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Comparison on Copper (II) Desorption from Loess Soil with and
without Biochars Derived from Flax and Rape Straws

BAOWEI ZHAO®, TINGTING SHANG, FENGFENG MA, LIJUAN YAN and LIPING HUANG
School of Environmental and Municipal Engineering, Lanzhou Jiaotong University, Lanzhou 730070, P. R. China

ABSTRACT: It has been reported that biochar is capable of adsorbing and immobiliz-
ing heavy metals in soils due to its prominent properties, such as the porous structure,
large and charged surface, and functional groups on surface. The desorption of Cu (ll)
(Cu) from loess soil was studied and compared using batch washing method, with and
without biochars derived from flax and rape straws. The effects of contact time, initial pH
value of solution, temperature, initial concentration of Cu in soil, and co-existing Ca?* on
desorptions were investigated. The pseudo-second-order kinetic model could be used
to describe the desorbing process well. The leaching ability (n) of Cu from solid phase
increased in overly acidic solutions. Increasing temperature improved desorption of Cu
from loess soil. When the initial concentration of Cu in soil increased, the n values of
Cu decreased. Slight effect of Ca2* on the n value of Cu was found. No significant im-
mobilization of Cu by biochars was found because loess soil is much capable of holding
Cu, possibly due to high content of carbonates. The results could provide references for
immobilization remediation of loess soils contaminated with heavy metals using biochars

as amendment.

INTRODUCTION

N recent years, increasingly more soils are found

to be contaminated with heavy metals due to waste
emissions from industrial production, mining ac-
tivities, waste application and wastewater irrigation,
which has brought serious environmental problems
[1-3]. For example, the arable land area subjected to
heavy metal contamination is about 20 million ha, ac-
counting for 20% of the total agricultural land area in
China [4]. Heavy metals in soils are not only harmful
to ecosystem and agricultural production but also seri-
ous threat to human being [5,6]. Loess, a special soil
spreading over the large area of northwestern China
and central Asia, being different from the acidic soils
due to its high pH value, high calcareous content, loose
structure, large porosity and water permeability, and
low agglomerating force and organic carbon content,
is also found to have suffered much heavy metal con-
tamination due to the mining activity and sewage ir-
rigation [7-9]. Therefore, it was quite necessary for the
research on heavy metal pollution in loess, and on how
to effectively control and manage pollution, which has

*Author to whom correspondence should be addressed.

No. 88, West Anning Road, School of Environmental and Municipal Engineering,
Lanzhou Jiaotong University, Lanzhou 730070, P. R. China;

E-mail: zhbw2001@sina.com; Tel: +86-931-4938017; Fax: +86-931-4956017

gained the attention of the government and scholars.
At the present time, biochar is a promising amendment
into soils, improving soil properties and remediating
the contaminated soils [10,11].

Biochar is produced by so-called thermal decompo-
sition of organic materials (wood, straw, leaves, ma-
nure and sludge etc.) under limited supply of oxygen
(O,) and at relatively low temperatures (< 700°C).
Biochar is carbonaceous with microporous structure,
active surface charge and functional groups [12—14].
These properties have sparked strong interesting in
mitigating climate change, improving soils, enhanc-
ing crop production and controlling contamination in
soils [15]. Although the effect of biochar on heavy
metal mobility and bioavailability in soils has been
investigated, the results may be quite different when
the biochars derived from various bomasses are used.
Biochar addition led to immobilization of both Cd
and Zn in soil in a column leaching experiment [16].
Consequently, Cd and Zn concentrations in pore wa-
ter were reduced 300 and 45-fold, respectively [16].
Namgay et al. reported that the concentrations of ex-
tractable As and Zn in soil increased with biochar ad-
dition, whereas the concentration of extractable Pb
decreased, that of Cu did not change, and that of Cd
showed an inconsistent trend [17]. Heavy metal ions
(Cu) were tested for their mobility in San Joaquin soil
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amended with 5-20% (w/w) biochars, which resulted
in negligible remediation in soluble Cu concentrations
[18]. Cu contamination in soils is very common in the
research area. Baiyin for example being 80 km from
the research site is an important industrial base of cop-
per metal. Because of the history of metal smelting and
sewage irrigation, the average concentration of heavy
metals in farmland is high, and the average concentra-
tion of Cu (II) is 90.12 mg-kg!, which is much higher
than that of background in soil [19]. In the previous
studies, researchers have mainly focused on the acidic
type of soils amended with biochar derived from the
local biomasses. However, there are few studies on the
effect of biochars on heavy metal (e. g. Cu) migration
and conversion in loess soils, to our knowledge.

In this study, the flax (Linum usitatissimum L.)
straw and rape (Brassica campestris L.) straw, which
are widely planted and abandoned in loess areas, were
pyrolyzed into biochars at 600°C. A comparison was
conducted on the effects of biochars on copper (II)
(Cu) desorption from loess soil using batch washing
method. The factors influencing the leaching ability (7)
of Cu such as contact time, initial pH value of solution,
initial Cu concentration in soil, temperature, and co-
existing cation (Ca®") were tested. The objective is to
investigate preliminarily whether the immobilization
of heavy metals occurs and the pattern of heavy metal
desorption changes in loess soil-water system in the
presence of biochar.

EXPERIMENTAL SECTION
Chemicals

Copper nitrate (Cu(NO;),'3H,0), sodium nitrate
(Na(NOy),), calcium nitrate (Ca(NOs;),), sodium hy-
droxide (NaOH), and nitric acid (HNO;) were pur-
chased from Guangfu Chemical Research Institution,
China. All reagents used were of analytical grade. The
deionized water was used for all procedures.

Materials

The loess soil (light sierozem) sample (0—20 cm)
was collected at a hill in Lanzhou Jiaotong University,
China, where few low artemisia plants grew. The soil
was air dried, removed weeds and gravels, and passed
through a 40 mesh sieve. The pH value of the soil was
determined as 8.11 [1:2.5 of soil mass (g) to volume of
water (mL)] on a pH meter (PHS-3C, Electronics and
Scientific Instrument Corporation, Shanghai, China).

The background content of Cu is 22.5 mg kg™ [20].
Its value of the point of zero charge (pHpyc) is 2.82
[21] and the carbonate content is 3.9% [22]. The loess
organic matter was determined as 0.53% using diges-
tion method by potassium dichromate. The soil con-
tains 18.65% grave, 28.50% silt and 52.85% clay. The
loess was artificially prepared as Cu-contaminated soil
with Cu(NOs;),'3H,0O solution. Desired amounts of
Cu(NO;), was dissolved in deionized water and added
to the contaminant-free soils. The slurry mixtures were
evaporated under a hood, and the soils spiked with Cu
were mixed, homogenized, passed through a 40 mesh
sieve and aged for 20 days in order to achieve a rela-
tive stable distribution of species fraction of Cu. The fi-
nal Cu concentrations in the loess soils were 400, 600,
700, 1000 and 1500 mg kg ™!, respectively.

The used biochars derived from flax and rape straw
were prepared and characterized through the same pro-
cesses as reported in our previous study [23]. In brief,
the cleaned flax straw and rape straw chips were py-
rolyzed in muffle oven at temperature 600°C for 4 h.
The results from pre-experiment showed that the bio-
chars obtained from 600°C and 4 h pyrolysis exhibited
much adsorption capacities for Cu [23]. After cool-
ing to room temperature, the resulting biochars were
washed with 0.1 mol L™' HCI to remove excess ash
[8], rinsed with deionized water, oven-dried for 12h at
80°C, and then sieved to 100 mesh. The biochars were
termed as LS600 and BS600, respectively. The physi-
cal and chemical parameters of two biochars are listed
in Table 1 [23], where the pH values and ash contents
of the biochars were determined according to the na-
tional standards of China [24]. The point of zero charge
(pHp,c) was determined by potentiometric titration.
Elemental analysis was completed on an elemental
analyzer (Vario EL, Germany). The biochar contents
of C, N, H and S were determined directly, while the
O content was calculated by subtracting the contents of
C, N, H, S and the ash contents from the total mass of
the sample. The specific surface areas of the biochars
were determined on a surface and porosimetry ana-
lyzer (Micromeritics ASAP 2020, USA). The surface
areas were measured with N, adsorption at 77 K using
BET adsorption isotherms.

Batch Washing Procedure

A series of 0.2 g of the contaminated soil, 0.2 g of
the contaminated soil with 0.05 g of LS600, or 0.2 g of
the contaminated soil with 0.05 g of BS600 were added
to 20 mL of 0.01mol L~! NaNOjy solutions in 50-mL
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Table 1. Physical and Chemical Parameters of Biochars.

Element Content, wt%

Biochar pH PHozc Ash, % BET Surface Area, m? g~' c H N S o
BS600 9.98 5.08 29.2 158 53.6 1.56 0.86 0.76 14.0
LS600 10.7 4.73 191 109 60.1 1.80 14.83 0.61 16.5

flasks with taps. 0.1 mL of 1 g L' NaN; was added to
inhibit microbial growth [25]. Duplicate samples were
prepared. Then the samples were placed on a recipro-
cating shaker (THZ-82A, Jiangsu Quartz Glass Fac-
tory, China) at 150 rpm and 25°C. After shaking, each
suspension was centrifuged at 3500 rpm for 30 min,
and the supernatant was carefully decanted into a clear
glass vial and filtered through a 0.45 pm membrane.
The concentration of Cu in the filtrate was measured by
atomic absorption spectrophotometry (AAS). The pH
values of the solutions were adjusted to the target ones
by 1 mol L™! HNO, and 1 mol L~! NaOH solutions [8].
The contact time, initial pH value of solution, dosage
of contaminated soil, temperature, initial Cu concen-
tration in soil and electrolyte concentration were kept
as 24 h,7.0,0.2 g, 25°C, 600 mg Cu kg ! soil, and 0.01
mol L' NaNO, respectively except that one of the fac-
tors was tested and changed.

Analytical Method

The concentration of Cu in aqueous phase was de-
termined on an atomic absorbance spectrophotometer
(Varian, Spectrum AA110/220, USA) at 324.8 nm. The
flame type was air-acetylene one. Standard solutions
were prepared and used to automatically draw the stan-
dard calibration. The leaching ability (1, %) of Cu can
be calculated as follows in Equation (1) [26]:

n:%xlOO% (1)
Cm

where C, is the Cu concentration in elution (mg L),
V, is the volume of elution (mL), C is the initial Cu
concentration in soil (mg kg™'), and m is the weight of
soil (g). All of the values of 7 were the means of paral-
lel determination.

RESULTS AND DISCUSSION
Effect of Contact Time

Figure 1 presents the plots of # values versus the

contact time varying from 0 to 24 h. It is indicated that
the removal of Cu from solid phase increased as time
increasing but the removal amount was not large and
less than 3%. Within 1 h, sharp enhancements of 7
were observed in the three cases. The rates increased
slow with time ranging from 1 to 6 h and then leveled
off after 6 h [27]. For the single loess system, it was
found that a strong immobilizing ability of loess for Cu
occurred because only up to 2.8% of the total amount
of Cu was desorbed into aqueous phase. In our previ-
ous study, it was found that the adsorptive capacity of
loess soil for Cu could reach 16.13 g kg!' [28]. This
is attributed to the high content of carbonates in loess
soil [29,30]. It was demonstrated that binding of Cu(II)
bonded to carbonates is dominant in the copper sorp-
tion by loess soils [29]. Zhao ef al. pointed out that the
direct precipitation and co-precipitation of Cu (II) with
carbonates in loess soils were the main mechanisms on
Cu (II) sorption onto loess soils, which resulted in a
large fraction of carbonate-bound copper and a large
holding capacity of loess for copper [22]. For example,
the capacity of 5.5 g of Malan loess for copper (1) was
still unsaturated even while the initial concentration of
copper in aqueous solution was up to 957.0 mg L~!. The
sorption of copper decreased significantly after extrac-
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Figure 1. Effect of contact time on leaching ability of Cu.
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tion of carbonates [22]. The possible precipitates of Cu
on loess soils, e.g. Cu;(OH),(CO3), and Cu,(OH),COs,
are extremely undissolved, e.g. Cu;(OH),(CO3), pK|,
= 21.53 and Cuy(OH),CO; pK,, = 21.55 [22]. Thus,
ultralow concentrations of Cu in aqueous phase would
be found.

As for the systems of loess with BS600 and LS600,
the whole patterns of desorption processes were simi-
lar to that of the single loess system. However, the Cu
leaching abilities decreased by 1.9% and 1.8% at large.
This indicated that the immobilization of Cu was some-
what enhanced in the presence of used biochars. No
doubt, the additional immobilized amount of Cu was
due to the adsorptive capacity of BS600 and LS600
[23] and the negligible difference of the Cu leaching
abilities between in the presence of BS600 and LS600
might be due to their similar adsorptive capabilities for
Cu [23], because their structure and surface properties
are not significantly different (See Table 1) [23]. Fristak
et al. reported Cu?" ions adsorption onto the biochars
derived from two woody biomasses at the same pyroly-
sis conditions [31]. It was found that the adsorption of
Cu?" onto the biochars followed pseudo-second-order
kinetic model, Langmuir and Freundlich isotherm
model and it was confirmed that the crucial roles in ad-
sorption processes were mainly hydroxyl and carboxyl
functional groups on the biochars’ surface by chemi-
cal modification (esterification of carboxyl, and meth-
ylation of hydroxyl and phenolic functional groups of
biochar) and FTIR analyses [31]. In our previous study
[28], no significant difference occurred between the
results of surface functional group determination for
BS600 and LS600 using Boehm titration and the ad-
sorption of Cu onto BS600 and LS600 followed pseu-
do-second-order kinetic model and Langmuir isotherm
model. Therefore, although there was a large difference
between the BET surface area of BS600 and LS600
(See Table 1), very similar values of the maximum ad-
sorptive capacities of Cu (30.8 mg g~' for BS600 and
26.7 mg g! for LS600) were found [28]. The values
of standard Gibbs energy (AG?) for the adsorption of
Cu onto loess, BS600 and LS600 were determined as

—13.87 kJ mol !, —8.78 kJ mol ! and —9.16 kJ mol ! at
25°C [28], which indicate Cu ions are much easier to
be adsorbed onto loess, rather than the used biochars.
It can be deduced that it was impossible that most of
Cu adsorbed on loess phase was transferred into bio-
char phase at the tested experimental conditions. Thus,
BS600 and LS600 did not exhibit much immobiliza-
tion results compared with the results mentioned above
[16] although their adsorptive capacities for Cu (30.8
mg ¢! and 26.7 mg g") were large [23] and the used
amount of biochars was up to 25% of the total solid
weight. The main reason might be the prominent hold-
ing ability of loess soils to Cu, which led to ultralow
concentrations of Cu in aqueous phase and thus the im-
mobilization by BS600 and LS600 was not significant.
The desorption mechanism for Cu could be ex-
plained using pseudo-first-order kinetic and pseudo-
second-order kinetic [26]. The model’s linear forms
may be expressed as seen in Equations (2) and (3):

k
log(q, —q)=logq, ——-—¢ 2
g(q. —q,)=1logq, 2303 2
LA 3)
q; kzqe 9.

where g, (mg g™") denotes the desorbed amount of met-
al per unit mass of solid at equilibrium; g, (mg g') is
the desorbed amount of metal per unit mass of solid at
time 7 (h); k; (h™") is the constant of pseudo-first-order
kinetic model; k, (g mg™! h™!) is the constant of pseu-
do-second-order kinetic one. According to data seen in
Figure 1 and Equations (2) and (3), regression results
were obtained and listed in Table 2. It is apparent the
pseudo-second-order kinetic model was better used
to describe the desorption processes than the pseudo-
first-order kinetic one due to high values of correlation
coefficients (R?), 0.9960, 0.9960 and 0.9980 for single
loess, loess with BS600 and loess with LS600 sys-
tems, together with the slight difference between the
desorbed amount of Cu tested at equilibrium (g, ,,, mg
g ') and calculated from regression (g, ., mg g ). The

Table 2. Regression Results for Kinetic Models.

