-
cosms. Greater than 90% moisture loss was achieved 
within 24 hours of incubation for samples held at 37°C, 
and within 48 hours for samples held at 7°C and 22°C. 

2.4.  Extraction of Ova from Biosolid-Amended Soil

A. suum ova were extracted from biosolid-amended 
soil microcosms according to a combination of modi-
fied Wisconsin and Tulane flotation methods, previ-
ously described [16,18]. The total material in each mi-
crocosm was transferred into a 250 ml polypropylene 
bottle, suspended in 125 ml of DI water, and agitated 
for 30 seconds. Then, additional DI water was added to 

Figure 1.  A. suum ova development-stage chart for classifying ova. Unembryonated; stage 1; Embryonated, stages 2 – 
7; Well-developed, stages 8 – 15; Excystation, stage 16. Dead/non-viable A. suum ova; stage D1 (disfigured dark-oval 
structure) and/or D2 (bubbled yolk from heat inactivation).
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the bottle to create a solution volume of approximately 
250 ml, and agitated for one minute. The bottle was 
centrifuged (Allegra® X-15R; Beckman Coulter, Inc., 
Brea, CA, USA) at 2383 × g for 15 minutes and the 
resulting supernatant was poured into a bucket contain-
ing pure bleach. The process was repeated three times, 
until the supernatant was clear and solids aggregated at 
the bottom of the bottle, to ensure sedimentation of A. 
suum ova into the pellet. 

The process was repeated a fourth time with Sheath-
er’s sucrose solution (1420 ml DI water, 1.81 kg white 
granulated sugar, 24 ml Formalin) instead of DI water. 
Specific gravity of the solution was tested to be approxi-
mately 1.27 using a hydrometer. The bottle was centri-
fuged at 2690 × g for 30 seconds and one minute. The 
upper portion of the resulting supernatant, containing a 
Sheather’s sucrose solution and A. suum ova mixture, 
was poured into stacked 63 µm (top) and 38 µm (bot-
tom) sieves (Erie Scientific, Portsmouth, NH, USA). 
Large particles collected on the 63 µm sieve were rinsed 
with DI water into the bucket containing bleach. A. suum 
ova and other contents collected on the 38 µm sieve 
were rinsed with 15 ml of DI water into a 15 ml coni-
cal tube (Falcon® 352097; Becton Dickinson, Franklin 
Lakes, NJ, USA). The tube was centrifuged at 2690 × 
g for 5 minutes and the resulting supernatant was aspi-
rated down to a 5 ml volume with a small pellet (0.1 to 
0.3 ml) at the bottom. The supernatant was vortexed to 
dismantle the pellet and create a homogenous solution. 
If necessary, the solution was serially diluted with 0.2 N 
H2SO4.

To ensure the extraction process was not detrimental 
to ova viability, triplicate microcosms were created and 
inoculated with ova directly to obtain a concentration 
of 10,000 ova per/g. Then, the ova were extracted and 
viability was determined via both enumeration tech-
niques throughout a 30-day incubation at ambient tem-
perature in culture plates, as described below.

2.5.  30-Day Incubation and Microscopy 
Observations

Following extraction, 250 µl volume of concentrated 
ova and 250 µl of 0.2 N H2SO4 were added into desig-
nated 24-well culture plates (ref. no. 3526, Corning Inc., 
Corning, NY, USA). Each well was incubated at ambi-
ent temperature (22°C) and counted for the total number 
of ova after 0, 12, 15, and 30 days. Ova observations 
and total counts from days 0 and 30 were used to enu-
merate viability, as described in Section 2.6. Brief ob-
servations at days 12 and 15 were made to ensure ova 

remained intact, the total number of ova was consis-
tent over time (check for human error), and there were 
no fungi growing in the wells. Ova were counted by 
scanning each well left-to-right under light microscopy 
(model no. 82026-630; VWR VistaVision, Radnor, PA, 
USA). Ova development was examined with a 100× 
magnification lens via light microscopy (model no. 
82026-630; VWR VistaVision, Radnor, PA, USA) and 
confirmed with a 60× magnification image projected 
onto a screen via digital microscopy (EVOS XL Cell 
Imaging System; Advanced Microscopy Group, Both-
ell, WA, USA). Approximately 200 ova were collected 
into each well and multiplied by the appropriate serial 
dilution to determine the actual amount of ova con-
tained in the original samples. 

2.6.  Enumeration of A. suum Ova Viability

Figure 2 displays how viability is determined via the 
conventional microscopy observations. Figure 1 dis-
plays the development stages for designating ova into 
categories based on the in-vitro development-stage. 
These techniques are described below. 

2.6.1.  Conventional Microscopy Technique

After the 30-day incubation in culture plates at am-
bient temperature (22°C), ova from each well were ob-
served via microscopy. Ova suspected of containing a 
larva (Figure 2) were examined for 5–10 minutes and 
categorized as viable if motility was observed. Motile 
larvae that were currently exiting from ova (excysta-
tion) were also considered viable. All other ova, re-
gardless of development or motility, were considered 
inactive and non-viable (Figure 2). Viability (Vc) was 
calculated as follows:

V N N
Nc
w e

t
=

+
×

( )  100

where Nw indicates the number of ova containing lar-
vae, Ne indicates the number of motile larva with cur-
rent excystation, and Nt indicates the total number of 
viable and non-viable ova observed. 

2.6.2.  In-Vitro Development-Stage Enumeration 
Technique

Ova observed via microscopy were distinguished 
based on development stages, and grouped into cat-

(2)
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egories, as visually represented (Figure 1): unembryo-
nated, cortication intact with indistinguishable cells in-
side (stage 1); embryonated, containing one to several 
individual cells (stages 2–7); well-developed, contain-
ing a distinguishable structure comprised of conglom-
erated cells (stages 8–15); or excystation, containing 
larva that was currently or had recently exited from 
an ovum (stage 16). These categories are based upon 
the 12 stages of development, previously described 
[28]. Ova that did not progress in development, had 
a dark-oval disfigured structure (Figure 1, D1), and/or 
contained bubbled yolk (Figure 1, D2) similar to those 
seen in the thermal inactivation-exposure control were 
considered dead/non-viable. Several visual examples 
of ova designated into each category are provided in 
the supplementary material (Figure S1 – S7). 

Total counts of ova designated into each category 
were used to calculate the total number of ova that had 
progressed in development and could be considered vi-

able. In brief, total counts of ova designated into each 
category via microscopy were collected during days 
0 and 30 of incubation in culture plates at ambient 
temperature. The differences in ova assigned to each 
category before and after incubation were used to esti-
mate viability. As the total number of ova increased for 
categories describing further development stages, the 
approximate number of ova capable of progressing to 
infectious stages could be determined. Since ova were 
grouped into categories, motility and development of 
individual ovum was not monitored. Therefore, Viabil-
ity (Vd) was calculated as follows:

V N N N N N N
Nd

md wd zd ui mi wi

t
=

+ + − + +( ) ( )

where Nmd indicates the number of embryonated ova 
after the 30-day incubation, Nwd indicates the number 

Figure 2.  Viable and non-viable ova observations determined via the conventional microscopy method. Arrows represents time elapsed 
between day 0 and 30 observation periods, and distinguish viable and non-viable ova based on development characteristics. Green ar-
rows, viable; Red arrows, non-viable.

(2)
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of well-developed ova after the 30-day incubation, Nzd 
indicates the number of excyst ova after the 30-day in-
cubation, Nui indicates the number of unembryonated 
ova prior to incubation, Nmi indicates the number of 
embryonated ova prior to incubation, Nwi indicates the 
number of well-developed prior to incubation, and Nt 
indicates the total number of viable and non-viable ova. 

2.7.  Statistical Analysis

The number of viable ova per gram of biosolid-
amended soil (Vg) was calculated as follows:

V

V V N

Wg

c d i

=

×





( ) or 

 100

where Vc indicates the percent viability determined via 
the conventional enumeration method, Vd indicates the 
percent viability determined via the development-stage 
enumeration method, Ni indicates the number of ova 
inoculated into each microcosm, and W indicates the 
initial wet weight of the microcosm (soil + biosolid + 
A. suum ova + DI water).

The inactivation of viable ova per gram of biosolid-
amended soil (I) was calculated as follows:

I N
No

= ×100

where N is the number of viable ova after incubation, 
and No is the number of viable ova at time zero (Day 
0 control).

Student’s t-tests were performed with Microsoft 
Excel for Mac 2015 (Microsoft Corp., Redmond, WA, 
USA) to determine whether the conventional and de-
velopment-stage enumeration methods resulted in sig-
nificantly different numbers of viable ova per gram of 
biosolid-amended soil (P value was ≤ 0.05). 

3.  RESULTS

3.1.  Viable and Non-Viable Ova Confirmations

Ova from each control were examined utilizing 
the conventional and development-stage enumeration 
techniques. Both methods verified A. suum purchased 
from Excelsior Sentinel, Inc. (Trumansburg, NY, 
USA), contained 98% viability (Table 1). Prior to incu-
bation in culture plates, all ova were unembryonated. 
After incubation, 159 out of 162 ova developed into 
motile larvae and were considered viable according 
to the conventional method. Since these ova exhibited 
progression throughout the 30-day period, they were 
also considered viable according to the in-vitro devel-
opment-stage method. Only a single ovum remained 
unembryonated and did not show any progression in 
development, so it was considered non-viable accord-
ing to both methods.

Heat-exposure at 52°C for 24 hours in a water bath 
resulted in 226 out of 227 ova without observable vi-
ability before and after a 30-day incubation at ambient 
temperature. All of these ova appeared dark and often 
contained bubbles. Disfigured morphology and the ab-
sence of development confirmed greater than 95% in-
activation (Table 1). One ovum appeared normal and 
was able to develop into a motile larva, so was desig-
nated as viable by both methods.

The extraction-control microcosm showed viabil-
ity greater than 97% via both enumeration methods 
(Table 1), indicating the extraction process was not 
detrimental to ova that were recovered. Examinations 
of developmental stages and inactivated ova (Figure 1) 
from control samples provided visual confirmations for 
comparison when observing microcosm samples.

3.2.  Comparison of Viability Methods

The conventional and development-stage enumera-

(4)

(5)

Table 1.  Viable, Non-Viable, and Extraction Controls.

Control

Enumeration Technique— 
Mean Viability and Death

Conventional (%) Development-Stage (%)

Prior to Exposure (Viability confirmation) 98 ± 0.03 (159/162) 98 ± 0.03 (159/162)
Heat Inactivation (Non-viable confirmation) 99.5 (226/227) 99.5 (226/227)
Extraction	 (Process confirmation) 97.2 ± 0.03 (375/387) 97.2 ± 0.03 (375/387)
Bold numbers indicate the mean viability and standard deviation of ova from triplicate control samples. Italicized numbers indicate the mean death rate of ova exposed to 52°C for 24 
hours in a water bath. Numerator; total number of viable ova in the viability/process confirmation tests, or the number of non-viable ova after the heat exposure tests. Denominator; 
total number of ova in the control tests.
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tion methods resulted in significantly different numbers 
of viable ova per gram of biosolid-amended soil from 
the same microcosms incubated at 7°C, 22°C, or 37°C 
for 5 or 15 days, or 7°C for 30 days, as determined via 
Student’s t-tests (P value ≤ 0.05) (Table 2; Figures 3 
and 4). The two methods did not result in significantly 
different numbers of viable ova from samples that were 

incubated at 22°C and 37°C for 30 days, or any micro-
cosm incubated for 45 days, regardless of temperature 
(Table 2; Figures 3 and 4). Enumeration via the con-
ventional method resulted in greater inactivation and 
log10 reduction of viable ova in the biosolid-amended 
soil than the development-stage enumeration (Figures 
5 and 6). 

Table 2.  Viability and Inactivation Based on Enumeration Methods.

Temperature (°C)
Time 

(Days)

Conventional Development-Stage

P value
Viable 
(ova/g)

Inactivation 
(%)

Reduction Viable 
(log10)

Viable 
(ova/g)

Inactivation 
(%)

Reduction Viable 
(log10)

0 150 ± 0 — — 150 ± 0 — — —

7

5 53 ± 4 64 ± 3 1.81 111 ± 13 26 ± 8 1.40 0.002
15 81 ± 16 46 ± 11 1.65 125 ±18 17 ± 12 1.15 0.033
30 44 ± 9 70 ± 6 1.85 63 ± 4 58 ± 3 1.76 0.032
45 31 ± 0 80 ± 0 1.90 39 ± 0 74 ± 0.0 1.87 —

22 (Ambient)

5 83 ± 27 45 ± 18 1.63 142 ± 20 6 ± 13 1.32 0.037
15 28 ± 14 82 ± 9 1.91 99 ± 26 34 ± 17 1.49 0.014
30 101 ± 6 33 ± 4 1.51 113 ± 13 25 ± 9 1.38 0.229
45 20 ± 8 87 ± 6 1.94 22 ± 8 86 ± 5 1.93 0.771

37

5 46 ± 15 69 ± 10 1.84 130 ± 14 13 ± 9 0.99 0.002
15 45 ± 10 70 ± 7 1.85 125 ± 23 17 ± 15 1.01 0.005
30 81 ± 9 46 ± 6 1.66 86 ± 4 42 ± 3 1.63 0.372
45 26 ± 7 82 ± 5 1.92 42 ± 13 72 ± 8 1.86 0.269

Mean and standard deviation viability, inactivation, and log10 reduction determined via the conventional and development-based enumeration methods. Temperature; indicates the 
degrees Celsius at which the microcosm was incubated. Time; indicates the number of days at which the microcosm was incubated. P value of Student’s t-tests comparing viability 
(ova/g) determined via the conventional and development-stage enumeration techniques (P value was ≤ 0.05).

Figure 3.  Number of viable ova per gram of biosolid-amended soil enumerated via the conventional method. Viability at different temperatures 
(, 7°C; , 22°C;  37°C). Inactivation rate determined via the slope of the best fit lines. Duration; number of days in the microcosms. 
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3.3.  Temperature Effects on A. suum Ova 
Inactivation

The rate of ova inactivation was determined by the 
slope of the best fit line and linear regression (Figures  
5 and 6). The rate of inactivation was similar at all tem-
peratures, but was slightly greater for the development-
stage method than the conventional method (Figures 5 
and 6). The conventional method assumed rapid inacti-
vation and decrease in viable ova five days after biosol-
ids were applied onto soil (Figures 3 and 5). 