Pseudo-First-Order

Pseudo-Second-Order

System Qe,eo Mg g~ Qe,cas Mg g~ kg, h! R? Qecar Mg g~ kg, h™! R?

Loess 0.0168 0.0069 0.168 0.857 0.0170 66.35 0.996
Loess + BS600 0.0123 0.0035 0.147 0.860 0.0124 137.0 0.996
Loess + LS600 0.0114 0.0025 0.122 0.952 0.0114 1985 0.998
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values of g, . in the three cases were 0.017, 0.0124 and
0.0114 mg g!, which were very close to those values
of g, ., from the regression results for pseudo-second-
order kinetic model.

Effect of pH Value

Figure 2 shows the relationship between the leach-
ing ability () of Cu and the initial pH value of solu-
tion, with pH values ranging from 2 to 6. As pH values
located from 6 to 4, no obvious change in the leaching
ability occurred in each system. The variation trends
of  in three cases were somewhat different when the
pH values decreased, especially in overly acidic solu-
tions. For the single loess system, when the pH values
were less than 3.5, obvious increment in the values of
n was observed. Firstly, the reason might be the disso-
lution of carbonate precipitates of Cu on loess soil and
more Cu ions were released into aqueous phase [32].
Secondly, when the pH values were less than pH,pc
2.82, the dominant charge on loess soil was positive
and the sorption of Cu ions was inhibited. Thirdly,
more hydrogen ions in acidic solution would compete
the adsorption of Cu ions onto soils. The Cu desorptive
efficiencies from loess increased up to 4.95%, 4.24%,
and 3.83% while the initial pH values of solutions were
2.0, 2.5 and 3.0, respectively.

As for the loess with biochar systems, when the pH
values decreased from 4.0 to 2.5, slight increments in
the leaching ability (77) of Cu were obtained. It is no
doubt that dissolution of copper carbonates began in
this pH value range. On paper, the Cu concentrations
in aqueous phase would increase at a rate as that in the

6

—=— Loess —¢— Loess+BS600—4— Loess+LS600

2 3 4
pH
Figure 2. Effect of initial solution pH values on leaching ability of Cu.

single loess system. However, it was the adsorption of
Cu onto biochars that slowed down the rate. It is indi-
cated that the predominance of Cu?* ions in solution
is shown for the pH range less than 7.0 in water-bio-
char system [31]. Our previous study indicated that the
mechanisms on adsorption of Cu on BS600 and LS600
were ion exchange and coordination of Cu with bio-
char surface [23]. The results reported by Uchimiya et
al. suggested that higher pyrolysis temperature lead to
the disappearance (e.g., aliphatic -CH, and —CHj;) and
the formation (e.g., C—O) of certain surface functional
groups of biochars [33]. Moreover, with higher carbon-
ized fractions and loading of chars, Cu immobilization
by cation exchange becomes increasingly outweighed
by other controlling factors such as the coordination
by n electrons (C=C) of carbon and precipitation [33].
On the one hand, as shown in Table 1, the values of
pH,pc for BS600 and LS600 are 5.08 and 4.73, which
demonstrates that positive charge occurred on the bio-
char surface and the adsorptive capacity of biochars for
Cu decreased when the pH values were located in this
range. On the other hand, the dissociation degree of ox-
ygen-containing functional groups binding Cu such as
—COOH and —OH [23] would decrease, which also led
to reduction in adsorption ability of biochars [15,34].
The leaching ability () of Cu increased at a slow rate.
After all, the positive charge and the acidic functional
groups would be dominant when the solutions were
much too acidic (pH < 2.5). Meanwhile, the compe-
tition of free protons and metal ions for unoccupied
binding sites with lowed solution pH increased, which
also caused the reduction of adsorption effectiveness
for bivalent metal ions [31]. Then the leaching ability
of Cu increased sharply, with 4.70% and 2.95% values
in the presence of BS600 and LS600, respectively.

Effect of Temperature

Figure 3 illustrates the variation of # values with
temperature in three systems. It is showed that the
desorptive rate of Cu increased continuously in the
single loess system when the tested temperature in-
creased from 25-40°C. Although the adsorption of Cu
onto loess soil is endothermic [28], increasing of tem-
perature will result in the water solubilities of carbon-
ates on loess soil [35]. It is possible the latter action
was dominant in the desorption process in the single
loess system. As the systems with biochars were con-
cerned, the desorptive rates of Cu did not obviously
change when temperatures were set up as 25°C, 30°C,
35°C and 40°C. These results indicated that parts of
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Figure 3. Effect of temperature on leaching ability of Cu.

dissolved Cu were transferred and immobilized by the
biochars through adsorption. Because the adsorption
of Cu onto BS600 and LS600 was endothermic, the
adsorptive capacity of the two biochars would increase
with temperature increasing [28] which inhibited the
Cu concentrations in aqueous phase.

Effect of Initial Cu Concentration

The effect of initial Cu concentration in loess soil
on the leaching ability of Cu is seen in Figure 4. For all
cases, the leaching ability of Cu decreased with the ini-
tial Cu concentrations increasing in loess soil. As 400
mg kg! of the contaminated soil was used, the leach-
ing ability of Cu was 3.55%, 3.00% and 2.80% in the
single loess, loess with BS600 and loess with LS600
systems, respectively. While the initial Cu concentra-
tion in loess increased up to 1500 mg kg, those values
reduced to 0.78%, 0.61% and 0.6%, being low as about
5 times as those with 400 mg kg ™! of the contaminated
soil. As mentioned above, the concentration of Cu in
aqueous phase depended mainly upon the weak disso-
lution of carbonates on loess soil and loess had a high
adsorptive capacity for Cu [36]. The concentrations of
Cu in aqueous phase changed slightly in all the cases.
Therefore, the leaching ability of Cu decreased much
because the denominator in Equation (1) increased rap-
idly when the initial Cu in soil was added too much.

Effect of Co-existing Cation (Ca?")

The effect of co-existing Ca?" on the leaching abil-
ity of Cu is illustrated in Table 3. It is observed that the
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Figure 4. Effect of initial Cu concentration on leaching ability of Cu.

desorption of Cu was not significantly changed when
the concentration of Ca?" increased from 0-0.5 mmol
L' (0-20 mg L!). For the single loess system, slight
decrease in the leaching ability of Cu was found. This
could be attributed to the weak alkalinity of Ca(NO;),
further reduced the solubility of carbonates. For the
loess with biochar systems, a U shape of variation of
the # values was observed. On the one hand, the alka-
line Ca(NOj), could reduce the solubility of carbon-
ates, which led to the reduction in Cu concentrations
in aqueous phase, as shown when Ca”" concentrations
ranged from 0-0.03 mol L. On the other hand, it was
possible that much Ca?" would result in the desorp-
tion of Cu having been adsorbed on biochar due to the
competitive adsorption, conversely, which resulted in
increase of Cu in aqueous phase [37]. When the heavy
metal ions enter the soil environment, the sorption
mechanisms may include four types, i.e. (1) electro-
static action adsorption; (2) ion exchange; (3) com-
plexing with organic and inorganic ligands; (4) chemi-
cal precipitation. If the sorption of a metal onto soil is
based on one of the two formers, the adsorbed metal
ions can usually be replaced in the neutral salt or buffer
solution [38]. As discussed above, the main sorption

Table 2. Effect of Ca?* on leaching ability of Cu.

n, %
Ca?t,
System mmolL-" 0 01 02 03 04 05
Loess 262 274 245 213 204 202
Loess + BS600 177 164 140 128 141 157
Loess + LS600 1.50 1.19 1.07 1.04 150 1.44
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mechanism of Cu onto loess is chemical precipitation.
The cations of electrolytes are difficult in replacement
of Cu in carbonates.

CONCLUSIONS

The desorptions of Cu in the loess and loess with
biochars BS600 and LS600 could reach equilibrium at
24 h. The data of desorptions were well fitted by pseu-
do-second-order kinetic model. The leaching ability
(n) of Cu from solid phase improved when the initial
pH values of solution were less than 3.5 in loess system
and 4.0 in loess with biochar systems. The values of #
in the single loess system increased and those in the
loess with biochar systems did not change with tem-
perature increasing. When the initial concentration of
Cu in soil increased, the 7 values of Cu decreased. No
obvious effect of Ca?>* on the 5 value was found. The
desorption patterns seemed similar among three cases
but the 7 values of Cu in the presence of biochars were
less than those in the absence of biochars. The used
biochars, BS600 and LS600, did not exhibit much im-
mobilization of Cu, possibly due to the strong holding
capability of loess soil to Cu.
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reduces the MDA contents in leaves.

ABSTRACT: Pot experiments were conducted to investigate the effects of incubation
of a resistant microbe on Cd phytoremediation by L.perenne and F.arundinace. Results
show that after inoculation of the resistant microbe, the plant heights of L.perenne and
F.arundinace are extended significantly with the addition of 20 and 50 mg/kg Cd, re-
spectively. The inoculation of resistant strain into L.perenne and F.arundinace enhances
total biomass of 1.3—4.5% and 4.2—-6.3%, respectively, and also promotes the Cd enrich-
ment. The inoculation also strengthens the photosynthesis, and first increases, and then
decreases, the chlorophyll contents. Inoculation of the resistant microbe into L.perenne
and F.arundinace enhances the activities of SOD, POD and CAT under Cd stress, and

INTRODUCTION

EAVY metal pollution has gradually attracted wide
Hattention since the outbreak of Cd-caused Itaiitai
disease in 1950s in Japan. Pb and Cd with high mobil-
ity and toxicity are the main heavy metals causing se-
vere concern. According to statistics, the annual global
discharge of Cd is about 1.0 x10° t, which is still rising
with industrial development [1-2].

The 1972 report on food contamination and toxic-
ity by the Joint FAO/WHO Expert Committee lists Cd
as the third food contaminant only after aflatoxins and
arsenic. Moreover, Cd is ranked first among the 12
harmful substances with global significance by United
Nations Environment Program (UNEP) in 1984. Cd
is listed sixth among all health-threatening toxic sub-
stances by U.S. Agency for Toxic Substances and Dis-
ease Registry (ATSDR).

With modernization, however, the industry, agri-
culture and other activities have destroyed the natural
environment and caused large-area Cd pollution to
groundwater, farming land, and rivers/lakes. Through
circulation on food chains, Cd will finally endanger the
ecoenvironment and human health. Thus, how to reme-
diate heavy-metal-polluted soils has become a hot top-
ic in recent years. The common methods for processing
of heavy metal pollution include physical and chemical

*Author to whom correspondence should be addressed. Email: 261984014@qq.com

methods, such as soil replacement and electrochemi-
cal method [3]. Because of high costs, these methods
are unpractical and may potentially cause secondary
pollution. The recently-developed phytoremediation
has gained much attention owing to low investment
and no secondary pollution. However, the heavy metal
adsorption efficiency by phytoremediation is very low,
because of short growth cycle, small plant height, and
low adsorption capacity. Thus, how to improve the Cd
absorption by plants and to increase the phytoremedia-
tion rate become two hotspots. In recent years, micro-
bial combined remediation that promotes plant growth
is used to improve the efficiency of phytoremediation.
Microbes are good for plants as they can enhance the
ability of nutrient absorption by plants and alter the
rhizosphere morphology [4-5]. As reported, when mi-
crobes were inoculated into ryegrass and bahia grass for
absorption of *®Sr, the inoculation modestly enhanced
the °®Sr absorption [6]. When ryegrass was planted on
a regular bioreactor, modest efficiency of toluene puri-
fication was achieved by using rhizospheric enhanced
microorganism [7]. Microbes modestly enhanced the
ability of tall fescue in remediation of oil-contaminated
soils [8]. A plant-microbe joint remediation system has
two functions: bio-fixation and bio-removal of heavy
metals from soils. Through mycorrhiza and endophytic
fungi, the microbes can form clusters with the rhizo-
sphere, and by improving plant resistance and opti-
mizing rhizosphere environment, they accelerate rhi-
zosphere development and enhance the absorption and
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upward transport of heavy metals [9]. When Guizhou
Rapeseed was used into remediation of Cd-polluted
soils, after addition of different Cd concentrations,
the effects of cadmium-resistant fungi on the growth
and Cd remediation ability of Guizhou Rapeseed were
studied. Results show that the inoculation significantly
promoted the biomass, Cd enrichment in vivo, and mi-
gration of Cd from roots to aground [10].

In the present study, a Cd-resistant bacterium was
inoculated into L.perenne and F.arundinace for reme-
diation of Cd pollution.We studied the effects of such
inoculation on the plant growth and Cd absorption, and
the effects of inoculation on the physiological- bio-
chemical properties of plants.

MATERIALS AND METHODS
Test Plants

L.perenne and Farundinace are vital and strong
perennial terrestrial herbs which are subjected to few
diseases and insect pests [11]. The seeds of these two
herbs were provided by Hebei binary seed industry co.,
LTD.

Test Microbe

The Cd-resistant test strain was isolated from the
polluted soils near a tungsten ore in south Jiangxi Prov-
ince. The culture medium—ypotato dextrose agar—was
prepared as follows: potato (200 g), dextrose (20 g),
agarose (15-20 g), distilled water (1000 ml), and natu-
ral pH. The resistance of the strain was tested: differ-
ent concentrations of Cd were added into the culture
medium, and whether the strain could propagate and
grow under the maximum 300 mg/L Cd was tested.
This strain was proved very Cd-resistant and after in-
oculation into Cd-containing soils, it could normally
propagate in rhizospheric soils.

Test Soil

The test soil was typical red earth in south Jiangxi.
Its physiochemical properties are listed in Table 1.

Preparation of Cd-Polluted Soil

The test soil was clean and un-polluted. Four con-
centrations were set: 0, 20, 50, and 100 mg/kg Cd.
Water solutions of Cd(NO3),. 4H,0 were spilled by a
watering, and add the same amount of water dilution
into pots, to the different concentrations of Cd. Plastic
pots were used. To each pot, 7 kg of soil (soil: sand ra-
tio = 3:1) was added. The soil passed through a 5-mm
screen. Each treatment (inoculation or no inoculation)
was conducted in triplicate. The soils added with Cd
were placed in dark for ageing for 30 d, while 60%
field moisture capacity was maintained.

Methods

Seeds of L.perenne and F.arundinace were soaked
in rooting water for 2 h and then washed with clean
water. To each pot, 50 seeds were uniformly scattered
for germination. After 2 weeks, 20 plants of both herbs
with uniform and similar growing condition were se-
lected for planting. Pot experiments were conducted
in a greenhouse. After that, the Cd-resistant strain was
inoculated into the liquid medium for reactivation, and
oscillated at constant temperature for 24 h, which was
marked as the first generation. 5% was taken from the
first-generation strain solution and inoculated into the
liquid culture medium which was oscillated at constant
temperature for 24 h and marked as the second genera-
tion. The second-generation solution was used in the
pot experiments. During the experiments, normal wa-
tering and daily maintenance management were per-
formed.

The plants were all harvested at day 45. The plant
height, fresh weight, and dry weight (aboveground part
and underground part) were measured, and according
to the previous data get the tolerance index. Ti is an
index explains plant tolerance.

The plants were washed with deionized water, dried
naturally, crushed, and gradually decomposed before
measurement of Cd in vivo. Physiological-biochemi-
cal indicators including chlorophyll, catalase (CAT),
superoxide dismutase (SOD), peroxidase (POD), and
malonyldialdehyde (MDA) were also detected. The

Table 1. Basic Physical and Chemical Properties of Test Soil.

Organic Matter Total N Total P Total K Cation Exchange Cd Content
PH (9/kg) (9/kg) (9/kg) (9/kg) Capacity (mol/kg) (mglkg)
5.5 8.57 0.86 0.56 10.21 15 0.03
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methods are as follows: chlorophyll content, spectro-
photometry; POD, guaiacol method; SOD, nitroblu-
etetrazolium (NBT) reductive method; CAT, ultraviolet
absorption method; MDA, thiobarbituric acid (TBA)
method [12-15].

RESULTS AND ANALYSIS

Effects of Inoculation with Resistant Strain on
Plant Heights for L.perenne and F.arundinace

CK is not inoculated microorganisms, inoculation
is inoculated microorganism. Seen in Figure 1, this
resistant strain has unique effect under a specific Cd
concentration. Whether inoculation with the strain or
not, the plant heights first increase and then decrease
with the rise of Cd concentration. These results indi-
cate that low Cd concentrations can promote the plant
growth, but too high concentrations will inhibit plant
growth, showing the stress effect. After the incubation,
the microbe effect in the blanks is not significant and
the plant height does not increase largely. After addi-
tion of 20 and 50 mg/kg Cd, the plant heights of both
herbs increase significantly; but the plants are stressed
severely at too high concentration (100 mg/kg), and the
increase of plant height is not significant.

Effects of Inoculation of a Resistant Strain on
Biomass, Tolerance Index (TI), and Root Length
for L.perenne and F. arundinace

CK is not inoculated microorganisms, inoculation
is inoculated microorganism. the previous sentence
has odd punctuation and does not make sense The re-
sults of biomass and TI are listed in Table 2. Without
inoculation of the tolerant strain, the growth of both
L.perenne and F.arundinace first increases and then de-

24
| [CJControl |
22 Cd20mg/kg
] E= cdsomg/kg
20_- BRI Cd100mg/kg
184
16 : ;
g ]
< 14 3 %
% 12 =
2 104

6 % %

4]

2
0 ™ Tnocdl '
K noculation K Inoculation
L.perenne Festuca arundinace

Figure 1. Effects of inoculation of a resistant strain on plant heights
of L.perenne and F.arundinace.

creases, and the biomass and root height are optimized
at concentration of 20 mg/kg Cd. With the increase of
soil Cd level, both biomass and root length are reduced
significantly.

After inoculation of the tolerant strain, the above-
ground biomasses of L.perenne and F.arundinace are
increased by 1.3-4.5% and 4.2-6.3%, respectively.
The root lengths at the blank part are increased sig-
nificantly, but not at other parts. After the inoculation,
the TI of L.perenne is basically increasing all the time,
while that of F.arundinace decreases.

Effects of Inoculation of a Resistant Strain
on Chlorophyll Contents for L.perenne and

Farundinace

Plant growth is closely related with photosynthe-

Table 2. Effects of Inoculation of a Resistant Strain on Biomass, Ti, and Root Length
for L.perenne and F.arundinace.

Biomass/g Ti Root Length/cm

Plant Cd (mg/kg) CK Inoculation CK Inoculation CK Inoculation
0 7.68 8.03 1.00 1.00 3.59 3.93
20 7.82 8.07 1.01 1.04 3.96 4.17
L.perenne 50 7.58 7.68 0.98 0.96 357 3.70
100 7.07 7.24 0.90 0.90 3.29 3.30
0 5.68 6.26 1.00 1.00 3.30 3.90
) 20 5.90 6.39 1.03 0.97 4.16 4.50
Farundinace 50 5.58 5.98 0.98 0.95 3.19 3.53
100 5.07 5.39 0.89 0.86 2.98 3.1
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sis, or the synthesis of photoassimilates, and thus, the
chlorophyll content reflects the growing status. The re-
duction of chlorophyll content will interfere with light
absorption by plants. Under Cd stress, the chlorophyll
contents in L.perenne and F.arundinace both first in-
crease and then decrease, and are maximized after ad-
dition of 20 mg/kg Cd, and the increasing amplitudes
are optimized at 20 and 50 mg/kg, respectively. The
growth is insignificant at the level of 100 mg/kg Cd.

Effects of Inoculation of a Resistant Strain on
CAT, POD, SOD Activities, and MDA Contents in
L.perenne and Farundinace

Under environmental stress such as high tem-
perature, high salinity or heavy metal contamination,
plants will produce abundant O-containing free radi-
cals, and rapidly induce the generation of enzymes
(CAT,SOD,POD) against these O-containing radicals.
Thus, plant enzymes reflect the contaminated state to
some extent [16—17]. The enzyme activities and MDA
contents for both herbs are listed in Figure 4. Clearly,
with the increase of soil Cd concentrations, the SOD,
POD and CAT activities in L.perenne and F.arundinace
are all increased significantly. Without addition of Cd,
the inoculation of the tolerant strain does not signifi-
cantly affect the enzyme activities of either herb. With
addition of 20, 50 and 100 mg/kg Cd, the SOD, POD
and CAT activities in L.perenne after inoculation are
enhanced by 0.6-14%, 6.1-20.0%, and 0.9—10.1%, re-
spectively; while those of F.arundinace are improved
by 2-7.4%, 1.9-19.1%, 2.1-11.83%, respectively.
These improvements in the two herbs are especially
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Figure 2. Chlorophyll contents in L.perenne.

evident after the addition of 20 and 50 mg/kg Cd, re-
spectively.

MDA is a main product from membrane lipid per-
oxidation which is induced by the accumulation of re-
active oxygen species (ROS) and closely related with
the damages to plants under environmental stress [18—
19]. The generation of MDA is a major index reflect-
ing the damages of environmental stress to biomem-
branes, and indicates the stress undertaken by plants.
The MDA content in leaf significantly increases with
the gradual rise of Cd concentration in soils, indicating
that the stress is gradually enhanced with the rise of
heavy metal concentration. With the absence of Cd in
soils, the MDA content after inoculation of the tolerant
strain does not change significantly. With the presence
of 20, 50 and 100 mg/kg Cd in soils, the inoculation of
the tolerant strain significantly reduces the MDA con-
tents in leaves of Farundinace, while MDA contents
in L.perenne decline by 2.95-43.3%. The decreasing
amplitude is most significant with addition of 50 mg/
kg Cd, as the MDA contents in F.arundinace drop by
6.7-13.0%, but without obvious regularity.

Effects of Inoculation with Resistant Strain on Cd
Enrichment in Plants

Enrichment of heavy metals by plants is the most
direct and effective index reflecting the heavy metal
repair in soils. Generally, the absorption of heavy met-
als is promoted by the increase of heavy metal con-
centration [20]. As shown in Figure 5 and Figure 6,
(a), (b) are the aboveground and underground parts
after inoculation of the tolerant strain; (c), (d) are the
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Figure 3. Chlorophyll contents in F.arundinace.
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Table 3. TF and BF of Cd Absorption for L.perenne

and F.arundinace.
TF BF
Cd
Plant (mg/kg) CK Inoculation CK Inoculation
0 5 5 0.16 0.33
20 2.2 2.1 0.43 0.48
L.perenne 50 117 1.4 0.21 0.27
100 1.39 1.5 0.17 0.21
0 6 9 0.20 0.30
) 20 2.53 2.54 0.38 0.45
Farundinace g5 4 g5 1.85 0.20 0.25
100 1.8 2 0.15 0.19

aboveground and underground parts without such in-
oculation), the addition of the resistant strain positively
promotes the Cd enrichment in plants. With the addi-
tion of 0 and 20 mg/kg Cd, the adsorption quantities by
the aboveground and underground parts of L.perenne
do not increase significantly. With increase of Cd con-
centration, the enrichment by the aboveground part is
very obvious, but not significantly different versus the
underground part, after incubation of the strain. With-
out incubation of the strain, the adsorption quantities
by F.arundinace are lower versus L.perenne. At the ad-
dition of 100 mg/kg Cd, the adsorption quantity by the
aboveground part in F.arundinace is most significantly
higher with incubation versus without incubation of
the strain, while underground parts do not perform
very differently.

Translocation factor (TF) and bioconcentration fac-
tor (BF) are major indicators reflecting the enrichment
of heavy metals by plants. TF is the stems-to-roots ra-
tio of heavy metal contents in a plant, while BF is the
aboveground-to-medium ratio of heavy metal contents.
BF modestly indicates the difficulty of element migra-
tion in the medium-plant system. It is generally be-
lieved that TF and BF should both be > 1 in plants [21].

The TFs and BFs of both herbs under different Cd
concentrations are listed in Table 3. The TFs of both
herbs are > 1, whether incubation or not, but the TFs
are all larger after the inoculation. The BFs after in-
oculation are larger. Thus, the addition of the strain
promotes the migration and enrichment of Cd, and im-
proves the efficiency of Cd phytoremediation.

CONCLUSIONS

Three major conclusions were reached. First, under
different Cd concentrations the inoculation of the re-
sistant microbe enhances biomass, plant height, root

length, and tolerance index for both L.perenne and
Farundinace. This indicates a growth-promoting ef-
fect.

Second, under Cd stress inoculation improves chlo-
rophyll contents, photosynthetic rate, water use effi-
ciency, and basic metabolism in plants. The inoculation
also enhances activities of SOD, POD, and CAT in vivo
and reduces MDA contents. A possible physiological
mechanism is the Cd-tolerant microbe promotes Cd
absorption by L.perenne and F.arundinace.

Lastly, under different Cd concentrations inocula-
tion enhances enrichment of Cd by the two herbs of
interest. Also, it increases TF and phytoremediation ef-
ficiency.
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ABSTRACT: A large amount of pollutants mainly of oil, COD and suspended solids in
produced water are generated during the oilfield development. The existing domestic
sewage treatment technique is focused on the separation of oil slick and mechanical
impurities which cannot meet the emission standard after treating. In this paper, a kind of
carbon-based adsorbent was prepared by oily scum from sewage treatment plant in the
oilfield united station on the basis of research and indoor experiments. The analysis of
elements and microstructure indicated that high carbon content, pore-evolution proper-
ties were included in the preparation of adsorbent with pore size distribution mainly com-
posed of mesoporous and the specific surface area was 477.49 m2/g, iodine value was
376.48 mg/g. Meanwhile, using the produced water from Liao He oilfield as a research
object indoors, the adsorption capacity of carbon-based adsorbent and activated carbon
on COD and oil in the wastewater was evaluated. The results showed that the adsorption
capacity of carbon-based adsorbent on COD and oil in wastewater was superior to acti-
vated carbon. The concentration of COD and oil in wastewater decreased from 502.12
mg/L and 45.31 mg/L to 42.64 mg/L and 5.826 mg/L. The removal rate was 91.5% and
87.1% respectively after handling, which can meet the requirements of grade two of “The
National Integrated Wastewater Discharge Standard” (GB8978) and provide a way for

oily scum utilization as a resource.

INTRODUCTION

URING the oilfield development, the most com-

mon wastewater is the oilfield produced water. In
most cases, the produced water return to the reservoir
by the means of injecting water or steam to maintain
the formation energy. Along with the oilfield devel-
opment in China coming into the middle-late period,
water content of produced fluids is increasing accom-
panied by higher investment on treatment facilities
and operating cost, which means it is becoming more
difficult for the treatment and disposal of wastewater.
At present, there are a great many methods for waste-
water treatment including electrochemical treatment,
membrane filtration, biological treatment, etc. Because
of the difficulty of efficient treatment to remove the
fluctuating compositions of different components in
wastewater under real operating conditions, there is no
one-size-fits-all approach for the removal technology
[1]. While in China, the use of “old three sets” process

*Author to whom correspondence should be addressed.
E-mail: 395450161 @qq.com; Tel: +86 0716 8067503; fax: +86 0716 8067507

(oil removal, coagulation and filtration or oil removal,
air flotation and filtration) on the treatment of oilfield
wastewater, only focusing on the separation of oil slick
and mechanical impurities [2]. Wasterwater treated by
this process cannot meet the national discharged stan-
dard.

According to the current statistics, the first category
of hazardous waste pollutants in oilfield wastewater
does not exceed the national discharge standard in terms
of environmental impact. Therefore, the treatment of
oilfield wastewater aiming at discharge, its content of
COD and oil pollutants should be controlled [2,3].

Oily scum, as a kind of oily sludge, is hazardous
waste generated during the process of oilfield sewage
treatment, which is an urgent and difficult problem for
handling and disposal in environmental protection of
oil production [4,5]. Due to large amount of hydrocar-
bons in the oily sludge there is a good value for oil
and gas recovery. Components particularity determines
that the resource utilization is bound to become the
mainstream of oily sludge treatment technology [6,7].

There has been a large amount research on oily
sludge utilization technology at home and abroad. In-
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cineration for example is using organic composition
with a certain calorific value to deal with oily sludge
[8]. Solvent extraction is using organic solvent as
extractant to recycle oil in the oily sludge [9]. A hot
washing process uses a chemical agent to wash the oily
sludge making it a three-phase separation and recy-
cling the oil components [10]. Pyrolysis of oily sludge
using isolated air pyrolysis leads to three fractions: gas
is mainly comprised of methane and carbon dioxide, lig-
uid is mainly comprised of fuel oil and water, and the
solid form is mainly comprised of inorganic minerals
and carbon residue. It is possible to recycle both the gas
and liquid. The solid fraction could be incinerated, dis-
posed in the landfill, or used as a cheap adsorbent [11].

Based on the observation the solid fraction obtained
after pyrolysis could be used as adsorbent the objective
of this study was to prepare a kind of carbon-based ad-
sorbent with oily scum used as a raw material for pyrol-
ysis technology. The prepared adsorbent is applied to
COD and the oil adsorption process in produced water.
Results suggest that COD and oil after handling could
meet requirements of grade two of “The National In-
tegrated Wastewater Discharge Standard” (GB8978).
This process has achieved reasonable treatment of oily
scum as well as afforded an effective adsorption mate-
rial for disposal of oilfield wastewater. This makes the
recycling target of “waste-resource-product” in the oil-
field sewage treatment plant come to fruition.

EXPERIMENTAL
Source of Materials

Two kinds of materials were derived from LiaoHe
Oilfield. Oily scum was provided from the HuanSan-
lian sewage treatment plant and oily wastewater was
provided from the ShuGuang oil recovery factory.
Analytical Method
Composition of Oily Scum Analysis

Oil and water content of the oily scum were mea-
sured separately according to standards GB/T8929-
2006 and SY/T5118-2005. Residual content was cal-

culated using a dispersion method.

Heavy Metals in Lixivium of Oily Scum Combustion
Ash Measurement

Content of heavy mental in lixivium was in accor-

dance with GB/T17141-1997 Standards. This provided
an oily scum combustion ash measurement.