4.  DISCUSSION

This study created a new microscopy method that 
considers ova as viable, regardless of development 
stage, based on observations of in-vitro characteristics 
before and after a 30-day incubation at ambient tem-
perature. This study also determined the survival of A. 
suum. ova in biosolids applied to arid soils. A. suum 
was used as a model organism for the development, 
survival, and inactivation of A. lumbricoides, as it is 
much easier to handle in the laboratory [30–31].

The new microscopy method tallies counts of ova 
into groups based on attributes observed via micros-
copy. Then, viability is enumerated based on the total 
number of ova that proceeded into a further develop-
ment category after a 30-day incubation at ambient 

temperature. These ova are assumed to be capable of 
continuing development into infectious stages and are 
considered viable. This method is simple, as micros-
copy observations and ova counts are only needed 
before (day 0) and after (day 30) incubation, without 
the need to monitor the development of individual ova. 
This method is often less time consuming than the con-
ventional microscopy method, as observing motility is 
not required to designate viability, which can take 5–10 
minutes per ovum [28]. However, differentiating char-
acteristics throughout ova development may be subjec-
tive and requires experience observing Ascaris spp. via 
microscopy. Results from this method were compared 
to the conventional microscopy technique that bases 
viability on motile larvae within the ova, and deter-
mined a significant difference in the assessment of vi-
ability (Student’s t-tests P value was ≤ 0.05). 

Our results suggest that the conventional method un-
derestimates the number of potentially viable A. suum 
ova by not considering early-stages and the capability 
to progress into infectious stages. Microcosms contain-
ing arid soil amended with biosolids (A. suum inocu-
lated) were subjected to different temperatures for 45 
days. Within the first 15 days, the conventional meth-
od suggested significantly lower viability of A. suum 
ova than the development-stage method (P value was
< 0.05). This was expected, as many ova in samples 
processed within two weeks of application onto soil 

Figure 4.  Number of viable ova per gram of biosolid-amended soil enumerated via the development-stage method. Viability at different tem-
peratures (, 7°C; , 22°C;  37°C). Inactivation rate determined via the slope of the best fit lines. Duration; number of days in the microcosms.
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were not given enough time to form larvae, so were 
considered non-viable via the conventional method. 
Yet, the development-stage method enumerated higher 
viability of the same ova, by estimating the total num-
ber of ova that progressed in development, including 
those prior to larval stages. This enabled the assess-
ment of viability in recently applied human fecal ma-

terial, as viable and non-viable ova could be differen-
tiated prior to the formation of larvae which usually 
requires more time. Consequently, the development-
stage method provides a more conservative approach 
and is more suitable for assessing ova viability in soils 
recently (within 15 days) amended with biosolids and/
or night soil. 

Figure 5.  Log10 reduction enumerated via the conventional method. Reduction at different temperatures (, 7°C; , 22°C;  37°C). Inactivation 
rate determine via the slope of the fit lines provided in the legend. Duration; number of days in the microcosms.

Figure 6.  Log10 reduction enumerated via the development-based method. Reduction at different temperatures (, 7°C; , 22°C;  37°C). 
Inactivation rate determine via the slope of the fit lines provided in the legend. Duration; number of days in the microcosms.
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The conventional method estimated a lower num-
ber of viable ova/g of total solids in microcosms incu-
bated longer than 15 days, except at 7°C for 30 days. 
However, viability assessments were not significantly 
different from those enumerated via the development-
stage method. This was a result of environmental 
stresses causing increased inactivation, while slow-
ing and/or halting development. Therefore, fewer ova 
were potentially viable, leading to similar assessments 
between the two enumeration methods. This indicates 
that either method may be suitable for determining ova 
viability in soils impacted by fecal material for more 
than 30 days. Yet, the development-stage technique 
may provide a more conservative approach, as our re-
sults indicated slightly higher numbers of viable ova/g 
total solids. 

Practical applications for utilizing the in-vitro 
development-stage method are relatively unknown 
as this study only analyzed ova viability in arid soils 
amended with biosolids. We expect this method to be 
more applicable in tropical and sub-tropical regions 
where A. lumbricoides is prevalent and environmental 
conditions are favorable for ova development [12–13]. 
Further research is needed to determine the usefulness 
of this method for determining ova viability in appli-
cations other than human fecal materials applied onto 
agricultural soils, such as sewage sludge treatment pro-
cesses.

Previous research suggests that high temperature, 
low moisture content, and biotic factors influence A. 
suum ova inactivation [5,15,35]. A. lumbricoides ova 
may be diminished under these conditions in the arid 
Southwest region of the United States. Ova have pre-
viously been reported to only survive for 2–4 weeks 
under dry and sunny conditions [35]. Williams et al., 
suggested that survival within soil types is influenced 
by soil holding moisture ability [11]. The present study 
utilized the same sandy loam soil as Williams et al., 
adjusted the moisture content to 22.25%, and created 
microcosms to determine A. suum inactivation at dif-
ferent temperatures. The greatest period of ova inac-
tivation coincided with >90% moisture loss achieved 
within 24–48 hours, suggesting low moisture content 
was a major cause of ova death. 

Whereas, the rate of ova inactivation seemed to be 
independent of temperature conditions. Ascaris spp. 
ova are typically inactivated when held at temperatures 
greater than 45°C (lethal temperature) for long periods 
of time [7]. This study exposed A. suum ova to con-
ditions lower than the lethal temperature for 45 days. 
Accordingly, the rate of inactivation was similar for all 

microcosms held at 7°C, 22°C, and 37°C (Figures 5 
and 6). However, our results suggest that inactivation 
fluctuated over time, as the number of viable ova in-
creased in samples held at constant 22°C between 15 
and 30 days, and 7°C between 5 and 15 days (Figures 
5 and 6). This was most likely due to separate micro-
cosms being processed for each time point, causing 
ova to be exposed to unknown inconsistencies between 
samples and/or extraction procedures. Nonetheless, all 
microcosms had similar numbers of viable ova after 
45 days in land applied biosolids, suggesting that inac-
tivation was not influenced by temperature over long 
periods of time.  

Biotic factors that occur naturally in soil may have 
influenced A. suum ova in the microcosms. In particu-
lar, fungi may have interfered with ova development 
[35]. Ova extracted from microcosms were incubated 
in 0.2 N H2SO4 to prevent the growth of fungi in culture 
plates. However, soil was not autoclaved prior to cre-
ating the microcosms. Thus, fungi may have affected 
the survival and inactivation of A. suum ova during the 
simulation of contaminated land applied fecal mate-
rial, especially over time. Since we did not incorporate 
a sterilize-soil control, we are not able to disclose the 
influence that biotic factors had on ova development. 
Therefore, we suggest that in arid soils with tempera-
tures below 40°C, ova inactivation primarily results 
from low moisture content and/or biotic factors. 

In conclusion, this study details a new method for 
assessing the viability of Ascaris spp. in biosolid-
amended soils. This method incorporates the potential 
for early-stage ova to develop into infectious stages. 
Whereas, conventional microscopy methods underesti-
mate viability by disregarding ova that do not contain 
motile larvae. When comparing the two enumeration 
techniques, the in-vitro development-stage method 
suggested significantly higher viability of ova in re-
cently amended soils. Therefore, the in-vitro develop-
ment-stage method provides a more conservative esti-
mation of potential viability that agencies can consider 
when creating regulations and guidelines intended to 
minimize human health risks associated with A. lum-
bricoides ova in soils amended with human fecal ma-
terials. Also, this study demonstrates that ova inactiva-
tion in arid soils is primarily due to biotic factors and/
or low moisture conditions.
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ABSTRACT: The effects of drying method on the sugar conversion of corn stover during 
dilute sulfuric acid pretreatment were studied. Oven-dried corn stover (ODCS) was more 
sensitive to temperature and time during dilute sulfuric acid pretreatment than air-dried 
corn stover (ADCS). The yield of the total reducing sugar reached 43.9% when ODCS 
was pretreated for 50 min at 120°C, which was even higher than the value of the ADCS 
treated for 90 min. The glucose yield of ODCS was 1.6- to 1.9-fold higher than ADCS. 
These results indicate that rapidly losing water is a better drying method compared to 
air drying.

INTRODUCTION

Biofuels such as bioethanol and biogas are recog-
nized as a renewable and environmentally friendly 

energy sources to supplement the urgent shortage of 
petroleum fuels [1]. Corn stover is widely used to pro-
duce biogas because of high content of carbohydrate, 
low cost, and abundant source. However, the binding 
of the main components of corn stover, namely, lignin, 
cellulose, and hemicellulose to each other as well as 
their high degree of polymerization cause barriers for 
the utilization [2]. Pretreatment is vital to disrupt the 
structures and improve the rate of production by con-
verting biomass to fermentable sugars. 

Numerous different pretreatments have been stud-
ied, such as acid, alkali, hydro-thermal, steam explo-
sion, and enzymatic pretreatment [3]. Among them, 
dilute sulfuric acid pretreatment appears as the most 
favourable process for corn stover biomass [4]. It can 
give over 90% recovery of hemicellulose sugars, and 
accelerate the rate of subsequent cellulose hydrolysis 
[5]. Nevertheless, the hydrolysis efficiency of cellulose 
is limited during this process. Stronger reaction condi-
tions such as higher temperature or acid concentration 
are required to attain more cellulose sugar recovery, 
thus greatly increasing the energy consumption and 
process investment [6]. A low-cost approach that can 
enhance the hydrolysis was investigated.

As agricultural residue, corn stover has a short annual 
harvest window and needs storage for sustainable uti-
lization. Efficient storage can significantly improve the 
efficiency of pretreatment by influencing the character 
of the feedstocks [1]. To date, various storage methods 
have been developed based on aerobic methods as dry 
bales or anaerobic methods as silage [7]. Former stud-
ies denoted that wet stored corn stover could be hydro-
lyzed more easily than dried corn stover [8]. However, 
silage requests to maintain a strict anaerobic condition 
and takes a large land-use, which restricts its large 
scale applications. Dry storage is most commonly used 
in traditional agriculture for its facility [9]. The agri-
cultural residues are collected and weathered at natural 
ambience for several days before baling. The biologi-
cal activities gradually declined with the decrease of 
moisture, and the process lasts for a long time. These 
activities induce fibrosis and consumption of carbohy-
drate, and thereby inhibit hydrolysis in pretreatment. In 
view of this phenomenon, a method which can quickly 
volatilize the moisture is introduced in our study. Fresh 
corn stover is dried in an oven at moderate temperature 
before storage. It improves the harvest efficiency and 
saves the field of natural drying process. Although the 
method is used in lab scale sometimes, the fundamen-
tal and systematic research on evaluating the effects of 
drying processes on pretreatment is lacking.

Our study focused on the effects of the drying pro-
cess on dilute sulfuric acid pretreatment of corn stover. 
Sugar recovery during pretreatment was investigated *Author to whom correspondence should be addressed. 
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to estimate the effect, and physicochemical properties 
were discussed to ascertain the reasons. Microstruc-
ture characterizations of corn stover before and after 
pretreatment were measured through X-ray diffraction 
(XRD), Brunauer-Emmett-Teller (BET) specific sur-
face area, Fourier transform infrared (FTIR) spectros-
copy, and scanning electron microscopy (SEM).

MATERIALS AND METHODS

Materials

The corn stover, collected immediately after harvest 
from suburban Tianjin, China in late September 2013, 
was cut into approximately 2 cm pieces. The shredded 
corn stover was dried in a fan-assisted oven for 48 h 
at 60°C with the moisture of 3.27% and named oven 
dried corn stover (ODCS). The control group was air 
dried for three months at room atmosphere with 3.37% 
moisture and denoted ADCS. Both samples were 
milled with ball mill pulverizer and screened into frac-
tions (10 to 20 mesh), then stored in zip-locked plastic 
bags at room temperature in preparation for analysis 
and pretreatment.

Methods

Dilute Sulfuric Acid Pretreatment

The raw material was pretreated with 1.0% (w/v) di-
lute sulfuric acid. First, 15.0 g of dry corn stover and 
135.0 g of an acid solution were put into 250-mL re-
agent bottles, which were sealed and heated in a water 
bath at 80°C and autoclaved at 100°C and 120°C for 
10, 30, 50, 70, and 90 min, respectively. To reduce the 
sugar degradation, formation of inhibitors like furfural 
and HMF, and operating costs in scaled up operation, 
pretreatment intensity was maintained at low levels. 
After pretreatment, the mixtures were cooled and then 
filtered to separate the filtrate and solid fractions. The 
liquid fraction was collected for carbohydrate analysis 
and the solid residues were thoroughly washed with de-
ionized water and dried at 60°C to estimate the chemical 
compositions and microstructures. All these experiments 
and the following tests were performed in triplicate.

Chemical Analysis

The chemical compositions of raw and pretreated 
corn stover were measured by a standard analysis pro-
cedure according to the Laboratory Analytical Proce-

dure [10]. Sugars (glucose, xylose, and arabinose) were 
analyzed by high performance liquid chromatography 
(LabAlliance WA2002SF, USA) with a refractive in-
dex detector by using a column (BioRad Aminex HPX-
87H, 300 × 7.8 mm, Hercules, CA) at 65°C with 5 mM 
H2SO4 as the eluent at a flow rate of 0.6 ml/min. All 
liquid samples were previously autoclaved with 4 mM 
H2SO4 at 121°C for 1 h to convert solubilized sugars 
from oligomeric to monomeric form. The amount of 
total reducing sugar in liquid samples was determined 
by adding up the values of glucose, xylose, and arabi-
nose. Sugar yields were calculated as follows:

Sugar yield (%) = 

Released sugar amount 100
Theoretic sugar

×
  amount in native biomass

Characteristics Analysis

The BET specific surface area (SSA) and pore vol-
ume of the raw materials and pretreated solid residues 
were determined by N2 adsorption isotherm applying 
an Autosorb-1 Volumetric System (Quantachrome 
Instruments, Inc. USA). The crystallinity index (CrI) 
was measured by diffracted intensity of Cu radiation 
(1.54 Å, 40 kV, and 200 mA) using an X-ray diffrac-
tometer (D/max 2500 XRD system, Math Co, Japan). 
The samples were scanned in 2θ range from 10° to 30° 
with a step size of 0.02°. The CrI was calculated by the 
following equation [11].

CrI I I
I

am=
−

×002

002
100

where I002 is the intensity of the 002 peak at 2θ ≈ 22° 
and Iam is intensity of the background scatter measured 
at 2θ ≈ 18°.