Characterization Methods for Carbon-based
Adsorbent and Activated Carbon

Iodine number was measured according to GB/
T7702.7-2008. Elements analysis was measured us-
ing GENES IS Apex X-ray Fluorescence (EDAX corp.
USA).

Analysis of surface properties and SEM were deter-
mined by N, adsorption ASAP (JinAipu Science and
Technology Ltd. corp. Beijing) and a Quanta 200 tung-
sten filament scanning electron microscope (FEI H.K.
Ltd. corp.).

Testing Contents of COD and Oil in Oilfield
Wastewater

The oilfield produced water was first filtrated using
filter paper for removal of oil slick and suspended sol-
ids. Contents of COD in wastewater after pretreatment
were measured by a spectrophotometer according to
HJ/T339-2007. Determination of oil content was per-
formed using an infrared spectrophotometer based on
HJ637-2012.

RESULTS AND DISCUSSION

Analysis of Oily Scum Composition and Heavy
Metal Pollutants

Tables 1 and 2 summarized the composition of oily
scum and heavy metal pollutants. Table 1 displays that
moisture content is high but oil and solid content are
relatively low. Table 2 displays that extraction toxicity
of the heavy metals in oily scum combustion ash was
less than regulation values for an identification stan-
dard for hazardous wastes and for the second-order of
“National Overall Discharge Standard for Sewage.”

Preparation and Characterization of Carbon-
Based Adsorbent

Adsorbent Preparation

Methods involved heating 500 g of oily scum in an
electric heating pyrolysis furnace using a heating rate
of 10°C/min. Pyrolysis temperature was 650°C main-
tained for 2 h and the whole process occurred under
an N, atmosphere. The non-condensable gas, oil, and
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Table 1. Contents of Oily Scum Components.

Water Content, Oil Content, Residue Content,
Sample W, % W, % W, %
Oily scum 85.4 8.1 6.5

water separated through condensation during pyrolysis
may be recycled. After the reaction the solid product
obtained was washed with a specific concentration
mixture of HCI, HF, and NaOH solution, respectively,
until ash and oxides were dissolved thoroughly. Then,
the product was washed to neutral and dried and ground
through a 200 mesh sieve. 27.64 g of black powder of
solid material obtained was carbon-based adsorbent.

Analysis of Elements in carbon-based Adsorbent

Elements in carbon-based adsorbent and activated
carbon (KangHong activated carbon factory, LiYang
City) were analyzed respectively. Results are seen in
Table 3 indicating total carbon content in carbon-based
adsorbent is as high as 90% and almost similar to that
of activated carbon.

Surface Properties and lodine Number in Carbon-
based Adsorbent and Activated Carbon

Surface properties and the iodine number of adsor-
bent and activated carbon were analyzed. Results are
seen in Table 4 indicating the specific surface area of
carbon-based adsorbent was relatively small but pore
volume and mean pore size was big. Due to the differ-
ent pore size of molecular adsorption the pores can be
divided into the following three categories according
to the IUPAC: pore width greater than 50 nm called
macroporous, pore width between 2—5 nm called mes-
oporous, and pore width less than 2 nm called micro-
porous [12]. Thus, carbon-based adsorbent was mainly
composed of mesoporous structure. Activated carbon
with small pore diameter is mainly made up of micro-
porous with a large specific surface area. Size of the io-

Table 3. Elemental Analysis of Adsorbent and
Activated Carbon.

C, o, Na, Al, S, Si,
Sample Wt,% Wt, % Wt,% Wt % Wt % Wt %
Adsorbent 90.72 6,57 089 029 105 041

Activated Carbon 9249  7.51 — — — —

dine number is associated with degree of development
of the microporous [13] which reflects development of
microporous in adsorbent is worse than activated car-
bon.

SEM Analysis

Surface appearance for the oily scum, carbon-based
adsorbent, and activated carbon were analyzed respec-
tively under the scanning electron microscope (SEM).
Results are seen in Figure 1 indicating the surface of
oily scum was relatively flat and smooth with a no-
ticeable oil phase. Carbon-based adsorbent had a rough
surface with an irregular porous structure, large aper-
ture, and wide pore size distribution. The texture of
activated carbon was tight with smaller aperture and
equal distribution.

Oily Wastewater Treatment with Carbon-Based
Adsorbent

Experimental Method

A certain amount of carbon-based adsorbent was
placed into a conical flask filled with 100 mL of oily
wastewater after pretreatment. It was then vibrated
for a period of time in a water-bathing constant tem-
perature vibrator. Adsorption temperature could be
adjusted. COD and oil concentration in wastewater
were measured before and after adsorption respec-
tively. The removal rate of COD and oil was calcu-
lated. COD content in the oily wastewater was 502.12
mg/L and oil content was 45.31 mg/L. The oil in the

Table 2. Extraction Toxicity of Heavy Metals in Oily Combustion Ash.

Pollutants Content, mg/L

Test Items Cu Pb Zn Cd Ni As Cré* Hg
Combustion Ash 0.072 0.099 0.058 0.007 0.006 0.022 0.092 —
1 50 3 50 0.3 10 15 1.5 0.05
2 2.0 1.0 5.0 0.1 1.0 0.5 0.5 0.05

1: GB5085.3-1996 standard
2: Second-order of GB8978-1996 standard
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Table 4. Surface Physical Characteristics and lodine
Value of Adsorbent and Activated Carbon.

BET Specific  Pore Average lodine
Surface Area, Volume, Pore Size, Number,

Sample m2/g cmd/g nm mglg
Adsorbent 477.49 0.6308 6.753 376.48
Activated Carbon 941.2 0.501 2.129 724.06

Table 5. CCD Design Factors and Level Coding Table.

Level
Factors -1 0 1
A (dosage/g) 1 25 4
B (adsorption time/min) 30 75 120
C (temperature/°C) 10 30 50

wastewater existed in the form of emulsified oil and
pH was 7.

Influence Factors Analysis for the Treatment of
Oily Wastewater

A solid-liquid adsorption system’s main influence
factors are concluded as dosage, adsorption time, and
temperature [14—16]. A response surface method was
performed as follows according to three main factors.
Three levels were chosen from each factor to do a cen-
tral composite design (CCD) [17-18]. The results of
factors coding are seen in Table 5. Experiments were
carried out according to a combination designed by a
CCD-designing plan and experimental results are seen

EHT = 5.00 kV
Mag= 1.00 KX

Signal A = SE1
WD = 14.5mm

(a)

in Table 6. Variance and significant analysis of COD
removal rate and oil removal rate are seen in Table 7
and Table 8 indicating that for COD removal rate the
Model F-value of 26.41 implies the model is signifi-
cant. Values of “Prob>F" less than 0.05 indicate model
terms are significant, in this case A, B, A%, B? are sig-
nificant model terms. Values greater than 0.10 indicate
the model terms are not significant. For oil removal
rate, the Model F-value of 27.42 implies the model is
significant. Values of “Prob>F" less than 0.05 indicate
model terms are significant and in this case A, A%, B?
are significant model terms. For COD and oil removal
rate, A was the smallest, B took second place, and C
was the biggest. Influence relations were as follows:
adsorbent dosage > adsorption time > temperature.

Figure 1. SEM images of (a) oily scum, (b) carbon-based adsorbent, and (c) activated carbon.
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Table 6. Experiments and Design Results.

Factors Coding

Results

Number A (dosage/g) B (adsorption time/min) C (temperature/°C) COD Removal Rate, % Oil Removal Rate, %
1 1 1 0 89.34 86.82
2 -1 0 1 88.92 70.03
3 0 1 1 89.07 81.87
4 -1 -1 0 85.48 67.18
5 0 0 0 91.07 86.53
6 1 -1 0 91.76 89.13
7 0 0 0 91.07 86.53
8 0 0 0 91.07 86.53
9 0 0 0 91.07 86.53
10 0 1 -1 89.24 82.96
1 -1 0 -1 87.64 74.31
12 0 -1 1 90.13 82.76
13 1 0 -1 92.08 88.81
14 -1 0 84.62 61.93
15 0 0 0 91.07 86.53
16 0 -1 -1 90.62 84.24
17 1 0 1 91.82 88.04

Results using optimum factors suggested that when
dosage was 3.94 g the adsorption temperature was 10°C
and lasted for 60.5 min. COD removal rate could reach
the maximum at 92.94%. When dosage was 3.54 g
the adsorption temperature was 10°C and lasted for
70.22 min. Oil removal rate can reach a maximum at
90.92%.

According to these results, COD and oil removal
rate could reach the maximum when the adsorbent dos-
age was close to 4 g. Considering the adsorbent dosage
influence on treatment cost and the rational wastewater
discharge standard rules, adsorbent dosage was studied
by means of single factor analysis in order to find out
the best sewage treatment conditions.

Table 7. COD Removal Rate Variance and

Influence of Adsorbent Dosage on Wastewater
Treatment

During practical wastewater treatment the adsorp-
tion temperature is usually hard to change. Therefore,
the experiment was conducted at room temperature in
the single factor experiment. The aforementioned anal-
ysis results indicate COD removal rate could reach a
maximum when adsorption time lasted 60.5 min. Oil
removal rate could reach a maximum when it lasted
70.22 min. This time the purpose of single factor ex-
periment was to study dosage influence on COD and
oil removal rate on the following conditions. A median
adsorption time of 65 min was chosen at a room tem-

Table 8. Oil Removal Rate Variance and

Significance Analysis. Significance Analysis.
Mean Mean

Source df  Square F Value p-value Source df  Square F Value p-value
Model 9 7.98 26.41  0.0001(significant) Model 9 117.80 27.42  0.0001(significant)
A-dosage 1 42.04 139.12 < 0.0001 A-dosage 1 787.05  183.22 < 0.0001
B-adsorption time 1 4.09 13.53 0.0079 B-adsorption time 1 11.83 2.75 0.1409
C-temperature 1 0.016 0.054 0.8235 C-temperature 1 7.26 1.69 0.2348
AB 1 0.61 2.01 0.1989 AB 1 2.16 0.50 0.5011
AC 1 0.59 1.96 0.02040 AC 1 3.08 0.72 0.4251
BC 1 0.026 0.085 0.7794 BC 1 0.038 0.009 0.9277
A? 1 8.98 29.70 0.0010 A? 1 175.85 40.94 0.0004
B2 1 13.79 45.64 0.0003 B2 1 60.88 14.17 0.0070
c? 1 1.07 3.55 0.1014 c? 1 0.22 0.052 0.8264
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Figure 2. Dosage influence on COD and oil removal rate.

perature of 28°C. Results seen in Figure 2 indicate that
COD and oil removal rate increased with an increase
of dosage. When the quantity was 2 g COD and oil
concentration in wastewater decreased to 42.62 mg/L
and 5.83 mg/L respectively meeting requirements of
grade two of the national highest emission concentra-
tion standard (GB8978). Therefore, a 2 g adsorbent
dosage was appropriate in view of its direct impact on
the cost of wastewater treatment.

A 2 g adsorption dosage was vibrated and adsorbed
for 65 min at a room temperature of 28°C. COD and
oil concentration in 100 mL wastewater decreased to
42.62 mg/L and 5.83 mg/L. Removal rate was 91.51%
and 87.14%, respectively, and can meet requirements
for grade two of “The National Integrated Wastewater
Discharge Standard” (GB8978).

Comparative Evaluation between Carbon-based
Adsorbent and Activated Carbon

Adsorption capacity of COD and oil in 100 mL
oily wastewater was performed using a 2 g adsorbent
dosage at a room temperature of 28°C for 65 min for
comparison of carbon-based adsorbent and activated
carbon. Results are seen in Table 9 indicating the ad-
sorption capacity of carbon-based adsorbent was supe-
rior to activated carbon for treatment of COD and oil in

oilfield wastewater. Because carbon-based adsorbent
is mainly mesoporous and within a shorter diffusion
time when it comes to liquid phase adsorption this is
conductive to adsorption of COD, emulsified oil, and
other macromolecular organic matter in the wastewa-
ter. However, activated carbon pore size is small. Its
microporous structure is not conductive to liquid phase
diffusion. Specific surface area is bigger but mainly
composed of microporous which has little contribution
to macromolecular material adsorption. Therefore, the
treatment is not as effective as carbon-based adsorbent
[19].

CONCLUSION

Carbon-based adsorbent prepared from oily scum
contained high carbon content with a rough surface,
irregular porous structure, and was mainly composed
of mesoporous determined by SEM and ASAP. Its spe-
cific surface area was 477.49 m3/g and iodine value
was 376.48 mg/g. 100 mL oilfield wastewater absorbed
by 2 g carbon-based adsorbent at a room temperature
of 28°C for 65 min. COD and oil removal rate was
91.51% and 87.14%, respectively, after adsorption.
COD and oil concentration decreased to 42.62 mg/L
and 5.83 mg/L. Adsorption efficiency was superior
to activated carbon which can meet requirements for
grade two of “The National Integrated Wastewater Dis-
charge Standard” (GB8978). Carbon-based adsorbent
can be viewed as a new type of adsorbing material.
Further study is necessary for mass production and ap-
plication purposes.
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ABSTRACT: Ozonizers will produce nitrogen oxides which can be dissolved into the
wastewater as ozone is produced. This experiment, where ozonization process was em-
ployed as the post-treatment after the biological processes, aims to analyze the amount
of nitrogen and its variation and transform rate in influents and effluents. Results showed
that after ozonization process, the concentrations of total nitrogen in effluents were high-
er than the concentrations in influents (0.01~0.38 times higher). The concentrations of
nitrate nitrogen in effluents were also higher than the concentrations in influents, and
average increased rate of NO5-N was 226.8%. Furthermore, the increase in the concen-
tration of NO3-N due to dissolution of NO, was 47.10% of total increase in NO5-N.

INTRODUCTION

S a strong oxidant, ozone is commonly used in the
treatment process of water [1] and wastewater [2],
and it also can be applied to a post-treatment after the
biochemical processes in treating paper mill wastewa-
ter [3]. If air-fed ozone generators are employed, small
amounts of by-products nitrogen oxides (NO,) can be
produced by ionization of the nitrogen in air [4]. How-
ever, the ionization potential of nitrogen from the air is
9.79 eV, which is far above the oxygen ionization poten-
tial 4.81 eV. Therefore, during the discharge process the
probability of oxygen decomposition is higher than the
ionization potential of nitrogen, which leads to only a
small amount of nitrogen discomposed to form the NO,
[4]. The NO, in ozonized gases as deleterious agents [5]
would possibly influence the production of ozone [6].
The studies about NO, generated by air discharge
to produce ozone and their forms have been conducted
all over the world. Some researchers thought the main
form of NO, in ozonized gas was NO, [7,8], and the
range of proportion of NO, in ozonized air was from
0.1-1.0% [9]. After the bio-chemical processes applied
in treating organic wastewater, the nitrogen in organic
matter will be transformed and become ammonia nitro-
gen (NH;-N) and NO;-N (NO;-N) when ozone oxida-
tion is used for advanced treatment [10,11]. However,
there are only a few studies about dissolved transfor-

*Author to whom correspondence should be addressed. E-mail: hywan@zzu.edu.cn

mation of NO, and its influence factor, and the percent-
age of dissolved transformation of NO, still remains
unclear. The project that supports this paper used the
air-fed ozone generator to treat the bio-chemical efflu-
ents of a paper mill wastewater by an air-water scrub-
ber 6 m high, and the removal efficiencies of COD,
UV,s, and chroma were tested. It is the first that this
article studied the changes in the chemical forms of ni-
trogen and the corresponding amounts in the ozonized
effluents together with ozone dosage and other fac-
tors, and the study discussed the transformation rate of
dissolved NO, in the ozonized effluents of paper mill
wastewater.