The FTIR spectra was obtained using a Nicolet 6700 
FTIR (Thermo Fisher Scientific Co., USA) spectrom-
eter with a spectral resolution of 1 cm–1 and over the 
wave length range of 600–4000 cm–1. Micrographs 
were taken using a Philips XL-30TMP SEM (the Neth-
erlands) using 20 KV accelerating voltage.

RESULTS AND DISCUSSION

Effect of Oven-dried Method on Dilute Sulfuric 
Acid Pretreatment

The total amount of sugar released can reflect the 

(1)
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effectiveness of acid pretreatment [12]. In this work, 
dilute sulfuric acid was chosen as the pretreatment 
catalyst, and the drying methods were evaluated by the 
acid pretreatment.

The yield of the total reducing sugar was shown in 
Figure 1(a) (varying temperature from 80–120°C at 70 
min) and 1(b) (varying time from 10–90 min at 120°C). 
The yield of ODCS was much higher than ADCS. As 
shown in Figure 1(a), total sugar yield showed a sig-
nificant increase with the raising temperature for both 
materials, which was consistent with previous result 
[13]. The maximum total reducing sugar yield reached 
45.1% for the ODCS and 39.2% for the ADCS, respec-
tively. This result implied that ODCS was a better raw 
material than ADCS for dilute sulfuric acid pretreat-
ment. Figure 1(b) showed that the ODCS hydrolyzed 

more efficiently than ADCS, with higher sugar yields 
and shorter pretreated time, which coincided with Fig-
ure 1(a). When increasing the reaction time from 10–
50 min, the reducing sugar increased evidently from 
20.6–24.4 g/(100 g DM) for ODCS, and the increase 
became slighter after 50 min. When the residence time 
reached 70 min, sugar yield from the hemicellulose 
reached 78.6%, but the hydrolyzed cellulose did not 
show much change. Therefore, it seemed to be unnec-
essary to prolong pretreated time for ODCS after 70 
min. The total reducing sugar yield of ADCS increased 
much more slightly than ODAS as time increased. It 
was 43.9% when ODCS was treated for 50 min, and it 
was even higher than the yield while ADCS was pre-
treated for 90 min. The same phenomenon was appar-
ent when temperature was set at 80 and 100°C. 

Figure 1.  Effect of (a) pretreatment temperature and (b) time on total reducing sugar yield. Effect of pretreated time on (c) glucose yield and (d) 
xylose yield. Data reported as average ± SD.
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In our experiment scale, nearly no furfural and HMF 
were detected in the hydrolysate except for being pre-
treated at 120°C for 90 min, with which the yield of 
furfural was 0.09 g/L. 

According to previous literature [4], hemicellu-
lose was one of the major solubilized components of 
biomass during dilute sulfuric acid pretreatment. The 
pretreated liquid consisted of initial water extractives 
and sugars hydrolyzed from the structural carbohy-
drate. Figures 1(c) and 1(d) exhibited the glucose and 
xylose yields in the pretreated liquid without original 
soluble sugars when reacted at 120°C. Residence time 
didn’t have a visible effect on glucose yield because of 
the semicrystalline structure of cellulose. The glucose 
yield was 1.6- to 1.9-fold higher for ODCS than that 
of ADCS. Xylose yield exhibited similar trends with 
the total sugar yield, yet there was no significant dif-
ference between the two materials. Therefore, it could 
be concluded that the difference of total sugar yield 
between ODCS and ADCS was mainly responsible 
from the better cellulose hydrolysis. The physiochemi-
cal properties including chemical compositions and 
microstructures of the feedstock were investigated to 
account for the phenomenon. 

Effect of Drying Process on Chemical 
Compositions

The chemical composition of ODCS compared with 
that of ADCS is listed in Table 1. The total carbohy-
drate contents of the two feedstocks were similar, with 
64.9% for ODCS and 64.5% for ADCS in weight per-
cent on dry basis. The glucan and lignin content were 
much higher than fresh corn stover (25.8% for glucan 
and 8.8% for lignin) for both materials, whereas the 
content of total nonstructural carbohydrate was obvi-
ously lower (23.9% for fresh corn stover, not shown in 
the table). This phenomenon could be due to the res-
piration of plant cells and microbial metabolism dur-
ing storage [13]. Because the content of hemicellulose 
scarcely changed during dried procedure (13.9% for 
fresh corn stover), the diminished water-extractable 
sugars were mainly transformed into cellulose and lig-
nin. The content of lignin for ODCS was lower than 
control group which indicated a lower lignified degree. 
The total soluble sugars in this study (17.7% for ODCS 
and 17.9% for ADCS) were much higher than those 
found in the literature (2.4–11.6%) due to the distinct 
climate, humidity, and breed [1,14]. It should be noted 
that there was little difference of glucan contents be-
tween ODCS and ADCS, the pretreatment results were 

mostly due to the different structures caused by the 
drying process. 

Effect of Drying Process on Physical Properties of 
Crystallinity

Crystallinity is believed to be an important feature 
affecting the efficiency of pretreatment [15], and it was 
distinctly changed during dried process. The CrI of 
ODCS before treatment was 47.97%, and it was much 
lower than ADCS (53.43%). Since the content of cel-
lulose for ODCS was nearly the same with ADCS, it 
could be concluded that the content of no-crystalline 
cellulose for ODCS was higher than ADCS, and the 
amorphous cellulose could be easily broken down 
by dilute acid [15]. Which caused ODCS hydrolyzed 
more effectively than ADCS. The CrI was increased 
after pretreatment because of the solubilization of 
amorphous components, which was accordant with 
other authors [11]. The CrI of ODCS pretreated by 
dilute sulfuric acid at 120°C for 70 min was 61.9%, 
while it was 63.7% for ADCS under the same condi-
tions. It indicated that although pretreatment raised the 
CrI, the trend of CrI was consistent before and after 
pretreatment. 

BET Analysis

Surface properties and porous structures of lignocel-
lulosic materials have some correlation with hydrolysis 
[17]. Table 2 showed that the SSA and pore volume 
of ODCS (1.79 ± 0.03 m2/g for SSA and 0.57 ± 0.01 
c.c.10–2/g) were much smaller than ADCS (3.95 ± 0.11 
m2/g for SSA and 1.26 ± 0.04 c.c.10–2/g). For ODCS, 
water was lost rapidly and resulted in capillary shrink-
age and collapse of pores in the micro-structure. The 
hydrolysis with dilute acid pretreatment of ODCS was 

Table 1.  Chemical Composition of Oven-dried and 
Air-dried Corn Stover (Average ± SD).

Component

Content (% Dry matter)

Oven Dried Air Dried

Glucan 31.2 ± 0.6 30.7 ± 0.3
Xylan 13.4 ± 0.3 14.0 ± 0.4
Arabinan 2.6 ± 0.1 1.9 ± 0.1
Soluble glucose 10.7 ± 0.2 9.6 ± 0.3
Soluble xylose 7.0 ± 0.2 8.3 ± 0.2
Lignin 16.3 ± 0.5 17.3 ± 0.4
Ash 5.9 ± 0.1 6.1 ± 0.2
Others 12.9 ± 0.5 12.1 ± 0.4
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Table 2.  Specific Surface Area (SSA), Pore Volume, 
and Average Pore Size of Untreated and 

Pretreated Biomass (Average ± SD).

SSA 
(m2/g)

Pore Volume 
(c.c.10–2/g)

Pore Size 
(102 Å)

UODCS 190 5.4 6.32
PODCS 210 4.9 9.1
UADCS 190 6.7 8.5
PADCS 170 5 6.87

UODCS: unpretreated oven dried corn stover
PODCS: pretreated by dilute sulfuric acid at 120°C for 70 min of 
oven dried corn stover
UADCS: unpretreated air dried corn stover
PADCS: pretreated by dilute sulfuric acid at 120°C for 70 min of air 
dried corn stover

better than ADCS, which implied that SSA and pore 
volume shouldn’t be the only reason to influence hy-
drolysis. Average pore size should be brought into con-
sideration. Sulfuric acid hydrolysis increased the SSA, 
pore volume, and pore size, except for SSA of ADCS. 
This was due to the hydrolysis of cellulose and hemi-
cellulose and the removal of some lignin. The reduced 
SSA of pretreated ADCS might be due to broken cap-
illaries. Partial capillaries were expanded or vanished 
during the pretreatment, which improved the average 
pore size but reduced the SSA. The SSA of ODCS is 
increased because of the formation of micropores dur-
ing the pretreatment. The treatment can not only break 
some capillaries to make them expand or vanish, but 
also form some micropores in ODCS. The multiaper-
ture structure made it more conductive for the follow-
ing use such as enzymatic hydrolysis.

FTIR Analysis

The FTIR spectrum analysis was used to evaluate 
the structural constituents and was showed in Figure 2. 
The bands at 3340 and 2930 cm–1 were associated with 
hydrogen bonds and methylene of cellulose, which 
were related to typical cellulose [18]. The absorption 
peak of ODCS was weaker than ADCS, which implied 
that ODCS had less content of crystalline cellulose and 
explained the lower crystallinity. Furthermore, untreat-
ed ODCS represented a stronger adsorption peak at 
900 cm–1 than ADCS, which related to amorphous cel-
lulose [1]. The intensity showed a decrease after pre-
treatment for both materials at this peak, and the reduc-
tion was larger for ODCS than ADCS. It indicated that 
main cellulose reduction was attributed to amorphous 
cellulose and explained the better cellulose hydrolysis 
of ODCS. Peaks around 1200 to 1000 cm–1 demon-

Figure 2.  FTIR spectra of two kinds of untreated corn stover and 
solid residues after pretreatment at 120°C for 70 min.

strated the linkages between lignin and hemicellulose 
[19]. The intensities of these peaks were also weaker 
for untreated ODCS. This suggested that hemicellulose 
of ODCS could hydrolyze quickly, which was in accor-
dance with the experimental results.

Scanning Electron Microscopy Analysis

The SEM images are shown in Figure 3. Untreated 
corn stover had smooth surfaces and showed highly 
ordered fibrils. Few holes and cracks existed on the 
surface of ODCS due to the shrinkage, which resulted 
from the quick loss of water. Biomass after pretreat-
ment revealed some holes on the surface and it denoted 
that hemicellose and lignin were removed during pre-
treatment [15]. There were more and larger holes for 
ODCS compared with ADCS, which proved that the 
hemicellose and lignin of ODCS could be removed 
effectively. The chemical composition of the pretreat-
ment residuals was analyzed, and compared to raw 
materials, the lignin contents were decreased 28.96% 
and 20.4% for ODCS and ADCS respectively. Some 
droplets appeared on the surface of the pretreated bio-
mass, illustrating that some lignin melted during pre-
treatment and agglomerated on the surface. 

CONCLUSIONS

The drying process affects the hydrolysis efficiency 
of dilute acid pretreatment by influencing the charac-
teristics of corn stover. Corn stover that rapidly lost 
water in the oven with moderate temperature was more 
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sensitive to temperature and time than natural air-dried 
stover when was pretreated with dilute sulfuric acid. 
The maximum yield of total reducing sugar reached 
45.1% for oven-dried corn stover, and was 39.2% 
for air-dried corn stover. The glucose yield of ODCS 
was 1.6- to 1.9-fold higher than that of ADCS after 
pretreatment. The OCDS had lower crystallinity and 
relatively more amorphous cellulose structure. There-
fore, the OCDS could be hydrolyzed by dilute sul-
furic acid easily and effectively, which indicates that 
oven drying was more attractive than air drying for 
corn stover. 
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ABSTRACT: As an agricultural waste produced from the processing of peanut, the yield 
of peanut shells in China is quite abundant. Although numerous studies on the pyrolysis 
of peanut shells have been carried out, most of them were focused on the dynamics 
models for predicting kinetics parameter of biomass, and rarely on the evolution of gas-
eous products in pyrolysis. This study carried out a set of experiments on the pyrolysis 
of peanut shells under different heating rates in order to fill the knowledge gap. Besides, 
there is also a lack of information available concerning the characterization of resulting 
peanut shell ash. Thus, the aim of this study is to investigate the pyrolysis behaviors 
of peanut shells thoroughly and to characterize the properties of peanut shell ash that 
serves as predictors for its applications. The results show that the decomposition of pea-
nut shells follows a stepwise mechanism, and the activation energy calculated by Flynn-
Wall-Ozawa method varies from 58.3 to 88.6 kJ·mol–1. Compared with low heating rate, 
fast heating rate at low temperatures is more suitable for biogas production. Chemical 
and phase analysis shows that peanut shell ash has a high SiO2 content except for other 
oxides (K2O, CaO, MgO, Al2O3, etc.) that quite suitable in glass production, implying its 
potential for glass production and as a mineral admixture in concrete. Released volatile 
matters in pyrolysis create many pores in carbonaceous materials, thus low-cost adsor-
bents can be produced from these carbon residues.

INTRODUCTION

Facing with the increasing energy needs, espe-
cially for the environmental benign energy, the 

biomass waste, as a renewable source of energy, is of 
great potentiality [1]. The amount of available bio-
mass residues for conversion into renewable fuels 
and value-added products is quite immense. Finding 
an environmental and sustainable method for utiliza-
tion of biomass waste has become a critical problem in 
many agricultural countries. The biomass waste can be 
considered as a zero net CO2 energy source, because 
the CO2 generated by biomass combustion can be ab-
sorbed and recycled from the atmosphere by replanting 
harvested biomass [2]. The use of biomass thus makes 
no contribution to the increase of CO2 in the atmo-
sphere [3]. During the past decade, harnessing energy 
from biomass has grown tremendously [4]. Convert-
ing biomass residues via thermo-chemical conversion 
to produce clean fuels is significant, especially in the 
agricultural countries [5].

Moreover, biomass consists of carbohydrates, lig-
nin, proteins, fats, and other chemicals (such as vita-
mins, dyes, and flavors), so the integrated valorisation 
and exploitation of all biomass fractions in different 
applications within the biorefinery concept proposed 
by Femando et al. [6] is also of great importance. Un-
til now, many researches have been suggesting that 
all biomass fractions can be isolated from biomass 
and utilized for synthesis of various useful chemicals. 
For example, Noor et al. [7] reported that the cellu-
lose isolated from cotton gin waste can be used for 
the synthesis of carboxymethyl cellulose. Wang et al. 
[8] suggested that lignin can be used as a template for 
the synthesis of porous carbon-CeO2 composites, and 
Vilela et al. [9] carried out the first investigation on 
the use of lipophilic extracts from the ripe pulp of ten 
banana cultivars. In addition, vegetable oils from bio-
mass residues have been widely used as renewable raw 
materials in many applications, including adhesives, 
paints, coatings, plasticizer, detergents, and lubricants 
[10].

Energy production from biomass depends on the 
biomass biodegradability and conversion process. Cur-
rently, harnessing energy from biomass mainly focuses *Author to whom correspondence should be addressed.  
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on thermo-chemical conversion [11]. Among these 
processes, gasification can efficiently convert biomass 
to a variety of gaseous fuels [12]. As a sub-category of 
gasification, pyrolysis plays a key role in gasification 
[13]. For predicting the qualities of gaseous products 
released in gasification, mathematical model needs 
the knowledge of pyrolysis kinetics [4]. Thermogra-
vimetry - mass spectroscopy (TG-MS) appears to be a 
promising solution to study biofuel pyrolysis [14,15]. 
In pyrolysis, heavier hydrocarbons can be cracked giv-
ing rise to lighter ones, which is the greatest interest as 
their heating values are high [16]. Here, it is important 
to note that for comparing their heating values, they are 
unified to present in the same unit (kJ/kg or kJ/Nm3). 
The inorganic minerals left after thermo-chemical pro-
cess are biomass ashes, which are often regarded as 
waste materials of little value. Thus, it is meaningful to 
study the ash characterization to offer a basic reference 
for transforming it into value-added goods.

Peanut is an important and common oil crop which 
is planted extensively in the world. During the process-
ing of peanut, large volumes of peanut shells (PS) can 
be generated, requiring an economical and environ-
mental disposal. Until now, several reports have been 
suggesting that the PS can be used as raw materials 
for activated carbons and can be used to absorb metal 
ions. For example, Wilson et al. [14] reported that ad-
sorbents developed from PS can serve as a replacement 
for commercial carbons in the adsorption of selected 
metal ions, such as Cu2+, Ni2+, Pb2+, etc. Wafwoyo et 
al. [17] studied the use of acid-modified PS as metal 
ion adsorbents from aqueous solutions. Furthermore, 
due to its high calorific value, the PS is suggested to be 
highly suitable for use as an alternative to fossil fuels 
[18]. Much research have been also addressed the com-
bustion of PS [18-21]. Duan et al. [19] investigated the 
combustion characteristics of crushed and pelletized 
PS in a pilot-scale vortexing fluidized bed combustor 
with flue gas recirculation [19], while Arromdee and 
Kuprianov [20] characterized the combustion perfor-
mance of PS in a conical fluidized-bed combustor, and 
they also compared the thermal and combustion reac-
tivity of peanut and tamarind shells [21]. Recently, nu-
merous studies on PS pyrolysis have been carried out, 
most of which were focused on dynamics models to 
predict the kinetics [12,13,15,17,22,23]. The research 
conducted by Zhu et al. [13] is related to hydrolysis 
and pyrolysis of PS. Ferreiro et al. [22] studied the im-
pact of heating conditions on the kinetics parameter of 
PS. Braz et al. [24] studied the pyrolysis properties of 
six lignocellulosic biomass. Wang et al. [12] explored 

the impact of alkali metal compounds on PS pyrolysis. 
Chen et al. [25] suggested that the pyrolysis of PS are 
excellent due to its substantial volatile matter.

Although the variety of researches have focused on 
the pyrolysis of PS, and the impacts caused by vari-
ous influencing factors such as atmosphere and heating 
rate are obtained, only few studies were focused on the 
emission of gaseous products during the pyrolysis of 
PS [26]. No researches were found in previous litera-
ture, which used mass spectroscopy (MS) to study the 
impacts of heating rates on gaseous products released 
during the pyrolysis. So, a series of experiments on PS 
pyrolysis under various heating rates were conducted 
to fill the knowledge gap. Thus, this work quantita-
tively studies the emission behaviors of some typical 
non-condensable gases (such as CO, CO2, CH4, and 
H2), together with the thermo-physical properties in 
the pyrolysis of PS. Besides, the characterization of re-
sultant PSA were also studied in detail using a series of 
qualitative and quantitative methods.

EXPERIMENTAL

Biomass Materials

Prior to experiments, the PS samples were collected 
from the countryside of Shenyang, northeast China. 
Firstly, the samples were dried at 105 ± 0.5°C for 24 
h in an oven, then grinded and pulverized with a ro-
tary cutting mill, finally sieved with a 100 mesh sieve. 
Those passed through the sieve (< 0.154 mm in size) 
were gathered in a closed container and kept for next 
analyses. Here, it should be noted that the influence 
of different collection periods on the primary charac-
terization of PS samples can be negligible since the 
characterization of different biomass mainly depends 
on the variety and geographic location, and rarely on 
the collection periods. Besides, as mentioned before, 
all the PS samples used in this study have been pre-
treated in a unified procedure prior to experiments us-
ing a series of experimental methods. All experimental 
process presented in this study can be replicated, and 
the results shown can be largely reproducible.

The volatile matter, moisture and ash content in 
PS were measured by 5E-TG800 Rapid Proximate 
Analyzer of Kaiyuan Apparatus Company, China. The 
fixed carbon content in the proximate analysis was de-
termined by subtracting the total sum of volatile mat-
ter, moisture and ash content from 100%. The biomass 
samples used for determining the content of volatile 
matter were about 0.5 g in each test while the samples 
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used for the moisture and ash content were about 1 g. 
Ultimate analysis was analyzed by Vario MACRO Ele-
mental Analyzer of Elementar, Germany, and each test 
uses about 100 mg biomass samples. The low heating 
value of PS was measured by 5E-C5508 calorimeter 
of Kaiyuan Apparatus Company, China, and each test 
uses 1 ± 0.1 g samples.

Pyrolysis Experiments

The thermogravimetric analysis (TGA) of bio-
mass was conducted in a sensitive thermal balance 
(NETZCH-STA449 F3, Germany) at the heating rates 
of 5, 10, 20°C/min up to a final temperature of 1200°C. 
During the pyrolysis, high purity helium (99.99%) at a 
flow velocity of 30 mL/min was utilized as the carrier 
gas. The sensitivity was 1 µg and 0.01°C, and about 5 
mg PS samples were pyrolyzed for each test. A quadru-
pole mass spectrometer (QMS 403D, Pfeiffer Vacuum 
Technology, Germany) coupled to the thermal balance 
was employed for gas evolution analysis.

Kinetic Models

In this study, the kinetic analysis of the pyrolysis of 
PS samples is based on the rate equation of decomposi-
tion of solids [27]:

d
dt

A E
RT

fα
α=

−





exp ( )

where dα/dt denotes the rate of the process, α is con-
version rate, and it is defined as (w0 – w)/(w0 – wf), 
wo, wf and w are the biomass weight at the starting, 
end, and at a specific time t, respectively. A is the pre-
exponential constant (s – 1), E stands for the activa-
tion energy (kJ·mol–1), R is the universal gas constant 
(8.314 J·K–1·mol–1), f(α) represents the function of 
conversion, which is expressed by:

f n( ) ( )α α= −1

where n is the reaction order.
Substituting Equation (2) into Equation (1), the ex-

pression of reaction rate is therefore transformed into 
the next equation:

d
dt

A E
RT

nα
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−





−exp ( )1

For non-isothermal reactions, the linear heating rate 

β = dT/dt is incorporated in Equation (3), and then 
Equation (4) can be derived:

d
dT

A E
RT

nα
β

α=
−





−exp ( )1

In this study, an integral method of kinetic analysis, 
namely Flynn-Wall-Ozawa (FWO) method was used 
for calculating activation energy. FWO method is an 
integral iso-conversional technique, which involves 
taking logarithms of both sides of Equation (4), and 
integrating these with respect to α and T variables and 
using the approximation of Doyle the following ex-
pression is obtained [28]:

ln log
( )

. .β
α

≅











− − 



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A E
R

E
RTg

2 315 0 4567

Thus, the plot of ln(β) versus 1/T for various heating 
rates allows to obtain parallel lines for a fixed degree 
of conversion, g(α) is the integral form of the f(α). The 
slopes of these lines are proportional to activation en-
ergy. The activation energy is determined by the slopes 
of such plots which give –0.4567E/R at different heat-
ing rates, and the analysis was focused on the process 
with conversion ranging from 0.1 to 0.8.

Preparation of Biomass Ash

So far, there is no specified standards that are avail-
able for preparing biomass ashes in China. Through 
comparison of biomass ashes obtained at different 
temperatures, previous literature [29–31] suggested 
that 600°C was the optimal ashing temperature for de-
termining the properties of biomass ash. Hence, in this 
experimental study, the ashing temperature of the PS 
materials was set at 600°C according to ASTM stan-
dards in America (ASTM E1755-01). The prepared PS 
samples (particle size < 0.154 mm) were first put in a 
Muffle furnace (SX2-15-12, Dongtai Shuangyu Instru-
ments Co. Ltd., Jiangsu, China), and then they were 
kept for 2 hours at 600°C under free air.

Determination of Ash Characterization

The chemical composition of PSA was obtained 
using X-ray fluorescence (XRF) (ZSX100e. Rigaku 
Co., Japan). The main crystalline minerals present in 
the ash were determined by an X-ray diffractometer 
(XRD) (X’Pert PRO, PANalytical B.V., Netherlands). 
Scanning electron microscopy (SEM) (Ultra Plus, Carl 

(1)

(2)

(3)

(4)

(5)
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Zeiss Co. Ltd., Germany) and energy dispersive X-ray 
(EDX) (Genesis, Edax DX-4) at an accelerating volt-
age of 20-30 kV were used to obtain information of the 
morphological structure and the elemental composi-
tion of the surface of ash particles.

RESULTS AND DISCUSSION

Thermogravimetric Characterization of PS

Table 1 summarizes the results of PS, which is the 
average value of three tests. Here, it is worth of notice 
that the proximate analysis was done on received ba-
sis while the ultimate analysis was based on air dried 
basis. Figures 1(a) and 1(b) respectively shows the TG 
curves and the DTG curves obtained for PS under he-
lium. The main characteristic parameters determined 
from TG and DTG profiles for various heating rates are 
listed in Table 2.

As observed from the TG curves in Figure 1(a), the 
thermal decomposition of PS follows a three-step step-
wise mechanism. The first weight loss mainly occurs 
below about 220°C, and as seen from Figure 1(b), this 
initial weight loss is accompanied by a distinct shoul-
der peak at around 100°C standing for the weight loss 
rate. Analyzing these behaviors, the weight loss that 
occurs around 200°C is mostly related to the initial py-
rolysis of hemicellulose and lignin [32]. Specifically, 
at temperatures below 200°C, the evaporation of un-
bound moisture in the PS also can make a great contri-
bution to the weight loss variation within 70 to 140°C.

The second pyrolysis stage is located within 220 
to 450°C, in which the maximum weight loss rate ap-
pears, as can be seen in Figure 1(b), and the high de-
volatilization of hemicellulose, cellulose, and lignin 
can be achieved in this temperature zone [33]. Further-
more, the largest weight loss of PS takes place in this 
pyrolysis stage [Figure 1(a)]. Besides, with the incre-
ment of heating rate, the temperature corresponding to 
the maximum decomposition rate shows a tendency to 
shift towards a higher temperature region, and this is 
in good agreement with Cao et al. [34], who reported 

that a shift on the DTG curves to higher temperature 
zones during the pyrolysis of corn cob could be clearly 
observed as the heating rate was increased.

When the temperature is higher than 450°C, it also 
can be found that the decomposition of the PS proceeds 
at a slow rate, which is associated to the pyrolysis of 
lignin at high temperatures. The slow pyrolytic process 
was almost complete after approximately 600°C, which 
is basically consistent with the pyrolysis mechanism of 
drying sewage sludge. As for DTG [Figure 1(b)], the 
weight loss rate above 450°C is close to zero, indicat-
ing the weight loss in the third stage can be neglected.

As shown in Table 2, the starting temperature (Ts) 
and the peak temperature (Tmax) of the main weight 
loss, the temperature of full width at half maximum 
(ΔT1/2), the maximum weight loss rate (dw/dt)max, and 
the mean weight loss rate (dw/dt)mean all increase with 
the increment of heating rate, and the total weight loss 
(Wt) arrives at 66.62%, 68.45%, and 69.37% when the 
heating rate is 5, 10, and 20°C/min, respectively. Thus, 
from the above analyses, it can be inferred that the py-
rolysis with a fast heating rate at low temperatures is 
suitable for gasification in the actual production.

Activation Energy Analysis

The linear plot of ln(β) against 1/T is displayed 
in Figure 2. The calculated activation energies using 
Equation (5) for the FWO method are presented in 
Table 3.

As seen from Figure 2, the activation energy obvi-
ously increases with the increment of conversion rate. 
Moreover, the linear and parallel relationships can be 

Table 1.  Primary Characterization of PS Materials.

Proximate Analysis (wt.%) Ultimate Analysis (wt.%)

Moisture 1.16 C 46.15
Volatile Matter 71.36 H 5.62
Ash 6.81 O 38.25
Fixed Carbon 20.67 N 1.89
Low Heating Value (MJ/kg) 16.52 S 0.12

Table 2.  Characteristic Parameters from the Thermal Degradation Curves of PS Biomass.

Heating Rate 
(β) (°C/min)

Starting 
Temperature 

(Ts) (°C)

Peak 
Temperature 

(Tmax) (°C)

Temperature of Full 
Width at Half Maximum 

(ΔT1/2) (°C)

Maximum Weight 
Loss Rate 

(dw/dt)max (%/min)

Mean Weight Loss 
Rate 

(dw/dt)mean (%/min)

Total Weight 
Loss (Wt) 

(%)

5 153.8 332.4 69.6 –3.687 –0.0555 66.62
10 187.5 342.3 73.5 –6.454 –0.0570 68.45
20 216.4 352.8 76.7 –12.021 –0.0578 69.37
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clearly seen, which indicates the activation energies at 
different conversion rates.

Besides, the results in Table 3 show that the values 
of activation energy of PS calculated from the FWO 
method are within the range of 58.3–88.6 kJ·mol–1, 
and the average activation energy is approximately 
65.61 kJ/mol. Because the active energy is a function 
of reaction mechanism rather than a function of heating 
rate and conversion rate, thus the increase of activation 
energy with conversion can be attributed to the shift in 
reaction mechanisms. In other words, the increase of 
activation energy with conversion increasing implies 
that the PS pyrolysis is a complex process consisting of 
some different reactions. The reaction mechanism var-
ies greatly with conversion changing. A further study 

on what mechanism resulted in the change of activa-
tion energy will be conducted in the next work. The 
R2 correspond to linear fittings are greater than 0.98, 
meaning a good linear dependence.