MATERIAL AND METHODS

There is available information from a series of con-
ducted pilot experiments [12], where air-fed ozone
generators were employed to treat the effluents of bio-
chemical processes in paper mill wastewater, to sup-
port this article. This experiment studied the removal
efficiency of COD, chroma and UV,s, in ozonization
process for treating the biochemically treated effluents,
and the variations in the concentrations of total nitro-
gen (TN), NH5-N and NO5-N were also analyzed.

Experimental Apparatus and Materials
The ozonation process was performed in an air-wa-

ter scrubber (height = 6000 mm, diameter = 500 mm)
with an air distributor (aperture: 10 um) installed in the
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lower part. Continuous feeds of the wastewater (450
L/h) and ozone (20~30 mg/L) with an air intake flow,
2.8 m3/h, of the ozonizer (Qingdao guolin industry co.,
Itd., Qingdao, China) were applied to the ozonation
section. Ozone concentrations (gas and liquid respec-
tively) were measured by online ozone monitors using
UV spectrophotometry method [13], and the iodometry
method was applied to calibrate the monitored results
periodically.

The raw water applied in this experiment was col-
lected from the aerobic biological treated effluent of
the secondary sedimentation tanks in a pulp and paper
mill factory. The parameters of the raw water quality
during the period from July 2011 to February 2012 are
shown in the Table 1.

Analytical Methods

All analyses regarding to the water parameters were
according to the manual [14]. More precisely, TN was
determined by using potassium persulfate oxidation
UV spectrophotometry. NH;-N was determined by us-
ing the Nessler’s reagent spectrophotometry. NO;-N
was determined by using UV spectrophotometry. The
values of pH were determined by a portable pH probe.
And ozone concentration was determined in accor-
dance with iodometry method. The spectrophotometer
TU-1901, was made in Persee, Beijing, China.

Chemicals applied to the tests were analytical re-
agents except sodium hydroxide and hydrochloric acid
which were guaranteed reagents.

VARIATIONS IN NITROGEN
CONCENTRATION AND AMOUNT OF
NO, DISSOLVED INTO WASTEWATER

Variations in Nitrogen Concentration after
Oxidation Treatment

Variations in concentration of TN and NO;-N are
seen in the Figures 1 and 2. Although the designated
contact time and ozone dosage were set, concentrations
of TN fluctuated in Figure 1 due to slight changes in
contact time and ozone dosage during the operation
plus variation of quality and quantity of influents [15].
Ozone dosage and retention time were obtained from
Equations (1) and (2). See Equation (1).

DO :(Qoi XCoi/Qwi) (1)

where D, is dose of ozone, mg/L, Q,; is intake flow of

Table 1. Characterization of Experimental Raw Water.

Indicators Unit Range Value Average Value
Temperature °C 15-35 25
PH 7.2-8.5 7.9
COD mg/L 170-400 285
UVy54 cm™! 0.8-5.0 29
Chroma time 100-500 300
TN mg/L 4.9-11.5 8.2
NH3-N mg/L 1.0-5.5 3.3
NO;-N mg/L 0.0-5.8 29

ozone, C,; is concentration of intake ozone, and Q,, is
flow of water influent. See Equation (2).

where T, is retention time, 4 is cross-sectional area of
the scrubber, H,, is depth of water in the scrubber, and
0., 1s flow of water treated.

Data in figures and tables display variations in con-
centration of TN, NOs-N, and NH;-N during the oxi-
dation process. It is clear concentration of TN, NO;-N,
and NH;-N in effluents were higher than that found
in influent (more data available in previous report)
[15,16].

Seen in Figures 1 and 2, it is clear concentrations of
TN and NO;-N in effluents are larger than in influents
after the oxidation process (0.01~0.38 times higher in
TN). It is possible to speculate that the reason for the in-
crease of TN in effluents is from inflow of extra source(s)
nitrogen based on the law of mass conservation.

Amount of NO, Dissolved into Wastewater
Compared with sewage, content of organic nitro-
gen in paper mill wastewater is low. Seen in Figure 2,

the concentrations of NO5-N in effluents were higher
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Figure 1. Variations in concentration of TN.
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Figure 2. Variations in concentration of NOs-N.

than that in influents, and the percentage of NO;-N in-
creased ranged from 16.3—-7575%. The reason why the
percentages of NO;-N increased can reach to such high
percentages is because an assumed concentration of
NO;-N (0.08 mg/L, half of the detection limit) was ap-
plied to calculate those undetected samples. Apart from
the undetected samples, the percentages of NO;-N
increased in the effluent ranged from 36.0-2949%

with the average, 226.8%. Large increments in the
concentrations of NO5-N in the effluent of the ozone
process were observed, taking some values of the per-
centages of NO;-N increased (the concentration of
NO;-N in influent, mg/L, the concentration of NO;-N
in the effluent, mg/L) as examples, 271.6% (0.095,
0.353), 404.5% (0.110, 0.555), 240.8% (0.918, 3.128),
126.1% (0.440, 0.995), 136.8% (0.775, 1.835), 267.6%
(1.080, 3.970), 163.1% (1.185, 3.118), 241.3% (1.270,
4.335), 208.9% (1.400, 4.325), 157.8% (1.830, 4.719)
and 83.7% (2.020, 3.710) with the average, 209.3%.
With the unusual increments mentioned above, there
are questions that need to be addressed, “whether the
increased NO;-N is due to the oxidation transformation
of organic nitrogen and nitrite nitrogen or the dissolu-
tion of NO, which were the by-products of the air-fed
ozonizers”.

The analyzed concentrations of TN, NO;-N and
NHj;-N in the influents and effluents during the period
from October 31st to December 5th are given in Table
2, and the reduction of organic nitrogen and calculated
results are seen in the Table 3.

Table 2. Concentrations of TN, NH;-N, and NO;-N in Influents and Effluents Treated by Ozonation.

TN (mg/L) NH;-N (mg/L) NO,;-N (mg/L) NH;-N + NO;-N (mg/L)
Influent Effluent Influent Effluent Influent Effluent Influent Effluent
5.395 6.088 5.10 6.10 1.400 2.325 6.500 8.425
11.460 11.525 3.90 4.60 0.350 3.128 4.250 7.728
8.510 8.908 4.80 4.90 1.105 3.505 5.905 8.405
8.320 10.135 3.80 4.00 0.040 2.270 3.840 6.270
6.355 7.116 4.70 5.70 0.040 1.203 4.740 6.903
10.350 11.065 5.30 5.90 0.775 1.835 6.075 7.735
8.770 10.060 5.20 5.40 0.040 2.473 5.240 7.873
8.980 10.990 4.50 4.60 0.040 3.070 4.540 7.670
9.195 9.613 4.90 5.10 0.040 2.665 4.940 7.765
9.011 10.035 4.20 4.80 0.103 1.568 4.303 6.368
8.372 9.546 4.50 5.30 0.251 2.029 4.751 7.329
6.153 7.358 3.30 3.60 0.095 1.505 3.395 5.105
4.900 5.533 0.80 0.90 0.040 1.383 0.840 2.283
5.075 5.650 1.00 1.20 0.040 1.555 1.040 2.755
5.840 6.173 3.20 3.60 0.040 1.438 3.240 5.038
5.145 5.505 1.90 2.20 0.040 1.458 1.940 3.658
6.278 7.053 2.20 2.60 0.204 1.892 2.404 4.492
5.265 5.758 3.10 3.40 0.040 1.630 3.140 5.030
6.610 7.060 4.20 4.80 0.395 2.030 4.595 6.830
6.975 7173 0.98 1.27 0.350 0.640 1.330 1.910
4.630 5.030 0.90 1.20 0.040 0.625 0.940 1.825
5.512 5.660 1.20 1.50 0.040 0.658 1.240 2.158
5.150 5.720 1.20 1.40 0.040 0.690 1.240 2.090
5.060 5.605 3.00 3.40 0.040 0.893 3.040 4.293
5.240 5.745 1.90 2.40 0.040 1.425 1.940 3.825
5.010 5.730 3.10 3.60 0.040 1.115 3.140 4.715
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In Table 3, A, A — C and B — D mean the reduc-
tion of organic nitrogen, the amount of organic nitro-
gen oxidized to NO;-N and the amount of NO;-N dis-
solved respectively. The rates of generated NO;-N from
oxidized organic nitrogen (55%) and the NH;-N (45%)
were obtained by other research [17]. Particularly,
B — D present the amount of dissolved NO, generated by
the air-fed ozonizers ranging from 0.065-2.010 mg/L.

Moderate values of E/B (from 2.34-87.60%, aver-
age: 47.10%) were obtained from this study, which
could be related to the low concentration of organic
nitrogen in the raw water.

NO, TRANSFORMATION ESTIMATION

NO;-N concentration in effluent excluding that of
influent is equal to the increment of NO;-N. The NO;-N
increment excluding the difference of the organic ni-
trogen decrease and the ammonium nitrogen increment
is equal to the amount of NO, dissolved into wastewa-
ter, which equals to the value of “B — D” in Table 3.

Some researches claimed that the volume of nitro-
gen oxide in the ozonized air ranged from 0.1-1%
[8,9,18]. In this study, the value of the volume per-
centage (0.1%) was adapted together with ozone in-
take flow (2.8 m3/h), ozone outlet pressure (0.1 MP)
and the ozonized air temperature (25°C). The produc-
tion of nitrogen dioxide generated by the ozonized air
(10.36 g/h) was calculated according to Van Der Waals
[19] and the parameters of the ozonized air. With an
assumption that the nitrogen dioxides were dissolved
completely, the amount of nitrogen oxide dissolved
into the wastewater (3.15 g/h) were also obtained
based on the volume of the wastewater treated and the
theoretical concentration of nitrogen in the water (7.00
mg/L) [15].

“E/7” in Table 3 is equal to the value obtained from
column E divided by 7.00 mg/L, which represents the
percentages of NO, dissolved into paper mill waste-
water with a wide range (from 0.93-28.71%) and the
average (12.33%). The maximum transformation rate
of NO, is 2.47% with 0.5% of nitrogen oxide in the
ozonized air.

Seen in Figures 1 and 2, as well as in Table 2 and
Table 3, concentrations of TN and NO;-N in efflu-
ent treated by the ozonation process were higher than
in the influent suggesting gaseous NO, dissolved in
wastewater. Dissolved nitrogen produced during the
ozonation process will remain in the effluent without
final treatment where adsorption and ion exchange can
be adopted after ozonation to remove the nitrogen.

DISCUSSION ABOUT FACTORS THAT
INFLUENCE DISSOLVED TRANSFORMATION

Variations in concentrations of TN in influent and
that in effluent with different ozone dosage (D,) and
different retention time (7)) are displayed in Table 4
and Table 5, respectively.

Seen in Table 4 and 5, there is no significant rela-
tionship between ozone dosage and the percentage of
increased TN whereas the amounts of TN increased
are raised with the increase in the retention time. It is
shown that the concentrations of TN in effluent were
increased (0.04~0.13 times higher with different ozone
dosage and 0.06~0.38 times higher with different re-
tention time). With the possible reasons that slight vari-
ations in ozone dosage and retention time, we would
like to find out the dominant reason contributing to the
increment of the concentration of TN in the effluents.

However, the variations in the concentrations due
to two potential factors were different. The percent-
ages of TN increased could be significantly varied with
slight variations in retention time, when the dosage
changed. Also, the values of the effluent/influent in Ta-
ble 4 were fluctuated while the values of that in Table 5
were changed steadily. For a better understanding, here
shows an example based on the data from the second
and third row in Table 4. With the increased dosage
(from 65.11-72.15 mg/L), the concentration of TN was
however reduced by 6.19%, which was because the re-
tention time was reduced by 1.37%. But in Table 5,
small variations in the dosage would not lead to large
changes in the effluent/influent of TN increased with
varied retention time. The reason why the concentra-
tion of dissolved NO, were greatly affected by reten-
tion time instead of ozone dosage is that the variation
in the amount of TN was caused by dissolution of NO,
generated by the air-fed ozonizers.

The increment of NO;-N in the wastewater can be
affected by the raw water quality, its concentration,
ozone dosage and retention time. Although tempera-
ture can also contribute to the increase, it can be ne-
glected in this study based on the data shown above.
However, the gas retention time, water depth that was
presented by the water retention time, the pressure in
the scrubber, dosage of ozone, cleanness of the diffus-
er, wastewater temperature and water quality can affect
the variation in the amount of dissolved NO.,.

In this study, the main factors contributing to the
variations in nitrogen contents can be retention time,
ozone dosage, water types and its concentration (shown
in a decreasing order). Specially, the retention time and
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Table 3. Variations in Nitrogen Content in Influents and Effluents Treated by Ozonation.
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Reduction of Increment Increment
Organic Nitrogen of NO;-N of NH;-N A-C B-D E/B E/7
A (mg/L) B (mg/L) C (mg/L) D (mg/L) E (mg/L) (%) (%)
1.232 0.925 1.00 0.232 0.693 0.7492 0.0990
3.413 2.778 0.70 2.713 0.065 0.0234 0.0093
2.102 2.400 0.10 2.002 0.398 0.1658 0.0569
0.615 2.230 0.20 0.415 1.815 0.8139 0.2593
1.402 1.163 1.00 0.402 0.761 0.6543 0.1087
0.945 1.060 0.60 0.345 0.715 0.6745 0.1021
1.343 2.433 0.20 1.143 1.290 0.5302 0.1843
1.120 3.030 0.10 1.020 2.010 0.6634 0.2871
2.407 2.625 0.20 2.207 0.418 0.1592 0.0597
1.041 1.465 0.60 0.441 1.024 0.6990 0.1463
1.404 1.778 0.80 0.604 1.174 0.6603 0.1677
0.505 1.410 0.30 0.205 1.205 0.8546 0.1721
0.810 1.343 0.10 0.710 0.633 0.4713 0.0904
1.140 1.515 0.20 0.940 0.575 0.3795 0.0821
1.465 1.398 0.40 1.065 0.333 0.2382 0.0476
1.358 1.418 0.30 1.058 0.360 0.2539 0.0514
1.313 1.688 0.40 0.913 0.775 0.4591 0.1107
1.397 1.590 0.30 1.097 0.493 0.3101 0.0704
1.785 1.635 0.60 1.185 0.450 0.2752 0.0643
0.382 0.290 0.29 0.092 0.198 0.6828 0.0283
0.485 0.585 0.30 0.185 0.400 0.6838 0.0571
0.770 0.618 0.30 0.470 0.148 0.2395 0.0211
0.280 0.650 0.20 0.080 0.570 0.8769 0.0814
0.708 0.853 0.40 0.308 0.545 0.6389 0.0779
1.380 1.385 0.50 0.880 0.505 0.3646 0.0721
0.855 1.075 0.50 0.355 0.720 0.6698 0.1029

Notes:

A, “reduction of organic nitrogen”, is the difference of organic nitrogen concentration in the influent and effluent, A= [(concentration of TN in influent — sum of concentrations of
NH;-N and NO;-N in influent) — (concentration of TN in effluent — sum of concentrations of NH;-N and NO;-N in effluent)],

A — C, “amount of organic nitrogen oxidized to NO,-N”, difference of organic nitrogen reduction and concentration of NH;-N,
°B — D, “amount of NO;-N dissolved”, difference of total increment of NO;-N and amount of organic nitrogen oxidized to NO;-N,
JE/B is percentage of increased amount of dissolved NO;-N accounted for total increment of NO,-N, and
°E/7 equals value calculated from B — D divided by 7 mg/L, theoretical concentration of nitrogen in water.