Mass Spectroscopy Analysis

Here, taken pyrolysis under the heating rates of 10 
and 20°C/min as examples, the emission concentration 
for typical non-condensable gases (mainly including 
CO, CO2, CH4, and H2) in the pyrolysis of PS are de-
scribed in Figure 3.

As seen from Figure 3(a), the emission of CO takes 
place with no distinct releasing peaks in the whole 
pyrolysis process. Specifically, as for the case of 
20°C/min, the emission of CO is much higher than that 
of 10°C/min case, which indicates that higher heat-
ing rate is more suitable for CO releasing. According 
to literature [35], most of the CO is released from the 
cracking of carboxyl (C=O) and carbonyl (C–O–C) 

Figure 1.  Thermogram curves of the prepared PS samples (a) TG curves, (b) DTG curves.

Figure 2.  Arrhenius plots at selected conversion rates by FWO 
method.

Table 3.  Activation Energy of PS (R2, the Square of 
the Correlation Coefficient).

α/% E/kJ·mol–1 R2 α/% E/kJ·mol–1 R2

20 58.3098 0.9866 55 64.1773 0.9989
25 59.2739 0.9987 60 64.8709 0.9915
30 59.6990 0.9971 65 65.4076 0.9922
35 60.6815 0.9874 70 66.8652 0.9872
40 62.3070 0.9896 75 75.4784 0.9865
45 63.5843 0.9870 80 88.6143 0.9945
50 63.6066 0.9966 Mean 65.6058 0.9918



X, YAO, K. XU and Y. LIANG300

during the pyrolysis of lignin and hemicellulose be-
yond 600°C.

As seen from Figure 3(b), the CO2 emission under 
10 and 20°C/min exhibits a conspicuous emission peak 
within 200–500°C. Besides, the CO2 releasing profile 
in case of 10°C/min is similar to that case of 20°C/min, 
and the CO2 evolution is concentrated beyond 200°C. 
At low temperatures (< 500°C) the abundant C=O 
chemical groups existing in hemicellulose was verified 
to favour CO2 production while above 500°C the lignin 
pyrolysis made a little contribution for it [15].

According to Figure 3(c), the evolution of CH4 
during the pyrolysis of PS is mostly concentrated be-
tween 200 and 600°C, which corresponds well to the 
weight loss shown in Figure 1. Moreover, it needs 
to be noted that the CH4 emission in the case of
10°C/min has two releasing peaks. The first peak with 
low concentration is at around 100°C while the second 
one with higher concentration shifts to higher tempera-
tures (200–400°C). Liu et al. [36] demonstrated that 
lignin is rich in methoxyl-O-CH3 chemical groups. 
Therefore, the CH4 emission is most likely generated 

Figure 3.  Evolution of typical non-condensable gases with temperature rising during the pyrolysis of PS.

Table 4.  Chemical Composition of PSA Determined by XRF Analysis (wt.%).

SiO2 K2O Na2O CaO MgO SO3 P2O5 Fe2O3 Al2O3 TiO2 Cl

56.38 10.40 0.67 8.26 4.92 3.42 2.46 3.87 8.73 0.51 0.24
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potassium in the predominant crystalline phases, such 
as arcanite (K2SO4), fairchildite (K2Ca(CO3)2), kali-
cinite (KHCO3), and sylvite (KCl). Furthermore, cal-
cium was mainly identified in the crystalline form of 
calcite (CaCO3). Additionally, the presence forms of 
alkali earth metals (such as Ca and Mg) with relatively 
high content are likely to be metal cation ions connect-
ed with oxygen functional groups [28].

Besides, the composition results indicate that the 
SiO2 content occupies an absolutely dominant position 
in the composition. However, with regards to silica, it 
was not detected in any form of crystalline phases, as 
can be observed from Figure 4, which indicates that 
the silica is most likely present in the amorphous SiO2.

SEM-EDX Analysis of PSA

Prior to SEM-EDX analysis, a metal spraying treat-
ment of biomass ash is quite necessary since the elec-
trical conductivity of fly ash is poor [38]. After that, the 
morphology and surface composition of the ash were 
obtained by SEM-EDX analysis. Figure 5 shows the 
SEM images of PSA at various magnifications. The 
EDX spectra in spots a-c in Figure 5 are shown in Fig-
ures 6(a), 6(b), and 6(c), respectively.

As seen from Figure 5(a), most of these obtained 
PSA particles are in irregular shapes, and their size 
ranges from approximately 1 to 150 µm. Figure 5(b) 
shows the details of the selected zones of some typical 
PSA particles at higher magnification. The EDX spec-
trum of spot a [Figure 6(a)] exhibits a high peak of 
carbon, which implies that there still exists unburned 
carbon residues in the PSA.

Figure 5(c) exhibits the original and fibrous tex-
ture of a piece of large ash particle with a particle size 
greater than 100 µm, which further indicates the inad-
equate combustion of PS at 600°C. In addition, many 
small pores can be found throughout this particle. As 
determined by EDX analysis, the spectrum of point b 
[Figure 6(b)] on the surface of the large ash particle 
presents a high content of elements C, Si, and O, and 
this result exactly consists with the composition results 
earlier, further verifying that amorphous SiO2 is pre-
dominant in PSA.

Figure 5(d) shows details of the external surface 
of a typical PSA particle. At a closer examination of 
this image, many small granules can be observed. The 
EDX results of point c [Figure 6(c)] show that the sur-
face of the granules is particularly rich in potassium 
and chlorine, indicating that these small granules are 
covered with KCl, and this is consistent with the earlier 

Figure 4.  XRD pattern of PSA. Arc, arcanite (K2SO4); Cc, calcite 
(CaCO3); F, fairchildite (K2Ca(CO3)2); K, kalicinite (KHCO3); Sy, syl-
vite (KCl).

through the cracking of methoxyl-O-CH3 during the 
pyrolysis of lignin below 600°C.

With regards to H2, its emission mainly focuses at 
low temperatures (around 50–600°C), as can be ob-
served in Figure 3(d), and its emission concentration 
reaches the maximum peak at around 300–500°C. 
Similar to the CO emission, the emission concentration 
of H2 under 20°C/min is also relatively higher with 
respect to the case of 10°C/min. After 600°C, the H2 
emission slightly decreases with the increment of tem-
perature, indicating that the H2 emission was mostly 
produced during the pyrolysis of cellulose and hemi-
cellulose. This result is basically in agreement with Wu 
et al. [23], who suggested that the highest H2 concen-
tration was obtained for the thermal pyrolysis of cel-
lulose and hemicellulose in the absence of the catalyst.

Chemical and Phase Analysis of PSA

The elemental oxides in PSA measured by XRF are 
listed in Table 4. The XRD results are shown in Fig-
ure 4. In this study, all elements (except Cl) were con-
verted to oxides. The Cl was translated into equivalent 
oxygen, then all these constituents were normalized to 
100%.

As can be observed from the results in Table 4, the 
PSA samples are mainly composed of SiO2, K2O, CaO, 
and Al2O3. Besides, lesser amounts of Na2O, MgO, 
SO3, P2O5, Fe2O3, TiO2, and Cl were also detected. 
Specifically, the proportions of alkali metal oxide K2O 
(10.40%) is much higher than that of other compounds 
except SiO2 (56.38%), and it was verified by XRD re-
sults (see Figure 4), which displayed the presence of 
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XRD data, from which most of KCl present in the ash 
has been regarded as sylvite.

Potential Applications of PSA

Based on the composition results, it seems that the 
PSA is the combination of silica and metallic oxides, 
similar to the raw materials used for silicate ceramics 
production in the traditional ceramic industry. More-
over, considering that the PSA has a appreciable con-
tent of SiO2 except for other oxides (such as K2O, CaO, 
MgO, Al2O3, etc.) that quite suitable in glass produc-
tion, we can conclude that the PSA can be potentially 
utilized as a silica source for producing high quality 
glasses. Also, the significant presence of high SiO2 
content can make the ash have a possibility to be used 
as a mineral admixture in concrete production and oth-
er applications.

Besides, a large quantity of nutrient elements (such 
as K, Ca, and P) indicates the potential of PSA to be 
used as a fertilizer or a soil amendment in agriculture. 
Specifically, the high proportion of CaO (8.26%, see 
Table 4) in PSA makes it possible for SO2 capture, basi-
cally the same to ash residues generated from the oleo-
resin industries in India [37]. Furthermore, the released 
volatile matters during the pyrolysis of PS created a 
large amount of pores in the carbonaceous materials, 
thus some low-cost adsorbents can be produced from 
the carbon residues separated from PSA. Particularly, 
the suitability of PSA as a precursor for producing acti-
vated carbon has been justified by chemical activation 
with H3PO4 [38]. To clarify, as far as our literature sur-
vey could ascertain, no available studies about the per-
centage of the raw PSA material used in different in-
dustries per year have been published. Thus, it is hard 
to provide a believable estimation of the necessities 

Figure 5.  SEM images at different magnifications of the PSA obtained at 600°C.
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that could be covered in each one of the suggested in-
dustries at present. But with the rapid development of 
biomass utilization technology, it can be predicted that 
a reliable estimation of the percentage of PSA used per 
year in each one of these above mentioned industries 
will be provided in the near future.

In addition, as determined by XRF analysis, the pre-
pared PSA is devoid of toxic metals, so the ceramic 
products developed from the ash such as ceramic mem-
brane can be potentially used for clarification or sepa-
ration in various industries [39]. But such applications 
are still a ways off, as these applications have not yet 
been tested on the PSA, needing to be further explored 
in the near future.

CONCLUSIONS

1.	 The thermogravimetric analysis of peanut shells 
indicates that the decomposition of this agricul-
tural waste follows a stepwise mechanism. The 
starting and peak temperature of main weight loss, 
the temperature of full width at half maximum, 
the maximum and mean weight loss rate, and the 
total weight loss all increase with the increase of 
heating rate. The activation energy calculated by 
Flynn-Wall-Ozawa method varies from 58.3 to 
88.6 kJ·mol–1.

2.	 During the pyrolysis of peanut shells, the emission 
concentration of CO and H2 under 20°C/min was 

Figure 6.  Spectra of EDX spot analyses in points a-c.
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higher than that case of 10°C/min. The evolu-
tion of CO2 and CH4 were mainly concentrated 
above 200°C, corresponding well with the biomass 
weight loss. The results indicate that high heating 
rate is suitable for producing biogas.

3.	 The peanut shell ash has an appreciable content 
of SiO2 except for other oxides (K2O, CaO, MgO, 
Al2O3, etc.) that quite suitable in glass production, 
indicating its potential as a source for producing 
high quality glasses and as a mineral admixture in 
concrete production. Being rich in nutrient ele-
ments, the peanut shell ash can also be used as a 
soil amendment.

4.	 The peanut shell ash particles are in irregular 
shapes with size ranging from 1 to 150 µm. Some 
carbon residues due to inadequate conversion of 
biomass still exists in the ash. The released volatile 
matters in pyrolysis create many pores in carbona-
ceous materials, indicating the potential of carbon 
residues from peanut shell ash to be used for low-
cost adsorbent.
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ABSTRACT: In this study, a sequencing batch reactor (SBR) with fill, anaerobic, oxic1, 
anoxic, oxic2, settle, decant and sludge pre-anoxic process, was used to investigate the 
performance efficiency of biological nutrient removal which occurs secondary- phospho-
rus release during different pre-anoxic hydraulic time (PAHRT). The results of the study 
showed that the processes of secondary-phosphorus release and secondary-phospho-
rus removal were significantly affected by PAHRT, whereas the removal of chemical ox-
ygen demand (COD), ammonia nitrogen (NH -N)4

+  and total nitrogen (TN) removal were 
only slightly affected. The research also showed that when PAHRT for 120 min., and 
MLVSS was 5330 mg/1, the secondary-phosphorus-release concentration was lower 
than 0.15 mg/L, and the removal efficiency of the total phosphorus (TP) was higher than 
80.98%. Moreover, it was found that there is a negative correlation between secondary-
phosphorus release and TP removal efficiency and between secondary-phosphorus re-
lease and the quantity of released anaerobic phosphorus. The study also showed that 
phosphate-accumulating organisms (PAOs) can be used to break down poly-p without 
PHA synthesis during the process of secondary- phosphorus release, resulting in a re-
duction of PHA content in PAOs. As a result, the rate of anaerobic-phosphorus release 
and oxic-phosphorous uptake decreases , leading to a duction in phosphate- removal 
efficiency. It is thus necessary to reduce or, avoid a secondary- phosphorus- release 
event in a pre-anoxic system. In summation, this project’s findings show that a decrease 
of secondary-phosphorus release in a pre-anoxic process is an effective way of enhanc-
ing biological- phosphorus removal.

1.  INTRODUCTION

Traditional biological-phosphorus-removal pro-
cesses have long been known for their low operat-

ing costs and for their small reagent-consumption and 
low sludge production levels (Kim et al., 2010) How-
ever, efforts to update and improve the function of the 
old systems has recently become one of the “hottest” 
research topics among pollution experts. The tradition-
al phosphorus-removal theory holds that phosphate-
accumulating organisms (PAOs) absorb volatile fatty 
acids (VFAs) in order to synthesize polyhydroxyal-
kanoates (PHAs), and that the release of phosphorus in 
anaerobic environments is a necessary step for the re-
moval of biological phosphorus. Moreover, the theory 
holds that the more phosphorus released in an anaero-
bic tank, the higher the removal efficiency.. However, 
several intrinsic problems have been identified for the 
simultaneous removal of biological phosphorus and ni-

trogen, such as an intense competition between nitrify-
ing bacteria and phosphate-accumulating bacteria for 
carbon resource, when the nitrate concentration in the 
return sludge is too high, it imposes a severely nega-
tive impact on the synthesis of PHAs and the release 
of phosphorus. Therefore, a pre-anoxic tank is needed 
during the pre-anoxic process with the endogenous de-
nitrification technique applied, such as MSBR (Deng et 
al., 2013), Johannesburg (JHB) (Makinia et al., 2006; 
Shi et al., 2011) and triple oxidation ditch, in order to 
reduce the effect of nitrate recycling in the anaerobic 
reactor. Some studies (Du, 2006; Yanget al., 2008) have 
shown that highly efficient phosphorus removal may be 
achieved when the concentration of NO -N3

−  in the pre-
anoxic tank is manipulated to be around 0.5~3.0 mg/L. 
Deng et al. (2014) discovered that phosphorus-removal 
efficiency decreases if the concentration of NO -N3

−  in 
the pre-anoxic tank of MSBR process is lower than 0.5 
mg/L. Meanwhile, different levels of secondary phos-
phorus release (i.e., when phosphorus is released in the 
absence of an external carbon source) were observed 
in pre-anoxic tank. In short, the control of a pre-anoxic *Author to whom correspondence should be addressed.  
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tank has been found to be a key step in achieving effec-
tive phosphorus  removal during the MSBR and JHB 
process. However, studies on such subjects as them-
echanisms involved in these procedures, the necessary 
control measures, and the impact of secondary-phos-
phorus release on phosphorus removal efficiency, are 
still very limited (Shi et al., 2011). 

The aim of this study was to investigate the relation-
ship between secondary-phosphorus release and pre-
anoxic hydraulic time (PAHRT) and MLVSS during 
the pre-anoxic process in a SBR reactor operated with 
the sequences of fill anaerobic, oxic1, anoxic, oxic2, 
settle, decant and sludge pre-anoxic. In addition, the 
study explores the impact of secondary-phosphorus re-
lease on anaerobic phosphorus release, evaluates the 
process of phosphorus removal, and discusses the pos-
sible mechanisms involved in the complex procedure. 
The results of the investigation can be used as a ref-
erence for the operation and management of the pre-
anoxic tank in MSBR and JHB processes.

2.  MATERIALS AND METHODS

2.1.  The Pilot-plant Feeding Systems

The lab batch experiments were carried out in a re-
actor with an active volume of 5 L (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 
maintained at 25 ± 1°C. Two peristaltic pumps were 

used for feeding and drawing purposes. A diffused aer-
ation 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 mak-
ing adjustments between aeration and stirring condi-
tions. The system was controlled by a programmable-
logic controller (PLC). 

2.2.  Experiment Approach

2.2.1.  Batch Tests

Some researchers (Du, 2006; Yang et al., 2008; Shi 
et al., 2011; Deng et al., 2014) found that the second-
ary phosphorus release in the pre-anoxic tank was re-
lated to factors such as hydraulic residence time (HRT) 
and MLVSS. For the current study, the experimental 
procedures and operational conditions lasted for nearly 
5 months at 25 ± 1°C (defined as Runs I–IV). The ex-
perimental procedures and conditions defined as Runs 
I–IV are summarized in Figure 2: Fill (5 min) → an-
aerobic (90 min) → oxic1 → anoxic → oxic2 (30 min) 
→ Settle (30 min) → drain (5 min) → pre-anoxic. The 
test included 4 operating conditions: Under Runs I-III, 
the pre-anoxic hydraulic time (PAHRT) was set at 60, 
90 and 120 min, respectively, with a fill ratio of 0.5; 
under condition IV, the pre-anoxia time was 150 min, 
with a fill ratio of 0.60. The MLVSS of the pre-anoxic 
process under Run IV was much higher than that under 
Runs I–III. The operating time for working Runs I–IV 
was 46 d (including a 15 d for startup), 40 d, 36 d and 
31 d, respectively (a total of 153 d). For the experi-
ment, the MLSS in oxic1 was 4000 ± 290 mg/L, the 
dissolved oxygen (DO) concentration in Oxic1 was 
2.5–3.5 mg/L, and the sludge retention time (SRT) was 
12–15 d.

2.2.2.  Experimental Methods for the Assessment of 
the Secondary Phosphorus Release

In order to gain insight on the impact of secondary-
phosphorus release on the amount of phosphorus re-
leased, phosphorus removal  efficiency and  potential 
mechanisms, some tests   were performed with SBR. 
The experiments included the following steps: (1) In 
the absence of external carbon sources and NO -N,3

−  
5 L activated sludge from the aerobic tank (MLVSS = 
2950 mg/L) was rinsed with distilled water three times. 
The rinsed samples were then stirred under anaerobic 
conditions. (2) 700 mL sludge samples were collected 
at times of 0, 1, 2, … , and 6 h for the following tests, Figure 1.  Schematic diagram of the SBR reactors.
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with 100 mL of each sample used for the determination 
of orthophosphate and PHA content. (3) 600 mL sludge 
samples were mixed with 400 mL synthetically sewage 
Acetic acid was then added to the mixture to achieve an 
initial concentration of 40 mg COD/L. (4) The mixture 
was exposed to the anaerobic conditions for 2 h and to 
the aerobic conditions for 4 h. The concentrations of 
orthophosphate, PHA and glycogen were measured in 
order to understand the changing patterns. (5) The or-
ganization and analysis of all of the experimental data.

2.2.3.  Mathematical Statistics

Multiple regression analysis: Previous studies have 
shown that factors which might contribute to the re-
duction in TP removal efficiency and the amount of 
phosphorous released include secondary phosphorus 
release, influent COD/TP and residual NO -N3

−  in pre-
anoxic phase (Wu et al., 2010). Therefore, a multiple 
regression analysis based on Equations (1)~(2) was 
conducted to analyze the  relationship  between those 
factors and the amount of phosphorous released during 
the anaerobic phase.

Y a a X a X a X1 0 1 1 2 2 3 3= + + +

Y b b X b X b X2 0 1 1 2 2 3 3= + + +

Where Y1 is the amount of phosphorous released 
during the anaerobic phase, with the unit as mg/L; Y2 
is TP removal rate, %; X1 is COD/TP, which is dimen-
sionless; X2 is NO -N3

−  concentration at the end of the 
pre-anoxic phase, with the unit as mg/L; X3 is the con-
centration of released secondary phosphorous at the 

end of the pre-anoxic phase, with the unit as mg/L. 

2.3.  Wastewater and Seed Sludge Characteristics

The SBR was fed with domestic wastewater which 
came from the grit chamber effluents of a municipal 
wastewater treatment plant, with COD = (307 ± 88) 
mg/L, TN = (36.5 ± 5.8) mg/L, NH -N4

+  = (31.7 ± 6.2) 
mg/L, NO -N3

− = (1.1 ± 0.4) mg/L, and TP = (4.6 ± 1.2) 
mg/L. The seed sludge used for SBR was collected 
from the oxic tank of a post-denitrification wastewater 
treatment plant, with a sludge volume index (SVI) of 
40–45 mL/g. According to the operation mode main-
tained in Section 2.2.1, the SBR was operated for 15 d 
as a start-up period, and then operated normally. 

2.4.  Analysis Methods

The samples were collected and analyzed accord-
ing to the protocol developed by Guo et al. (2012). 
The influent flow rates, temperature, pH, and DO were 
measured on a daily basis. The content of COD, TP, 
TN, NH -N,4

+ NO -N3
− and MLSS in both influent and 

effluent were measured two or three times each week. 
All of the indexes were measured according to Stan-
dard Methods (APHA, 1998). The sludge sample 
mixed with water was centrifuged for 3 min (3000 
r/min) prior to the measurement of the supernatant liq-
uid. The DO was measured using a portable DO Me-
ter (HACH HQ30d). The ORP and pH were measured 
using a portable meter (HACH-sension2). The VFA 
concentrations were measured via high-performance-
liquid chromatography (HPLC), equipped with a Bio 
Rad Aminex HPX-87H column (Waters2489 UV/RI 

Figure 2.  Operation modes of SBR.

(1)

(2)
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detector) with a mobile phase (1.5 mM H3PO4) flow-
rate of 0.6 mL/min and a temperature of 60°C (Wu, 
2010). The PHAs were determined by gas chromatog-
raphy (GC) using the method described by Takabatake 
et al. (2002), using a Bruker 430-GC gas chromato-
graph equipped with a FID detector and a BR-S Wax 
column (60 m, 0.53 mm internal diameter, 1 µm thick-
ness, Bruker, USA). Glycogen was determined as de-
scribed by Crocetti et al. (2002) and Liu et al. (2008), 
using the following conditions during biomass diges-
tion: 2 mg biomass, 0.9 M HCl and 3 h of digestion 
time. The analysis was performed at 30°C, with 0.005 
M H2SO4 as eluent, at a flow rate of 0.5 mL min–1, us-
ing a Metacarb-87H column (Varian), equipped with 
an IR detector. All other parameters were measured ac-
cording to literature (APHA, 1998). 

3.  RESULTS AND DISCUSSION

3.1.  The Influence of PAHRT on Nutrient Removal 
Efficiency

Table 1 displays the pollutants in influent and ef-
fluent as well as the removal efficiencies during the 
operation periods (Runs I-IV). As shown in Table 1, 
high COD removal efficiency was achieved under 
different operating conditions with a range of 90.10–
93.03%. Obviously, the  data  suggests that PAHRT 
had imposed little effect on the removal efficiency of 
organics. Excellent NH -N4

+ removal was achieved in 
Runs I-IV, with the range of effluent NH -N4

+ concen-
trations and the removal efficiency as 0.25–0.73 mg/L 
and 97.19–99.24%, respectively, suggesting that both 
aerobic time and DO played important roles in affect-
ing the removal efficiency of NH -N,4

+ whereas PAHRT 
did not. The TN removal efficiency remained around 
64.0% during Runs I–III, but was down to 57.51%, 
with the average effluent TN concentration as 12.98 
mg/L. This was mainly due to an increase of nitrogen 
loading from 0.14 kg N/kg vss.d to 0.19 kg N/kg vss.d. 
Therefore, PAHRT had imposed little impact on the TN 
removal efficiency. The effect of PAHRT (60, 90, 120, 
150 min) on the TP removal efficiency was also stud-
ied under different Runs modes. The results showed 
that the highest TP removal efficiency of 80.98% was 
achieved with the PAHRT of 120 min (Run III). The 
effluent phosphorus was able to meet the first-B waste-
water-discharge standard in China (TP < 1.5 mg/L). 
In contrast, in Run IV, the TP removal efficiency de-
creased rapidly to 59.45% when the MLVSS was 7418 
mg/L and the PAHRT increased up to 150 min. There-

fore, PAHRT is a critical parameter that determines 
TP-removal efficiency in the present study. 

In this study, the most acceptable removal efficien-
cies for COD, NH -N,4

+  TN and TP were observed in 
Run III, which showed removal efficiencies of 92.34%, 
99.24%, 64.54%, and 80.89%, respectively. Previous 
studies have shown that nutrient-removal efficiencies 
may differ when different types of wastewater are 
used in the Post-denitrification SBRs (Yt et al., 1997; 
Umble et al., 1997; Ds et al., 2001; Akin and Ugurlu, 
2005; Cybiset al., 2004; Lv et al., 2008; Debik et al., 
2010). Table 2 shows a comparison between previous 
studies and the present study. It can be seen that the 
COD-, NH -N-4

+  and TP-removal efficiency in Run III 
of this study was higher or close to the results found in 
previous studies. But TN-removal efficiency (64.5%) 
was lower than that which has been reported in the lit-
erature (70%~89%). The fill ratio of 0.5–0.65 in the 
present study was larger than what has been reported 
in the literature in the range of 0.4–0.35. Therefore, 
this operation model in Run III has displayed a good 
removal efficiency of nitrogen and phosphorus, espe-
cially when N loading is taken into account. 

3.2.  The Influence of PAHRT on Anaerobic Phase 
Phosphorus Release and Secondary Phosphorus 
Release in Pre-anoxic Phase 

Table 3 shows the variations in the content of the 
residual NO -N3

−  during the pre-anoxic phase and the 
anaerobic phase phosphorus release as well as in the 
secondary-phosphorus release in the Pre-anoxic phase 
during the operation periods (Runs I-IV). Generally 
speaking, It was found thatthe amount of phosphorus 
released during the anaerobic phase can be negatively 
affected by the presence of residual nitrate and insuf-
ficient influent organic substrates. Meanwhile, the 
amount of phosphorus released and phosphorus-remov-
al efficiency improved during Runs I–III (Tables 1 and 
3), since the content of residual nitrate decreased from 
8.69–4.69 mg/L, where the time of PAHRT increased 
from 60 min to 120 min. Therefore, the maximum 
amount of phosphorus released during the anaerobic 
phase reached 13.41 mg/L, and the average removal 
efficiency rose to 80.98%. Later, a smaller amount of 
NO -N3

−  was removed during the anaerobic phase. As 
expected, the increasing phosphorus release and re-
moval efficiency was found in Run III. However, when 
the PAHRT time increased to 150 min (Run IV), and 
the content of residual nitrate decreased to 3.45 mg/L 
in Run IV, the amount of phosphorus released during 
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the anaerobic phase decreased to 11.17 mg/L, with the 
average removal efficiency falling to 59.45%. Mean-
while, the secondary—phosphorus release during the 
Pre-anoxic phase reached 0.82 mg/L, which was much 
higher than it was in Runs I–III (0.03–0.15 mg/L). This 
suggested that too much PAHRT contributed to sec-
ondary phosphorus release but decreased phosphorus 
removal efficiency. Moreover, statistical analyses were 
performed to analyze the relationship between PAHRT, 
MLVSS and secondary phosphorus release, with the 
relation Equation (3) shown as follows.

Y e t e MLVSS

R P

= − × − ×

= =

− −1 468 7 863 3 089

0 73 5 11

4 4

2

. . .

. .            ee−6

Where Y is the secondary phosphorus release con-
centration, mg/L; t is PAHRT, h; MLVSS is the volatile 
solids concentration in a sample of mixed liquor, mg/L.

It can be seen from Equation (3) that the impact of 
PAHRT and MLVSS on secondary phosphorus release 
was significant, and the relative importance of PAHRT 
was greater than that of MLVSS. Therefore, in order 
to prevent the occurrence of secondary phosphorus re-
lease, HRT in the pre-anoxic tank should be controlled 
as a priority, followed by the MLVSS in the pre-anoxic 
tank. Based on our findings, PAHRT was a critical pa-
rameter for the increase of phosphorus release and sec-
ondary phosphorus release. 

3.3.  The Impact of Secondary Phosphorus 
Release on Phosphorous Removal Efficiency and 
Mechanisms Involved

3.3.1.  The Relationship Between Secondary 
Phosphorus Release and Phosphorus Removal 
Efficiency

In Run IV, the maximum amount of released sec-
ondary phosphorus was up to 0.82 mg/L, and the TP 

removal efficiency rapidly decreased to 59.45%. In or-
der to further test the relationship between secondary- 
phosphorus release, anaerobic-phosphorus release and 
biological-phosphorus removal efficiency, multiple 
regression and univariate analysis were conducted  in 
this study.