Table 4. Variations in Concentrations of TN in Influent
and in Effluent with Different Ozone Dosage.

TN, mg/L
D,, mg/L influent  effluent effluent/influent T, hr
63.58 5.08 5.66 1.1 2.15
65.11 4.90 5.53 1.13 218
72.15 5.84 6.17 1.06 215
85.48 4.29 4.82 1.12 219
97.66 5.15 5.51 1.07 2.14
107.3 5.27 5.76 1.09 2.18
118.8 6.98 7.27 1.04 2.13
126.7 6.61 7.06 1.07 217
137.3 6.87 7.44 1.08 2.18
145.2 6.85 7.41 1.08 2.18
148.7 6.76 7.32 1.08 2.18
149.6 7.38 7.92 1.07 2.18

Table 5. Variations in Concentrations of TN in Influent
and in Effluent with Different Retention Time.

TN, mg/L
T, hr influent effluent effluent/influent D,, mg/L
0.62 10.4 10.98 1.06 245
1.09 8.77 10.06 1.15 250
1.31 8.58 10.25 1.20 250
1.54 6.70 8.14 1.22 245
1.96 8.09 10.86 1.34 206
2.18 7.64 10.32 1.35 240
2.40 6.40 8.82 1.38 222
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ozone dosage affected the variations in nitrogen con-
tent directly, which were associated with the amount of
dissolved nitrogen, raw water quality and its concen-
trations. Those factors can contribute to the variations
in the amounts of nitrogen dissolved.

CONCLUSIONS

The concentrations of TN in the effluents treated by
the ozonation process were higher than the concentra-
tions in the influents (0.01~0.38 times higher). Togeth-
er, the concentrations of NO5-N in the effluents were
also higher than the concentrations in the influents with
the increased percentage ranging from 36.0-2949%
with the average, 226.8%.

NO,, by-products produced by air-fed ozonizers,
could be dissolved into the wastewater during ozona-
tion process to cause the increase in the concentrations
of NO5-N (0.065~2.010 mg/L) with the percentages of
the total increment ranging from 2.34-87.60% and the
average, 47.10%.

Using the experiment data facilitating with theoreti-
cal calculation, the transfer rates of NO, dissolved were
obtained (0.93~28.71%) with the average, 12.33%.
And the transformation could be mainly affected by the
retention time, ozone dosage, raw water quality and its
concentration (listed in a decreasing order).
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ABSTRACT: With the sewage sludge yield increasing, the sludge treatment becomes
a major problem in China. The pyrolysis technology is used to treat the sewage sludge,
because of a lot of advantages, such as good economic returns, the less secondary
pollution and the higher utilize value of pyrolysis products. And it is considered as one
of the great potential thermo-chemical treatment technology. A series of experiments
were carried out to study the biophysics of drying sludge and how to get the variation of
production gas, oil and coke at the different pyrolysis temperatures. Also, how to obtain
high-value pyrolysis products at optimum pyrolysis temperature. At the same time, by
studying the biophysical drying sludge’s char formation mechanisms and physic-chem-
ical properties at the different pyrolysis temperature conditions, the indirect reference
data for pyrolysis of sludge were provided. It is providing theoretical guidance for the
safe disposal of sludge, through sequential extraction method of European Communities
Bureau of Reference (BCR) exploring different forms of semi-coke in the enrichment of

heavy metals.

INTRODUCTION

LUDGE is the major by-production from urban sew-
Sage treatment plants. Mud cake has a high moisture
content (80 wt%), high organic content, inorganic min-
eral and more compact structure, and so on [1]. There
will be significant environmental risks if we cannot ef-
fectively deal with these solid wastes. Sludge amounts
were increasing more than 10% every year in China
which creates a significant problem for Chinese sew-
age treatment industry and municipal administration.
Sludge pyrolysis is considered to be one of potential
thermochemical treatment technology, because of its
good economic returns, less secondary pollution, high
use value of pyrolysis products, and so on. Sludge py-
rolysis remains at the experimental stage in China.

Shen [2] got the pyrolysis temperatures, which were
between 300—-600°C obtaining the distribution of gas
and oil production. The results showed that the maxi-
mum oil production rate was 30% at 525°C. When the
temperature was higher than 450°C the cracking of
heavy oil created a secondary decomposition reaction
to become light oil. When the temperature was higher

*Authors to whom correspondence should be addressed.
E-mail: (Zhu) bamboozt@cumtb.edu.cn; (Zhang) zhangwj@caep.org.cn

than 525°C it formed more lightweight oil and gaseous
hydrocarbons and gas production increased. Inguanze
et al. [3] studied pyrolysis temperatures of 450°C,
650°C, and 850°C with heating rates of 5 K/min and
60 K/min. They found that heating rate was very im-
portant only for the lower pyrolysis final temperature
such as 450°C. At higher pyrolysis temperatures (i.e.,
more than 650°C) the effects of heating rate would be
neglected. At 450°C the improvement of heating rate
made pyrolysis more efficient and more pyrolysis oil
and pyrolysis gas would be produced.

Piskorz et al. [4] took use of fluidized bed reactor
to do experiment of the sludge pyrolysis, at the condi-
tions of the final pyrolysis temperature of 450°C, resi-
dence time 0f 0.3 s, 0.5 s, and 1 s. They found that the
best time was 0.5 s, and the bio-oil yield was maximum
(52 wt%) at this moment. Canadians Kim & Parker [5]
studied the influence of different zeolite addition quan-
tity on sludge pyrolysis. The final pyrolysis tempera-
ture was 500°C, the results showed when the zeolite
addition amount was greater than 0.2 g/g dry sludge,
the yield of coke decreased with catalytic amounts in-
creasing, and the changes of tar yield were not obvious.
Catalyst added into the reactor, is helpful for promot-
ing the conversion from solid coke to gas, and produc-
ing more pyrolysis gas, but little effect on the tar.
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About sludge pyrolysis mechanism, some research-
ers studied pyrolysis production (pyrolysis gas, tar,
and coke). Dominguez et al. [6] studied the change of
pyrolysis gas production in the range of 250—1000°C.
They found pyrolysis gas production increased with
the pyrolysis temperature increasing at the low tem-
perature stage (< 700°C), and arrived at peak about
700-850°C, and then, reduced significantly along with
the temperature rising (> 850°C). The final pyroly-
sis gases were mainly H,, CO, CH, and the other gas
composition of high calorific value. Lutz et al. [7] ob-
tained the calorific value of tar which is 35-38 kJ/mol,
dealing with sludge by the low temperature pyrolysis
treatment. And the main compositions of tar were pen-
tadecane and heptadecane, which belonged to heavy
oil. Tay et al. [8] studied adsorption characteristics of
phenol using sludge pyrolysis coke activated by ZnCl,.
They pointed out that absorbent BET surface area was
867.61 m?/g at 500°C for 2 hrs.

The current researches about the sludge pyrolysis
mechanism are rare. In this paper, we adopt biophysi-
cal drying sludge to carry out a series of experiments
in order to realize sludge harmless utilization and dis-
posal. Our aims focuses on how to realize biophysics
drying sludge to obtain high-value pyrolysis products
at optimum pyrolysis temperature in the pyrolysis pro-
cess, and how to decrease the environmental risk from
heavy metal of the pyrolysis treatment of biophysics
drying sludge.

MATERIALS AND METHODS
Experimental Materials

The pyrolytic raw material uses a biophysical dry-
ing sludge. Sludge, which is from Beijing Qinghe sew-
age treatment plant, is treated with in belt filter press
processing. Sewage sludge was dried in 159L vertical
tubular reactor (height of 1000 mm, inner diameter 450
mm) by short-term warming-intensified ventilation de-
hydrated biophysical drying effect. The physical and
chemical properties of pyrolysis raw materials are send
in Table 1 and Table 2.

Table 2. Thermal Drying Sludge and Biological
Physics Drying Sludge Element Analysis.

Elemental Analysis (wt.%,d) C H N S (0}

Biological and physical drying 24.30 3.54 230 0.66 18.92
sludge

Experimental Apparatus and Instruments

The fast pyrolysis experiment device is shown
in Figure 1. It mainly consists of the carrier gas sys-
tems, pyrolysis system, gas condensation system, the
gas volume measurement and collection system. The
carrier gas system includes cylinders and mass flow-
meter, which fill the high purity nitrogen to provide
an inert atmosphere. The pyrolysis system includes
a horizontal tube resistance furnace, quartz tube and
the console. The horizontal tube resistance furnace is
controlled by the console, and its rated power is 4 kW
and its maximum rated temperature is 1,000°C. Quartz
tube is placed on the central axis in the furnace. When
the temperature of the furnace achieves the established
temperature, we immediately pushed the sample into
the quartz tube by porcelain boat. The gas condensa-
tion system includes primary condenser (spherical
condenser pipe), after-condenser (snakelike condenser
pipe and cotton filter tube) and gas-washing bottle.
Then the coke particles were removed by filtering and
washing after the twice condensation for attaining pu-
rification pyrolysis gas. Gas volume metering and col-
lection system includes electronic mass flowmeter and
gas collection bag. The gas after purification was col-
lected into this system to detect.

Experimental Methods

The 3.0 g biophysical drying sludge sample was put
into the porcelain boat, and then the porcelain boat was
put into the quartz tube. Bubbling into 30 ml/min high
purity nitrogen, and purging 40 min to let air out in
the experimental device for keeping inert atmosphere
in the furnace. Adjusting the horizontal tube furnace,
and letting the temperature increase to the preset tem-
perature, we adjusted the high purity nitrogen flowing

Table 1. Biophysical Drying Sludge Industrial Analysis.

Received Base Water Volatiles Ash Content  Fixed Carbon Lower Calorific Value
Proximate Analysis (wt.%, d) (wt.%, d) (wt.%, d) (wt.%, d) (kcall/kg, d)
Biological and physical drying sludge 4.56 43.09 48.47 3.89 2282.54
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Figure 1. Pyrolysis experiment device. 1-Nitrogen gas cylinder; 2—
Mass flowmeter; 3—Console; 4—Horizontal tube furnace; 5-Quartz
tube; 6—Porcelain boat; 7-Primary condenser; 8—After-condenser;
9-Round-bottom flask; 10—Gas-washing bottle; 11-The gas flow to-
talizer; 12—Air pocket

down to 3 ml/min, and quickly put porcelain boat into
the middle reaction area of tube furnace to pyrolysis.
Then we continued to turn down nitrogen flowing to
0 ml/min. The reaction gaseous product volume was
metered by electronic flowmeter. Next, we stopped
heating after 20 min, and adjusted the high purity ni-
trogen flow to 30 ml/min, and kept on purging 40 min,
and collecting purge gas at the same time. After cool-
ing the reaction system, we took the porcelain boat and
weighted it to obtain carbocoal quality by means of dif-
ference heavy method.

Pyrolysis gas is mainly composed of hydrogen, oxy-
gen, methane, carbon dioxide, in addition to a certain
amount of ethane, ethylene, propane, propylene and
acetylene, etc. Gas quality is calculated according to the
volume of gas and all kinds of gas composition contents.
The yield of liquid tar is calculated by weighing the con-
densation system before and after the reaction, while the
solid carbocoal is calculated according to the weight dif-
ference before and after the porcelain boat reaction.

ASAP2010 specific surface area and pore size ana-
lyzer from American Micrometrics Company was used
to measure the coke pore structure parameters. The
pore size measurement ranges from 1.7-300 nm, and
the relative pressure P/P, ranges from 0.01-0.995. We
used scanning electron microscope (SEM) to analyze
the pyrolysis coke surface, so as to understand the vol-
atile changes in the precipitation process and the py-
rolysis coke pore structure.

RESULTS AND DISCUSSION

Influence of Temperature on Yield of
Pyrolysis Products

The main pyrolysis products of biophysical drying
sludge are divided into three parts: solid carbocoal,
tar and pyrolysis gas. When pyrolysis temperature

changed, the output of three kinds of products changed.
At relatively high pyrolysis temperature, macromolec-
ular substances of the tar and solid carbocoal would
decompose into small molecule gaseous products, so
that the yields of semi-coke and tar decline and the
gas products increase. For this reason, lower pyrolysis
temperature is more appropriate for generating solid
carbocoal [9]. The yields of gas, oil and coke of bio-
physical drying sludge with the change of temperature
is seen in Figure 2.

Seen in Figure 2 along with the pyrolysis reaction
temperature increasing, the yields of pyrolysis semi-
coke of biophysical drying sludge decrease from
65.38-57.95 wt% at 850°C. When the temperature
arrives at 900°C, the yields of semi-coke increase
slightly. The yields of tar decrease significantly with
the temperature increasing from 450—-600°C. When the
temperature is higher than 600°C, the yields of tar de-
cline slightly. The yields of pyrolysis gas follow the
same rule to tar yields, and the highest value of py-
rolysis is 35.11% at 850°C. The above experimental
phenomena described that organics and secondary py-
rolysis for generating tar of biophysical drying sludge
can be completely proceeded above 600°C. When the
pyrolysis temperature is 450~600°C, the pyrolysis of
sludge is not complete. Even if the reactions stop, there
are still some organics for further decomposition in the
solid carbocoal and tar. Thus, where there is the higher
temperature there is the more gas production and less
tar yield. When the reaction temperature surpasses
600°C, the increasing trends of gas production change
slightly. It means when the pyrolysis temperature is
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Figure 2. Pyrolysis products yield of biophysical drying sludge
(wt %).
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above 600°C, almost all the cleavable organic matter in
semi-coke and tar involve in pyrolysis reaction, and the
higher temperature will not improve the condition of
the pyrolysis. However, at this time, the gas production
increases and the yields of semi-coke and tar decline.
The endothermic reaction between water, carbon diox-
ide in gas production and organics in tar and semi-coke
strengthen with increasing temperature.

Evolutionary Changes of Surface Area, Pore
Volume, and Pore Size of Semi-coke at Different
Pyrolysis Temperatures

Semi-coke is a major media material to pyrolysis re-
action and transformation process. In this experiment,
the pyrolysis coke at temperatures 500°C, 600°C,
700°C, 800°C, and 900°C were detected and analyzed.

The Brunauer, Emmett, Teller’s (BET) model was
used to calculate the surface area of char in this ex-
periment. ASAP 2010 was used to analyze the origi-
nal sludge and the coke obtained at the pyrolysis tem-
perature 500°C, 600°C, 700°C, 800°C, and 900°C, and
IUPAU classification method was selected to analyze
the hole. Table 3 includes information of BET specific
surface area, the total pore volume and average pore
size parameters of semi-coke. Taking the semi-coke
particles and Biophysics drying sludge for comparison,
it can be found that in general, the pyrolysis can ef-
fectively increase the pore volume and reduce the pore
size. With the temperature increasing, the total pore
volume of semi-coke increases. But when the tempera-
ture is changing from 500-900°C, the pore size remains
almost stable, and this is related to the prior analysis of
the mesopore’s formation. In addition, it can be seen
from Table 3 that the surface area of the char is small
(3.105 m?/g under 500°C) at low temperatures. How-
ever the temperature rises to 800°C, the surface area
grows up to a maximum of 30.503 m?/g. This may due
to the release of gas. And when the temperature rises
to 900°C, the surface area decreases to some extent.