According the Equations (1) and (2), the results of 
multiple regression analysis are shown in Equation 
(1a)–(2a), with α0 = 0, α1 = 0.08, α2 = 0.39, α3 = 3.19, 
b0 = 0, b1 = 0.32, b2 = –6.04, b3 = 8.80.

Y X X X

R P e

1 1 2 3

2 7

0 0 08 0 39 3 19

0 80 8 5 0 01

= + + +

= = <−

. . .

. . .          

Y X X X

R P e

2 1 2 3

2 11

0 0 32 6 04 8 80

0 95 1 6 0 01

= + − +

= = <−

. . .

. . .          

It can be seen from Equations (1a)–(2a) that the 
amount of phosphorus released and the phosphorous 
removal efficiency during the anaerobic phase was af-
fected by the above mentioned factors. These factors 
are ranked in descending order according to their rela-
tive importance: the secondary phosphorus release ≥ 
residual NO -N3

−
in  pre-anoxic phase ≥ COD/TP.

In order to gain insight into the impact that second-
ary-phosphorus release has on the amount of phospho-
rus released and the phosphorus-removal efficiency in 
the absence of carbon resource and NO -N,3

−  some tests 
as described in Section 2.2.2 were conducted. Data ob-
tained from step (2) were used to plot a graph, which 
reflected the changes of the amount of released sec-
ondary phosphorus and PHA content in the absence 
of carbon resource [Figure 3(a)]. Also, data obtained 
from step (4) were used to plot a graph, which showed 
the level of anaerobic phosphorus release and the oxic 
phosphorus uptake [Figure 3(b)]. It can be seen from 
Figure 3(a) that the  relationship between the anaero-
bic hydraulic time in the absence of carbon resource 

Table 3.  The Variations of TP and NO3-N Under Different Operational Conditions.

Operation 
Modes

PAHRT 
(min)

MLVSS in Pre-anoxic 
Phase (mg/L)

Residual NO -N3 in
−

Pre-anoxic Phase 
(mg/L)

NO -N3 in
− Removal 

During Pre-anoxic 
Phase (mg/L)

Pre-anoxic Phase 
Secondary Phosphorus 

Release (mg/L)

Anaerobic Phase 
Phosphorus 

Release (mg/L)

I 60 5185 8.69 2.29 0.04 8.23
II 90 5360 8.19 2.70 0.03 9.17
III 120a 5330 4.69 6.07 0.15 13.41
IV 150b 7418 3.45 8.71 0.82 11.17
Notes: 
aThe fill ratio was 0.5. 
bThe fill ratio was 0.60.

(3)
(1a)

(2a)
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and the secondary phosphorus release was  linear (R2 
= 0.94). In other words, the secondary phosphorus re-
lease increased with anaerobic hydraulic time. Mean-
while, the PHA content in the sludge increased linear-
ly with anaerobic hydraulic time (R2 = 0.88). Clearly, 
secondary phosphorus release during the pre-anoxic 
phase could reduce the cellular PHA content of PAOs.

Details regarding anaerobic phosphorus release 
and aerobic  phosphorus  uptake during the different 
phases of secondary phosphorus release were shown 
in Figure 3(b). The amount of anaerobic phosphorus 
released decreased from 18.68–14.25 mg/L, with the 
time of secondary phosphorus release increasing from 
0 h to 6 h. After the 4 h oxic, the corresponding or-
thophosphate concentration increased from 0.86–3.16 
mg/L, and the phosphorous removal efficiency was re-
duced from 93.75–67.08%. Moreover, the amount of 
anaerobic phosphorus released was negatively related 
to secondary phosphorus release (y = –0.919x + 18.05, 
R2 = 0.86). Similarly, phosphorous removal efficiency 
was also negatively related to secondary phosphorus 
release as shown in Figure 4 (y = –5.92x + 93.64, R2 
= 0.98). Therefore, secondary phosphorus release had 
imposed a negative impact on anaerobic phosphorus 
release and phosphorous removal efficiency. For the 
actual practice of the MSBR- or the JHB-based tech-
nique, it is necessary to reduce or avoid the occurrence 
of secondary phosphorus release in the pre-anoxic or 
SBR tank.

3.3.2.  Mechanisms of Secondary Phosphorus Release 
on Biological Phosphorus Removal Efficiency

Biological phosphorus removal from activated 
sludge is mainly carried out through the metabolic ac-

tivities of PAOs, with polyphosphate (poly-P), glyco-
gen and PHA playing important roles in the metabolic 
process of PAOs. In order to reveal the mechanisms 
involved inhow secondary-phosphorus release might 
influence anaerobic-phosphorus release and oxic-
phosphorus uptake, the synthesis, decomposition and 
transformation of poly-P, glycogen and PHA were cal-
culated using SBR-measured data as described in Sec-
tion 2.2.2. Results of the stoichiometry of substrates of 
PAOs during the anaerobic and the aerobic phases were 
summarized in Table 4, including the PHA/acetic-acid 
rate during anaerobicphase (RPHA,AA), Phosphorous re-
lease/acetic acid in anaerobic (RP,AA), Glycogen/ acetic 
acid in anaerobic (RG,AA), Uptake phosphorous/PHA 
rate during aerobic phase (RUP,PHA), Glycogen/PHA 
rate during aerobic phase (RG,PHA), PHA-consumption 
rate during aerobic (RPHA).

There was a satisfactory level of phosphorus-re-
moval stoichiometry (metabolic  efficiency) when the 

Figure 3.  Effect of secondary phosphorus release on anaerobic phosphorus release and aerobic phosphorus uptake.

Figure 4.  The relationship between the secondary phosphorous 
and anaerobic phosphorus release or aerobic phosphorus uptake.
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anaerobic-hydraulic time was 0 h and secondary-phos-
phorus release was 0.15 mg/L in the absence of carbon 
resource, with normal  RPHA,AA (1.30 mmol-C/mmol-
C), RP,AA (0.387 mmol-P/mmol-C), RG,AA (0.53 mmol-
C/mmol-C), RUP,PHA (0.365 mmol-P/mmol-C), RG,PHA 
(0.528 mmol-C/mmol-C), RPHA (0.098 mg-PHA/mg-
VSS.d). In addition, Table 4 also showed a comparison 
of corresponding phosphorus-removal-stoichiometry 
parameters with several similar BNR process with a 
UCT, A2/O configuration. Obviously, the values of 
RPHA,AA, RP,AA, RG,AA, RUP,PHA and RG,PHA were very 
close to previous studies (Shi et al., 2011; Wang, et al., 
2010; Wu, et al., 2010), with a good phosphorous-re-
moval efficiency of 93.75% (Figure 4).

When the secondary phosphorus release increased 
(from 0.15 to 4.60 mg/L), the value of RPHA,AA also 
increased  (from 1.30 to 1.35 mmol-C/mmol-C). The 
results showed that the utilizing  rate of degradable 
substrates to synthesize PHAs during the anaerobic 
phase  decreased  with  an  increase  of the secondary 
phosphorus release. Under the anaerobic condition, 
PAOs could rapidly uptake the degradable substrates 
in order to synthesize the PHAs, with the stored poly-
phosphate (poly-p) serving as the energy source (Peng 
yongzhen, Ge shijian, 2011). With an increase in the 
secondary-phosphorus release, the amount of hydro-
lyzed poly-P decreased under the anaerobic condition. 
In order to gain more energy, the PAOs would prefer-
entially use acetic acid to synthesize the PHA through 
the metabolic pathways of acetyl CoA and propionyl 
CoA condensation reactions (Monica, 2014). However, 
this metabolic pathway also consumed more glycogen 
and released a limited amount of phosphorous (Wu, 
2010), causing the RPHA,AA and RG,AA to dramatically 
decrease , with the minimum value of 0.200 mmol-P/
mmol-C and 0.50 mmol-C/mmol-C, respectively (Ta-
ble 4). This suggests that secondary-phosphorus re-
lease had imposed a significant impact on the PHAs 
synthesis and the poly-P hydrolyzing of the PAOs un-
der the anaerobic condition. Afterwards, the amount of 
phosphorous release and the PHA content decreased as 
the secondary-phosphorus release increased.

As shown in the Table 4, RUP,PHA and RG,PHA de-
creased during the aerobic phase as the secondary-
phosphorus release increased, with the minimum value 
as 0.270 mmol-P/mmol-C and 0.494 mmol-C/mmol-
C, respectively. Meanwhile, the secondary-phosphorus 
release had imposed little influence over the synthesis 
and decomposition of glycogen. Moreover, the content 
of RUP,PHA was much lower than 0.375 mmol-P/mmol-
C, which has been commonly reported in the literature, 
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and was lower than the range of 0.51–0.65 mmol-P/
mmol-C, which has been suggested as a standard ref-
erence for nitrogen and phosphorus removal systems 
(Wang, 2010). The main reason for the lower RUP,PHA 
value might be due to less uptake of phosphorous un-
der the secondary-phosphorus release condition. An-
other reason for the lower RG,PHA value might be 
due to the low PHA content in the PAOs under the 
secondary-phosphorus release condition [Figure 3(a)]. 
In the aerobic phase, the PAOs could help to reduce the 
RG,PHA (from 0.098 to 0.080 mg-PHA/mg-vss.d) if the 
PHA content is low in PAOs (Emmanouel, 2016). As a 
result, the phosphorus uptake of the sludge decreased, 
and phosphorous removal efficiency also decreased 
as the effluent TP concentration increased (Figure 4). 
Additionally, the rate constant for bacteriolysis of the 
PAOs (bPAO) was only 0.2 d–1. Therefore, the longer 
the anaerobic hydraulic time was in the absence of the 
external carbon resource, the more PAOs tended to 
die or dissolve, resulting in a lower proportion of ef-
fective PAOs in the activated sludge and phosphorous 
removal efficiency. In sum, PAOs would break down 
poly-p without PHA synthesis during the process of 
secondary-phosphorus release. Also, the PHA synthe-
sis rate during the anaerobic process, and the PHA con-
sumption rate during the aerobic process have been in-
fluenced by the secondary-phosphorus release. As a 
result, both the anaerobic-phosphorus release and the 
oxic-phosphorous-uptake rate decreased, which   led 
further to phosphate removal efficiency. Given that the 
metabolic processes of polyphosphates, glycogen and 
PHA are very complicated, and that there are many 
conflicting research findings, further studies are ur-
gently needed on this subject.

4.  CONCLUSIONS

In the pre-anoxic system, the secondary-phosphorus 
release and phosphorus removal were significantly af-
fected by the pre-anoxic hydraulic time (PAHRT). The 
secondary-phosphorus release had a negative impact 
on the anaerobic phosphorus release and the phospho-
rous-removal efficiency. According to the character-
istic of the secondary-phosphorus release and mecha-
nisms, the PAOs break down poly-p without synthesis 
PHA during the secondary-phosphorus release process, 
which leads to the decrease of PHA content in PAOs. 
As a result, both the anaerobic-phosphorus release and 
the oxic-phosphorous uptake rate decreased, which led 
to the decreased efficiency of phosphate  removal.   It 
is, therefore, of vital necessity to reduce or avoid the 

occurrence of secondary phosphorus release in a pre-
anoxic system.
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ABSTRACT: In this study, the microbial community and the physico-chemical properties 
of soil samples from seven oil-fields in the north of China were analyzed using multiple 
methods. The study’s purpose was to analyze the influence of abiotic factors on the 
microbial activity and the biotic community. By using the Ultrasonic- Soxhle extraction 
method of hydrocarbon in oil composition were analyzed, and column chromatography 
combined with GC-MS was used to analyze the contaminant composition. The results 
showed that the highest oil concentrations in the soil reached 97.3 g/kg dry soil, which 
amounts to about 500–1,000 times higher than the background in uncontaminated soil. 
Moreover, the average nutrient content of contaminated soils was lower than the unpol-
luted controls. The total bacterial load in the soil was measured using the most probable 
number (MPN) method and the microbial activity was determined by fluorescein diac-
etate (FDA) activity. The results showed that soil contaminated with oil seriously affects 
and limits the microbial populations and their activities. The water content of the soil was 
the key limiting factor of the microbial populations and the FDA activity. With a water 
content of 6%, oil content below 15%, and a pH of 7.5–8.0, the conditions supported the 
highest levels of microbial growth and activity. Microbial populations were 10–100 times 
and the FDA activity was 2–5 times lower in samples originating from the arid Northwest 
of China compared to samples from Northwest China. In the northwestern region the 
microbial diversity was 3 times higher. The microbial communities were limited and sup-
pressed whereby the local environment, the temperature, the water content and the oil 
content were the key factors that induced the biodiversity of the soil contaminated with 
oil in different analyses of the geography and the climate environment.

INTRODUCTION

Petroleum is a complex compound containing a 
mixture of saturated and unsaturated alkanes, poly-

aromatic hydrocarbons (PAHs) and, in minor amounts, 
inorganic compounds like sulfides and nitrates [1–5].

With the development of the oil industry in China, 
and the occurrence of frequent oil spills from the many 
wells scattered throughout the county, oil contamina-
tion in the soil and in the groundwater has become an 
important environmental issue [6–8]. During an oil 
spill, the hydrophobic hydrocarbons plug the porous 
soil and reduce its permeability, thus changing its nu-
trient-transport capacity [9]. Petrochemical pollution 
has a destructive effect on the aquatic ecological envi-

ronment of oil fields, and such pollution is considered 
ecotoxic, increasing the vulnerability of the ecosys-
tem and causing physiological disorders to plants and 
animals alike. Polluted soil undergoes changes in the 
microbial communities and their compositions and on 
the ecological function of the soil and the efficiency of 
bioremediation.

Microbial ecosystem of soil which has been pollut-
ed with petrochemical hydrocarbons is influenced by 
both biotic and abiotic factors [10,11]. The biotic fac-
tors influencing the microbial ecosystem are the nature, 
the relative numbers and the microbial communities 
and populations. The abiotic factors at play include the 
soil composition, and concentration of contaminants, 
as well as other soil properties. Lastly, environmental 
factors such as weather and local climate play a role. 