Table 3. Parameters of Coke.

Specific Surface Pore Volume Pore Size
Sample Area (m?/g) (cm3/g) (nm)
Original Sample 0.70 0.0034 16.03
500°C char 3.105 0.023 3.784
600°C char 19.187 0.034 3.828
700°C char 24.104 0.036 3.827
800°C char 30.503 0.049 3.829
900°C char 30.068 0.057 3.819

The specific surface area of semi-coke decreasing at
900°C, may be related to the phenomena of semi-coke
compaction and melting.

Microstructure Analysis of Semi-coke

Figure 3 shows the SEM morphology photograph of
pyrolysis coke particles from 300-900°C, and by the
SEM images, we can be more intuitively understand-
ing of the char pore structure characteristics. Figure 5
is a high magnification photo (x1000) of coke, it can
be seen from these pictures that the pore size becomes
larger, and the pore structure becomes complicated
(identical to the BET model results anastomosis in
previous section) with the pyrolysis temperature in-
creasing. The coke surface changes from the beginning
relatively flat layered structure to scattered particulate.
Its surface becomes more rough and irregular, and the
number of pits and round holes significantly increase.
Especially at the temperature of 800~900°C, the mol-
ten or sintering phenomenon of semi-coke occurs. The
channel and pits left during pyrolysis are much larger
than that around the holes. There is a large amount of
volatile gathering at some pyrolysis stage, and ulti-
mately discharged in the form of bubbles [12]. There-
fore, volatile take very irregular paths in the precipita-
tion process to form irregular hole channels.

Elemental Qualitative Analysis of SEM Images for
Semi-coke Surface

As the pyrolysis temperature gradually increased
from 300-900°C, certain elements of coke have some
regular changes. From Table 4, C element content de-
creases with the temperature increasing, while the O
element content has an increasing trend. And Mg, Al,
Fe, Ca contents all increase with the temperature in-
creasing. This may be the result of relative increasing
of the precipitation and volatile ash.

C, H, O, N, and S Elemental Variation at Different
Temperatures

Figure 4 reflect the variation of five elements of C,
H, O, N, S by CE-440 quantitative analysis at different
temperatures.

Seen in Figure 4, the amounts of four elements of C,
H, N, O have a decreasing trend with pyrolysis reaction
temperature increasing. The hydrogen content is zero
when the pyrolysis temperature is above 850°C. It in-
dicates that, the existing form of semi-coke is basically
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550C 600°C

750°C 800°C
Figure 3. SEM scanning images at different temperatures.

carbon coke and the organic matter in the sludge pyrol-
ysis completely at the pyrolysis reaction temperature
of 850°C. Therefore, the ideal conditions for hydrogen
production are the pyrolysis temperature above 800°C.
Nitrogen in inorganic substances in sludge mainly
exists in the form of nitrate, but in the organic matter, it
mainly presents in proteins and amino acids. In the py-
rolysis process, the nitrogen is converted to ammonia,
hydrogen cyanide, nitrogen oxides, nitrogen, and or-
ganic nitrogen. With the pyrolysis temperature increas-
ing, nitrogen contents of the semi-coke decrease. It in-
dicates that the protein, amino acids and other organic
matter are fully decomposed at high temperatures.
Oxygen contents reduce with the pyrolysis tempera-
ture increasing. Because the pyrolysis reactions of tar,

850°C 900°C

aggravated carbocoal are more thorough at higher py-
rolysis temperature.

Sulfur contents first increase and then decrease with
the pyrolysis temperature increasing. This is because
the pyrolysis reaction of sulfur-containing organic
compounds becomes gradually strengthened with
the pyrolysis temperature increasing, resulting in the
decreasing of sulfur at lower pyrolysis temperature.
When the pyrolysis temperature increases to a certain
extent, the pyrolysis reaction can completely reacted
and all the sulfur can be removed from the semi-coke.
However, the gaseous products of coke and semi-coke
can continuously react, so that the semi-coke yield
will decrease with increasing temperature, resulting in
slightly higher sulfur content.
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Table 4. Surface Element Content of Semi-coke Under Three Different Pyrolysis Temperatures.

Temperature, °C 300°C 400°C 500°C 650°C 800°C 900°C
Element Weight % Weight % Weight % Weight % Weight % Weight %
C 55.1 48.42 34.05 36.03 26.01 30.97
¢} 25.47 29.87 35.76 31.47 36.51 31.39
Na 0.35 0 0 0.26 1.1 0.47
Mg 0.66 1.01 1.15 0.58 1.93 2.23
Al 1.75 2.25 3.44 2.69 5.22 5.25
Si 5.21 5.15 9.19 16.07 1.05 8.97
P 1.96 3.26 3.79 1.55 0.95 3.86
S 1.5 0.57 0.51 0.59 0.49 1.63
K 1.04 0.93 1.26 1.3 0.91 1.31
Ca 5.16 6.04 5.66 6.34 22.36 22.53
Fe 1.79 2.5 5.19 3.12 347 5.4
Total 100 100 100 100 100 100

Change Rules of Semi-coke Characteristic
Functional Groups with Different Pyrolysis
Temperature

Sludge pyrolysis follows the general rules of organ-
ic matters, that is, when the heating temperature rises
to a certain level, the corresponding chemical bond
will break, and the volatile gas precipitates. The kind
of semi-coke group types of solid carbocoal at differ-
ent temperatures is analyzed by FTIR spectra (Fourier
Transform Infrared Spectrometer), in order to explore
the reasons for pyrolysis effect change at different tem-
perature, and the results are seen in Figure 5.

Vibration peaks at about wave number of
3,200~3,600 cm™! are the stretching vibration peaks
of hydroxyl OH bond (alcohols, phenols), and amine
hydrogen-nitrogen bond in semi-coke. Their height re-
flects the dehydrogenation effect during char pyrolysis.
It can be seen that, the peak height decreases with the

Temperature('C)

Figure 4. Different variations of elements in the semi-coke at differ-
ent temperature.

temperature increasing. It means that dehydrogena-
tion process of the biophysical dry sludge pyrolysis is
strengthened with increasing temperature. It is obvious
that high pyrolysis temperature is benefit to produce
hydrogen.

Twin peaks at wavenumber of 2,800~3,000 cm™!
are respectively the carbon-hydrogen bonds (alkanes)
symmetric and asymmetric stretching vibration of
methyl in semi-coke. The bimodal disappear when
the pyrolysis reaction temperature is above 500°C,
and the vibration intensity changed little when the
pyrolysis reaction temperature is lower than 500°C.
This phenomenon indicates that pyrolysis reaction
of the organics is not violent below 500°C, even the
methyl at the end of the carbon skeleton cannot be
completely removed. This is further evidence of the
fact that pyrolysis gas increases when the pyrolysis
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Figure 5. FTIR spectra pyrolysis char at different temperatures.
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reactions are enhanced with the pyrolysis temperature
increasing below 600°C,.

The vibrational peaks at wavenumber of 1,400~1,450
cm™! are the scissor vibration of carbon-hydrogen
bonds on the secondary carbon, and the vibration is
gradually decreased with the temperature increasing,
and disappears when the pyrolysis temperature goes up
to 700°C. It suggests that the pyrolysis of organic mat-
ter is more complete with the temperature increasing,
and almost complete decomposition at 600~700°C,
even the hydrogen in the middle of the carbon skeleton
on the secondary carbon has been largely removed.
This is further evidence that when the pyrolysis tem-
perature is higher than 600°C, organic matter in solid
carbocoal will pyrolysis entirely.

Regularity of Heavy Metal Enrichment

We take 0.5 g raw sludge and pyrolysis coke at
300°C, 400°C, 450°C, 500°C, 600°C, 650°C, 700°C,
750°C, 800°C, 900°C respectively, and select sequen-
tial extraction BCR process [13], which consists of the
following three steps and one additional step [14] and
the second step of the process is corrected. G. Rauret
improved the BCR four steps, and used 0.5 mol/L of
NH,OH « HCl to substitute 0.1 mol/L of NH,OH « HCl
in the second step, and the acidity was adjusted to pH
= 1.5. This method is called the modified BCR method
[15].

Table 5 shows the original contents of heavy metals
in sludge, and sludge samples contain relatively more
Zn and Pb, and less Cu and Cr. Heavy metals in the
sludge exist in four main forms [16]: exchangeable, re-
duction state, oxidation state and residuals, which are
precisely corresponding to four samples of each step
in BCR extraction system. According to BCR sequen-
tial extraction scheme, some representatives of the ex-
changeable section are metal in ionic form and com-
bination of carbonate, such form of metal has strong
ability of migration, and when the acidity of surround-
ing environment changes, the exchangeable sections
quickly release into the environment and can be used
by creatures. Some representatives of reduced state are
iron and manganese oxides combined amorphous part

Table 3. Content of Heavy Metals in

Sewage Sludge (mg/g).
Element Cr Cu Pb Zn
Content (mg/g) 0.060 0.091 0.726 0.768

metal of hydroxides. Some representatives of the oxi-
dation are combined organic matter and sulfide metal;
these two forms may be indirectly used by plants. The
representatives of residue are combine with silicate
crystals, crystalline iron and part of the manganese ox-
ides metals [14,16], which are difficult to be released
under natural conditions, and are difficult to be used
by organisms [16,17]. By exploring the amounts of Cr,
Cu, Pb and Zn in semi-coke, we discussed the varia-
tion of different forms of heavy metals. With the above
modified BCR sequential extraction process, the re-
sulting data are uniformed and seen in Figure 6.

Seen in Figure 6(a), Zn in original sludge is mainly
in oxidation states. Different forms of Zn in Pyroly-
sis coke change regularly with temperature changes.
From 300-900°C, exchangeable states show a gradual
decline, and reduction states show a trend from in-
creasing to decreasing, which peek to a maximum at
600°C. The oxidation states decrease with increasing
temperature, while the residuals gradually increase. It
describes that there is the higher pyrolysis temperature,
the better for Zn to be fixed.

From Figure 6(b), Pb in original sludge is mainly in
oxidation states. The forms of Pb vary greatly in pyrol-
ysis coke in different temperature. From 300-600°C,
the residual states of Pb increase and oxidation state
decrease, while the oxidation states increase and the
residual states reduce from 600-900°C. For Pb fixed,
the best pyrolysis temperature is 600°C. That could
prevent Pb migrating into the environment and causing
environmental harm.

In Figure 6(c), Cu in original sludge is mainly in
oxidation states [18]. This may be related to the fact
that Cu mainly exists on sulfides in nature. The main
forms of Cu Pyrolysis carbocoal also change at differ-
ent temperatures. From 300-500°C, the main forms
of Cu are oxidation state, and the oxidation states of
Cu increase with temperature increasing. From 500-
900°C, the oxidation states of Cu become less, and the
residues of Cu increase, and the exchangeable states of
Cu increase. At temperature of 850°C, the main forms
of Cu become residuals, and the various forms of Cu
in coke are almost stabilized. This relates to that the
organic matter and Cu can form a stable complex.

As shown in Figure 6(d), Cr in original sludge is
mainly in oxidation state, and the forms of Cr changes
greatly in the pyrolysis process. When the pyrolysis
temperature changes from 300-900°C, the residual
states of Cr have a trend from increasing to decreasing.
At 750°C, the residuals of Cr in coke reach to the maxi-
mum. It indicates that the best pyrolysis temperature is
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Figure 6. Different forms of heaven metals in char at different temperature. (a) zinc; (b) Pb; (c) Cu; (d) Cr.

750°C in order to avoid Cr contamination. So the high-
er the temperature is, the more effective for destructing
the chemical bonds of Cr.

CONCLUSION

With the pyrolysis temperature increasing, the semi-
coke yields decreased, and reached 57.95% at 850°C.
When the pyrolysis temperature was 900°C, the semi-
coke yields increased slightly. The yields of tar also
tended to decreasing, while the pyrolysis gas increased
with increasing temperature, and reached to the maxi-
mum value of 35.11% at 850°C. When pyrolysis
temperature was 600°C almost all of the organics in
sludge were involved in the pyrolysis reaction. Then,
if kept on increasing the temperature and the energy
consumption, the pyrolysis of organic matters were
not increased. The original contents of heavy metals
in sludge samples contained relatively more Zn and
Pb, and less Cu and Cr. Heavy metals in the sludge
existed in four main forms: exchangeable, reduction
state, oxidation state and residuals. When pyrolysis
temperature changed from 300-900°C, exchangeable
states showed a gradual decline, and reduction states
showed a trend from increasing to decreasing, which

peek to a maximum at 600°C. The oxidation states of
Zn decreased with increasing temperature, while the
residuals gradually increased. When pyrolysis temper-
ature changed from 300-600°C, the residual states of
Pb increased and oxidation state decreased. Then, the
oxidation states of Pb increased and the residual states
reduced from 600-900°C. For Pb fixed, the best pyrol-
ysis temperature is 600°C. The main forms of Cu are
oxidation state, and the oxidation states of Cu increase
with temperature increasing from 300-500°C. The oxi-
dation states of Cu become less, and the residues of
Cu increased, and the exchangeable states of Cu in-
creased from 500-900°C. At 850°C, the main forms of
Cu become residuals, and the various forms of Cu in
coke were stabilized. When the pyrolysis temperature
changed from 300-900°C, the residual states of Cr had
a trend from increasing to decreasing. At 750°C, the
residuals of Cr in coke reached to the maximum value.
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ABSTRACT: Contaminant transport is a common process for a waste disposal site,
which is a practical concern in geo-environmental field. It is essential to study the con-
taminant transport behavior in impermeable clay liner. Considering the anisotropy of
a clay barrier in permeability, a three-dimensional model coupled mechanical consoli-
dation and contaminant transport is developed for simulation of contaminant transport
through a deforming porous medium. This is based on the combination of Biot's theory
and the theory of contaminant transport. Meanwhile, porosity is viewed as a coupling
parameter. The influence of soil consolidation deformation and permeability anisotro-
py on contaminant transport can thus be determined reasonably. Transport equations
are solved by using the finite-element software COMSOL Multiphysics. A parametric
study has moreover been conducted to understand the influence of contaminant source
types and adsorption modes, including constant contaminated source, attenuation con-
taminated source, linear adsorption, Freundlich adsorption, Langmuir adsorption. The
simulation results indicate that the permeability anisotropy has a negligible effect on
contaminant transport, adsorption modes have a significant impact on transport depth
and range, and the concentration distribution of contaminant with different contaminated

source types have showed a marked difference.

INTRODUCTION

ONTAMINANT contained in leachate can pen-
Cetrate into the impermeable clay underneath the
landfill and induce the pollution of surrounding soil
and water which leads to serious negative economic
and environment safety consequences. Therefore, it
is of paramount importance to know the contaminant
transport through clay layer, which can provide some
useful advice to plan the remediation of contaminated
land, predict the movement of polluted groundwater,
design engineered landfills and evaluate the validity of
impermeable clay. In order to protect the groundwa-
ter from pollution, it is important to understand how
the contaminant osmosis conducts through clay and
how the migration mechanism affects the contaminant
transport. It is worth noting that, owing to the weight
of the upper waste dump, the consolidation of soil at
the bottom of waste yard can produce, which can lead
to compression deformation. Therefore, how to accu-
rately describe the contaminant transport through a de-
forming clay becomes significant importance.