It has been shown that the biodegradation rates and 
the dynamics thereof are limited by the interactions of *Author to whom correspondence should be addressed.  
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the biotic and abiotic factors at play. Thus, the micro-
bial communities can be either induced or suppressed 
by hydrocarbon pollutants, while the microbial com-
munity profiles and their activities are remarkably 
changed and affected by the contaminants in the soil. 
The microbial activities, the functions and the com-
munities thus change in order to adapt to the pollution 
[12–14]. 

In this paper the role of some of the abiotic factors 
present in soils contaminated with oil were investigat-
ed. A range of geographically, widely distant oil fields 
was assessed. The microbiological diversity in the soils 
was examined in terms of its aerobic and oil-degrad-
ing bacteria content and, later, evaluated by means of 
denatured gradient gel electrophoresis (DGGE). The 
findings reported here are relevant for the purpose of 
developing dynamic biodegradation models, investi-
gating biodegradation processes, and improving the 
biodegradation rates of petroleum pollution in soils.

2.  MATERIAL AND METHODS

2.1.  Soil Sampling and Characterization

Soil samples were collected from 7 different oil-
fields located in various parts of northern China, at 
approximately 10–25 cm in soil depth. Wherever 
possible, both polluted and unpolluted samples were 
collected from the same site. Samples were stored in 
polypropylene bags, transported to the laboratory and 
stored at 4°C awaiting further analysis. The sampled 
locations are shown on a map in Figure 1. The seven 
oil fields are distributed all over the country, covering a 
large geographic range of China.

The basic physical properties of the contaminated 
soil samples including the pH levels, the nitrogen and 
the phosphorus content  were determined on the basis 
of a soil-agricultural-chemical process [15,16]. Ultra-
sonic-Soxhle extraction method of hydrocarbon in oil 
were analyzed, and column chromatography in com-
bination with gas chromatography-mass spectrometry 
(GC-MS) was used to analyze the pollutant composi-
tions [19]. The GC-MS analysis of extracted oil hydro-
carbon was performed on a HP 5890 GC-5922 MSD. 
Capillary columns were used of 30 m × 0.25 mm × 
0.25 µm HP 5 MAS. Chromatography conditions were 
as follows: the carrier gas was helium (1.0 ml/min), 
the temperature program for the hydrocarbon distribu-
tion was 100°C for 3 min, then 10°C/min increase to 
250°C, followed by 5 10°C/min to 280°C, with a final 
hold for 20 min.

2.2.  Microbial Quantitation and Activity Analysis

The total bacterial load present in the soil was de-
termined by using the most probable number (MPN) 
method and the microbial activities were measured by 
fluorescein diacetate (FDA)[17,18].

2.3.  DGGE Analysis of Total Microbial DNA

The total DNA was extracted from the soil samples 
according to Zhou et al. [20]. The extracted DNA was 
checked by electrophoresis (BIORAD, Canada) after 
which a region of 470 bp of the 16S rDNA gene was 
amplified using the universal primers b341GC(5′-CG
CCCGCCGCGCGCGGCGGGCGGGGCGGGGGC
ACGGGGGGCCTACGGGAGGCAGCAG-3′) and 
b758(5′-CTACCAGGGTATCTAATCC-3′) [21,22]. 
The amplified fragments were detected by electropho-
resis in 1%agarose. DGGE analysis was carried out us-
ing the BIORAD D code system (BIORAD, Canada), 
as described in the system specification. 

3.  RESULTS AND DISCUSSION

3.1.  Analysis of Abiotic Factors of the 
Contaminated Soils

The sampled oilfields are located in different cli-
mate zones and are subject to different and geographi-
cal characteristics. Thus, environmental factors such 
as temperature, humidity, and chemical composition 
obviously differ between the samples, which mean that 
variable factors have acted on the microbial ecosys-
tems which are distinct among the respective locations. 
In order to analyze and compare the biotic and abiotic 
factors of the microbial ecosystems in the polluted 
soils at the different sampling locations, measurements 
were performed on polluted and unpolluted samples 
from the sites. The determined abiotic variables the oil 
content, the water content, and the nutrient concentra-
tions of the samples are listed in Table 1.

The results show that the oil concentrations in the 
samples reached up to 97,300 mg/kg of dry soil, which 
is approximately 500–1,000 times higher than back-
ground levels. Most of the contaminated samples con-
tained petroleum quantities in the range of 20–70 g/kg 
of dry soil. The average nutrient contents of the con-
taminated soils were lower than that of the unpolluted 
control samples around the sites. Especially in the ag-
ricultural areas, as shown in samples 5 and 6, the effec-
tive nitrogen and phosphorus loads were less than 30 
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and 10 mg/kg of dry soil, respectively, accounting for 
about 5% of the total levels of nitrogen or phosphorus. 
This was most likely due to thatduring the processes of 
hydrocarbons biodegradation, which obviously limited 
the biodegradation rates and the microorganism activi-
ties. 

3.2.  The Effects of Abiotic Factors on the 
Microbial Community

The different abiotic factors of the soils, created by 
such local environmental conditions as natural geog-
raphy and climate, affected the microbial profiles in 

Table 1.  The Abiotic Variables of the Soils Under Study.

Sample No.

Content*

Water Content (%) pH Total N* Effective N* Total P* Effective P*
Unpolluted 
Controls

Polluted 
Samples

1 51.5 69900 2.18 7.60 1627 93.8 677.3 5.2
2 40.6 21730 3.07 7.92 – 88 – 17.1
3 48.36 60200 5.15 7.75 – 34 – 5.7
4 – 77300 12.95 7.96 1300 40.7 480.3 5.0
5 117.2 55300 14.58 7.17 620 27.9 198.5 9.6
6 23.64–35.19 20539 17.23 8.18 490 12.9 518.5 7.3
7 – 97300 1.08 7.90 733 131.9 321.6 3.6

*mg/kg dry soil.

Figure 1.  Map of China showing the location of the oil-fields and the sampling sites used for this study. Abbreviations used are YM: Yumen Oil-
field, CQ: Changqing Oil-field, JH: Jianghan Oil-field, DQ: Daqing Oil-field, DG: Dagang Oil-field, HB: Huabei Oil-field, SL:Shengli Oil-field. The 
inlay shown to the bottom right is located to the south of the main map.
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remarkable ways. The relationship between the micro-
bial activities and the abiotic factors was investigated 
in the different geographical areas. 

The results indicated that the sum total of microor-
ganisms in the soil samples was relatively stable, with 
typically 107–109 cells present per g of dry soil. The 
microbial communities of polluted soils, in terms of 
their numbers and nature, had changed in comparison 
with the unpolluted samples. Various analyses were 
carried out to investigate the relationships between 
the abiotic factors and the observed changes. Figure 
2 shows the effect of the oil content in the various soil 
samples on the total numbers of aerobic bacteria and 
the numbers of oil-removing bacteria. The FDA activ-
ity of the bacteria is also shown.

As can be seen from Figure 2, the number of 
aerobic bacteria present in the soil was higher than 
the number of oil-degrading bacteria, for all of the 
samples tested. There was a general decrease in their 
numbers of a factor of 10 to 100 with increasing oil 
contamination, though there were relatively few sam-
ples with high oil content. Samples with an oil con-
tent of 0–7%(w/w) contained the highest number of 
aerobic bacteria, while the numbers of oil-removing 
bacteria were highest in samples containing 0–15% oil. 
Samples with an oil content of 2–13% had the highest 
FDA activity. These findings indicate that oil content 
below 15% has limited inhibitory effects on total mi-
crobial growth. 

Figure 3 shows the relationship between the micro-
bial communities and the water content of the selected 
soils. The number of microbes varied surprisingly little 

between the samples with different levels of water con-
tent. In the polluted samples, which contained less than 
6% water, the oi-degrading bacteria amounted to less 
than 103 cells/g of dry soil. With water content higher 
than 6%, the oil content apparently became the key lim-
iting factor for microbial activity. Figure 2 shows, for 
example, that the microbial amounts were well below 
this level in soils with an oil content of less than 0.1%. 
Under optimal abiotic environmental conditions, oil-
degrading microbes can reach levels of 105–106 cells/g 
of dry soil, which is 100 to 1000 times higher than is 
found in soils with low water content.

Figure 4 shows the correlation of the pH levels and 
the microbial communities. The pH levels varied be-
tween 7.2 and 8.8 in the various samples. In the sam-
ples with a pH level between 7.4 and 7.9 the number 
of aerobic bacteria in the soil was at its highest. In the 
samples with a light alkaline pH (between 7.5 and 8.0), 
the number of oil-degrading bacteria reached its high-
est numbers, while the soil samples with a pH 7.7–7.9 
produced the highest FDA activity. These results in-
dicate that very strong levels of acidity or alkalinity 
(i.e., extremely low or high pH levels) produce limiting 
factors for bacterial growth and diversity. A pH level 
between 7.5–8.0 is most suitable for microbial growth 
and activity.

The results presented here showed that abiotic fac-
tors dramatically affected the microorganism activity 
of the FDA in polluted soils. The FDA activities were 
lower than 0.3 in the arid soil samples with water con-
tent lower than 6%, indicating that water content is an 
important limiting factor for microbial activity. On the 

Figure 2.  Effect of oil content on the numbers and nature of microorganisms.
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contrary, oil content in the soil is the main limiting fac-
tors affecting microbial activity. In this case, the trends 
of the FDA activity of microorganism were consistent 
with the hydrocarbon concentrations.

In conclusion, the microbial activities explored in 
this study were restricted and induced by the micro-
ecosystem of the polluted soil samples. The abiotic fac-
tors exercised a strong influence on them. Water con-
tent was the key restricting factor over the microbial 
population and the FDA activity. The oil content was a 
main variable causing changes in the microbial popula-
tion. Under optimal abiotic conditions in the microbial 
eco-system, the presence of hydrocarbons in affected 

soils could significantly stimulate microbial growth of 
oil-degrading bacteria.

3.3.  The Effects of Biological Factors on Microbial 
Communities 

This study showed that in unpolluted soil environ-
ments, the microbial community is very complex, 
while in, polluted soil environments, the microbial 
populations produce profiles that are distinct because 
of the differences between the soil matrix and the vari-
ations of the environment [23,24]. Natural selection 
would result in populations with adapted microbial 

Figure 3.  The effects of water content on the number and nature of microorganisms.

Figure 4.  The effects of pH on the quantity and nature of microorganisms.
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enzyme activities. The resulting microbial communi-
ties vary in microbial profiles, in relative abundance 
and in the variation of activities and functions. These 
factors affect the efficiency of the biodegradation pro-
cesses where different degrading bacteria both com-
pete with each other and stimulate each other’s growth. 
Other factors that affect the microbial eco-system are 
the presence of heavy metals such as Zn, which, ac-
cording to the research of Bruce [25,26], can reduce 
the amount of land reclamation in soil microbial com-
munities. Likewise, environmental pollution with pe-
troleum hydrocarbon has caused changes in microbial 
diversity in soils in northern Canada [27]. 

In order to study the microbial diversity in polluted 
oil soils with different geological, physiognomy, and 
climate conditions, DNA fingerprint methods such as 
PCR-DGGE, PCR-SSCP and PCR-RFLP [28–30] are 
now being used. These can be as sensitive as traditional 
methods [31]. 

When the bands of amplified DNA fragments ob-
tained from the contaminated soil samples were com-
pared by DGGE (Figure 5), the weakest signal was 
obtained with the sample from the drought-ridden 
area in Northwest China (sample number 7). Strong 
signals were obtained with the polluted soils from the 
oil fields of North and Northeast China. From this we 
can conclude that the microbial diversity in Northwest 
China (sample 7) was lower than that in the other areas. 
In sample 6, the microbial diversity was the highest 
among all of the samples, with 2–5 times more bands 
than were obtained with any of the other samples. 
Interestingly, the microbial numbers in samples ob-
tained from Northeast China was 10–100 times higher 

and their microbial FDA activities 2–5 times higher, 
when compared to the samples collected from North-
west China. The microbial diversity as determined by 
DGGE was also more abundant since samples from 
Northeast China produced 3 times more bands. This 
illustrates that the microbial diversity of contaminated 
soils is restricted. Such restriction can be due to local 
environmental factors such as temperature, but also 
due to the kinds of abiotic factors i which have been 
laid out here (This sentence seems repetitive and un-
necessary since it reflects the subject matter of your pa-
per: “e.g., the influence of microbial diversity of soils 
contaminated with petroleum hydrocarbons in differ-
ent geological and climate conditions). The authors 
of this project have concluded that more heed should 
be paid to the exploration of the variations in micro-
bial communities which are being created by different 
geological and climatic factors, as well as measurable 
abiotic factors. Such research would lead to more ex-
act predictions on bio-degradation and bio-remediation 
efficiencies. 

4.  CONCLUSIONS

The pollution levels, soil properties, microbial pop-
ulations, DGGE profiles and FDA activities found in 
soil samples from oil fields in seven locations in China 
were highly diverse. The average nutrient levels in the 
soil samples polluted with petroleum were lower than 
in the control soils from these areas. The effective ni-
trogen content was lower than 30 mg/kg dry of soil, 
and the phosphorus content was under 10 mg/kg of 
dry soil. This only accounted for about 5% of the total 
nitrogen and phosphorus levels, respectively. Through 
the analysis of the level of nutrients in the soil samples, 
these findings showed that the levels of nutrients in the 
contaminated soils were significantly lower.

In general, in the contaminated soils, microorgan-
ism quantity and activity were very low. When the wa-
ter content was below 6%, the oil degradation bacteria 
number was less than 103 cells/g of dry soil, and the 
FDA activity was under 0.3%. On the contrary, the oil 
content was the main factor affecting the microbial 
quantity and activity. This study’s findings revealed 
that soil with oil content below 15% and a pH level 
between 7.5–8.0 best supports the growth and activity 
of microorganisms.

This project also showed that the key factors af-
fecting microbial communities are local temperatures, 
water content and oil content These factors, in turn, 
induced the microbial diversities of oil-contaminated 

Figure 5.  The DGGE profile of 16S rDNA amplification fragments.
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soils in different geographical locations and under di-
verse climatic conditions. Finally, the project revealed 
that at lower oil-contamination levels, the growth of oil 
degrading bacteria is stimulated in the soil, and these 
accumulate in the microbial communities. 
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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


	JRST 13-4 Inside Front Cover
	JRST 13-4 Table of Contents
	JRST 13-4-1
	JRST 13-4-2
	JRST 13-4-3
	JRST 13-4-4
	JRST 13-4-5
	JRST 13-4-6
	JRST 13-4-7
	JRST 13-4-8
	JRST 13-4-9
	xJRST 13-4 Inside Back Cover