*Author to whom correspondence should be addressed.
E-mail:zhangzh2002@126.com

Many efforts have been devoted to explore the trans-
port of contaminant in a deforming porous medium.
Based on a small and large strain analysis of a con-
solidating soil and conversation of contaminant mass,
Smith et al. [1] developed a one-dimensional model of
contaminant migration through a saturated deforming
porous medium, which can be reduced to the familiar
classical contaminant transport equation by a certain
simplification and selection of suitable parameters.
Fox [2,3], Arega [4] and Lewis [5] worked at the ex-
perimental and numerical investigation of the effect of
clay consolidation on solute transport. In their effort,
a one-dimensional mathematical model coupled large
strain consolidation and contaminant transport was es-
tablished based on the large strain consolidation theory.
In the work of Fox [6,7], a model coupled large strain
consolidation and solute transport is established, veri-
fied and simulated, in which the consolidation equation
is set as one-dimensional form, and the transport equa-
tion is considered two-dimensional form, meanwhile,
several transport mechanisms are taken into account,
for instance, the convection, longitudinal and trans-
verse dispersion, first-order decay reactions and linear
equilibrium sorption. Xue et al. [8,9] proposed a gas-
hydraulic-solid coupling model that can describe the
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dynamic behavior of settlement and LFG flow in land-
fill, where after, four models were established of bi-
ological-thermo-hydro coupling model of landfill gas
migration, hydro-biological-chemical coupling model
of leachate migration and transformation in landfill
under the effect of aerobe and anaerobe degradation,
hydro-chemical coupling model of pollutant migration
in composite liner system and thermo-hydro-mechan-
ical coupling model on dry cracking of closure cover
system of landfill under the effect of heat quantity
changing and vapor migration. Li [10] presented a two-
dimensional model of chemo-osmotic consolidation of
clays in multi-dimensional domains, with volumetric
strains induced by both changes in the chemistry and
osmotically driven pore water flow considered. It was
found that the consolidation process was dominated by
osmotic consolidation in the early stages and subse-
quently by chemical consolidation. Huang [11] studied
the influence of barrier consolidation on transport coef-
ficients, and gave a three-dimensional transport model
based on mixture theory for describing the liners that
involve circular defects in the geomembrane. Fan et
al. [12] draw a conclusion that the adsorption of heavy
metals presented an order of Cu?* > Pb*">Zn?"> Cd*".
According to large-scale three-dimensional numerical
simulation, Wei [13] researched contaminant migration
in groundwater and evaluated the scope of groundwa-
ter pollution.

Some progress has been made in coupled consoli-
dation and contaminant transport model for simulating
migration of contaminants through a deforming porous
medium. Nevertheless, the study on coupled model is
still incomplete. Permeability for example is assumed
to be isotropy in most of multi-dimensional theoreti-
cal model, or the ratio of longitudinal permeability and
transverse permeability is assumed to be a constant.
Indeed, there appears to be an anisotropy character in
natural soil due to the depositional history and develop
environment, correspondingly the ratio of longitudinal
permeability and transverse permeability will produce
change with the soil consolidation. Hence the influence
of permeability anisotropy on contaminant transport
does not well recognized, and further work thus needs
to be conducted.

The aim of the present investigation is to develop
a three-dimensional model coupled consolidation and
contaminant transport, taking the permeability anisot-
ropy into account, and the porosity is viewed as the
coupled parameter. The finite-element software COM-
SOL Multiphysics is employed to solve the transport
equations. A parametric study has been conducted to

understand the influence of contaminant source types
and adsorption modes, including constant source, at-
tenuation source, linear adsorption, Freundlich adsorp-
tion, Langmuir adsorption.

THEORETICAL MECHANISMS FOR
COUPLED MODEL

Basic Assumption

1. The soil is saturated, small deformation and linear
elastic homogeneous continuum.

2. The soil particles and pore water are incompress-
ible.

3. Seepage obeys the Darcy’s law.

4. The main direction of seepage velocity keeps in
line with coordinates.

5. The flow field is uniform and steady.

Biot’s Consolidation Equation

According to the Biot’s consolidation theory the fol-
lowing equations can be obtained.

ow.
~GVw, — G_Ofow My ow g
1-2vox ox 0Oy 0Oz Ox
0
~GV’w, - G Ofom My Ow. | ou_j
1-2voy ox oy Oz
ow
-GV*w, - G_Ofow My Ow. +a—u=y'
1-2voz\ ox oy oz oz
(1

where G means shear modulus of soil, kPa; v is Pois-
son's ratio of soil; u is excess pore water pressure, kPa;
y' is the effective unit weight of soil, KN/m?3; V? is La-
place operator, V2= (6%/0x?) + (6*/6y?) + (0%/02%); w,,
Wy, W, are the displacement of three direction x, y and
z of soil separately, m.

Four unknowns w,, w,, w, and u are contained in
Equation (1). An equation is still needed to supplement
in order to solve, the flow continuity equation thereby
is used as supplementary equation. It can be written as

2 2
ag"z—LEk 6u+8u+8_uJ 2)
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in which k,, k,, k. are the permeability coefficient of



A Three-Dimensional Model Coupled Mechanical Consolidation and Contaminant Transport 123

three directions x, y and z separately; y,, is the unit
weight of water; ¢, is the volumetric strain.

Thus the four unknowns can be determined by solv-
ing the equations set of Equation (1) and (2).

It is well known that when the soil undergo addition-
al loading due to the waste, it can produce time-depen-
dent deformation because of consolidation, moreover,
the permeability coefficient will change with the con-
solidation deformation. In this investigation empirical
formula [Equation (3)] given by Taylor is adopted,
which has good applicability for clay soil [14].

e—e,

k=kyx10 % (3)

where k, means the initial permeability coefficient of
soil, e is the void ratio of soil, ¢, is the initial void ratio
of soil, e, is the permeability index, e, = 0.5 e,

The change of the soil volume is the change of the
pore volume for saturated soil, under the assumption
that the pore water and the soil particles cannot be
compressed. Based on this the calculation formula of
porosity can be expressed as following Equation (4),
then the pore ratio can also be known by the relation-
ship between porosity and void ratio, it has the form as
Equation (5). Then the relational expression between
permeability coefficient and pore water pressure can be
determined through substituting Equations (4) and (5)
into Equation (3).

i l—no
O G (T @)
2G(1-v)
e—i 5
- )

in which n means porosity of soil, 7, is the initial po-
rosity of soil, p denotes the upper loading of imperme-
able layer.

Three-Dimensional Transport Equation of
Contaminant in Deforming Soil

When the contaminant migrates through the clay
liner beneath the landfill, here, it is assumed that the
contaminant can be divided into two parts. One may
adsorb onto the soil skeleton and be migrated with the
soil particles as the soil consolidates, the other may
transport within the pore passage of the soil. Based on
the conversation of the whole contaminant mass, and
considering the adsorption, a three-dimensional model

coupled mechanical consolidation and contaminant
transport through clay barriers can be established.

o(nC) N ol(l-n)p,S
ot ot (6)
=V-(nD-VC-mvC) -V -[1-n)v,p,S]

ow
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D=D,+D, (8)
D, =D, )
D,=alv,| (10)

where C is the concentration of contaminant in pore flu-
id; v, is the velocity of soil skeleton; D,, is an effective
diffusion coefficient tensor of contaminant in porous
medium; D, is the diffusion coefficient for the contam-
inant in a free solution, which is a scalar and related to
the type of contaminant; 7 is the tortuosity factor for a
soil and contaminant, which is defined as the ratio of
distance between the actual movement distance of fluid
particles with pore passage and straight-line distance,
7 can be determined by the empirical formula [15], 7=
(T 7y t)' = (', n’, ). r is the empirical parameter;
D, is the mechanical dispersion coefficient tensor; a is
the dispersivity tensor; v, is the average velocity vector
of fluid through the pore passage of porous medium;
S is the mass of contaminant adsorbed within the soil
particles per unit mass of solid phase; p, is the density
of soil particles.

Compared with the conventional pollutant transport
model, the transport condition parameters of the ad-
sorbed contaminant along with the soil particles are
introduced in Equation (6). Besides that, permeability
coefficient changes with the change of void ratio, the
influence of soil deformation on contaminant transport
consequently can be calculated. It is worth mention-
ing herein that, void ratio, hydrodynamic dispersion
coefficient, Darcy velocity and deformed velocity of
soil skeleton are all treated as variable, not constant,
which are closely related to the consolidation pressure
undergone.

Basic Theory of Permeability Anisotropy

The permeability anisotropy is usually defined as
the ratio of the horizontal permeability coefficient
to the vertical permeability coefficient, it can be ex-
pressed as
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K—‘_)er (11)
Ky

where K_, means the coefficient of permeability in
horizontal direction, m/s; Ky is the coefficient of per-
meability in vertical direction, m/s; ry is the coefficient
of permeability anisotropy, ranging from 0.7—4 for ho-
mogeneous material, for cohesive material the value of
rris 2.1 £ 0.5, for no cohesive material the value of r
is 1.6 £ 0.4.

Then through Kozeny—Carman equation, the math-
ematical expression of permeability £ can be written as

3
111 e (12)
Cx 12 8% (1+e)
in which Cy means the shape factor of Kozeny; S is the
specific surface area; e is the void ratio.
Next the Kozeny—Carma equation is substituted into
Equation (11), it can be obtained as

(1 11 & 7fJ

B S N ,

UL SR ANT
Ky [1116% yf] T

(13)

where y,is the unit weight of fluid; 4, is the viscosity
of fluid.

In most cases the void ratio will change with the
consolidation deformation of soil, thus it is accepted
that there is a functional relationship between tortuos-
ity factor and void ratio. Through Scholes’s work the
following formula can be gotten [16].

, 1
=T (1-¢)?

(14)

where 7 indicates the ratio of initial tortuosity factor
which is a constant. Especially, when the initial condi-
tion of soil keep isotropy before soil deformation, the
value of 7 is equal to one; ¢ is strain.

Equation (15) describes the relationship between
linear strain and void ratio, which is substituted into
Equation (14). Thereby the general relation Equation
(16) of permeability anisotropy can be determined.

8=1—[1+e] (15)
1+e¢,

K, (l+e)
Iy =——= 16
£k, (1+e] (16)

in which e is the void ratio at the strain of interest and
e, 1s the initial void ratio where isotropy existed, x is
the fitting factor that relates to the ratio of vertical to
horizontal or axial to radial tortuosity.

It is to be noted that when the initial condition of soil
is anisotropy, the permeability anisotropy coefficient
rx of soil can be expressed by the following Equation
(17). It is an empirical equation that has a similar form
to Equation (14), here using e, instead of ¢, as the basis
for strain, and the fitting exponent x is renamed x*.

( 1+¢ jx*
g =H (17)
I+e

where y, is the permeability ratio measured at void ra-
tio e;, x* is the fitting factor that relates to the ratio of
vertical to horizontal or axial to radial tortuosity.

From Equation (17) it can be seen that the anisot-
ropy is a function of void ratio, so the extent of anisot-
ropy keeps changed, not a constant, as a result of an
applied external force. Especially to be noticed here,
the deformation in this study is primarily due to the
particle arrangement rather than due to compression of
the particles, when an additional loading is employed.

Then, Equation (17) is firstly substituted into flow
continuity Equation (2), then combining three-dimen-
sional Biot’s consolidation Equation (1), meanwhile,
considering the contaminant transport Equation (6) to
solve simultaneously, as a result the concentration dis-
tribution of contaminant with time and space in perme-
ability anisotropy soil will be determined.

Definite Solution Condition

A model is established in this investigation taking
a simple landfill for example (Figure 1). The assump-
tion is adopted that there are two axes of symmetry on
the horizontal plane. Considering the symmetry of the
concerned problem, the coordinate origin is located in
the center of the landfill, then 1/4 of structural system
is taken as the emphasis to study. The bottom width
@ of landfill is set 50 m, the height of landfill is set
10 m, the slope of the lateral boundary ® is 1:1, and
the thickness of clay impermeable layer underneath the
landfill is 4 m. The cross-section of landfill model is
shown in Figure 3.
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Figure 1. Simple waste landfill.

In this study several assumptions are adopted for ob-
taining the numerical solution of the proposed mode.
(1) The bottom of waste is the natural clay liner; (2)
the right boundary @ and lower boundary @ of clay
barrier are both rigid and permeable [17]; (3), p the ad-
ditional loading imposes instantaneously, in this case,
(0a)/(0t) = 0; (4) the upper boundary @ and boundary
® are permeable; (5) the background concentration of
contaminant in soil is neglected. Hence the definite so-
lution can be known according to the aforementioned
assumption.

Three-dimensional consolidation

Table 1. Initial and Boundary Conditions of
Consolidation Model.

Initial

Condition ulx,y,z,0)=p ((x,y,2) Q)
boundary ©® u(x,y, Hy,, )=0 (t>0)
boundary @ ux,y,0,t)=0 (t=0)

boundary ® u(x,y,z, 8)=0 (t20,Li<x<Ly+ L3 Hy<z<H,+H,)

boundary® u(lLy+ Ly, y,z,8)=0 u(x, Ly+ Ly, z, ) =0 (t20)

Three-dimensional transport model

Table 2. Initial and Boundary Conditions of

Transport Model.
Initial
Condition C(x,y,2,0)=0 ((x,y,2) €Q)
boundary ® C(x,y, Hy, t)=cy (t=0,0<x<Ly)
boundary @ Ww (t>0)

boundary ® C(x,y,z,8) = Cy (t>0,L4 <x<Ly+ L3 Hy<z<H,+ H,)

oC(L +Lyy.2t) _ 0 oC(L + Ly y.2t) _ 0(t>0)
ox oy -

boundary®

Figure 2. Geometry and finite element.

RESULTS AND ANALYSIS

During this work COMSOL Multiphysics, a multi-
field coupled finite element software, was used to con-
duct numerical simulations. Based on the established
model the numerical calculation aimed at a waste
dump has been carried out.

Model Parameters

The type of simulated contaminant was chosen as
ammonia nitrogen. Regarding the example considered
here the parameters in Table 3 of clay liner are adopted.

In addition, the numerical simulation on contami-
nant transport under the different contaminant source
and adsorption type has been conducted, with con-
sidering the consolidation of clay soil. The different
source type and its parameters are shown in Table 4,
and the different adsorption mode and its parameters
are given in Table 5.

Simulation Results and Analysis

It can be found that permeability anisotropy is an
important factor effected the process of contaminant
transport, from the established coupled model in this
work. At the first, when the soil has the character of
permeability anisotropy, the permeability coefficient at
any direction appears to be different. At the transport
mechanism of contaminant, the advection mechanism
is related closely to permeability coefficient. Secondly,

| @ u Se L2y

| > |
Figure 3. Cross-section of simple landfill model.
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Table 3. Model Parameters of Clay Liner.

Table 5. Parameters of Different Adsorption Mode.

Parameters Symbol Value Adsorption Mode Expression Adsorption Parameter
Initial concentration of contaminant Co (/L) 0.5 Linear adsorption S=K,C Ky=8.142 x 1074 kg/m?®
Initial diffusion coefficient Dy (m?/s) 6.76 x 107° Freundlich adsorption S = K,CP K;=8.142 x 10~* kg/m?,
Empirical parameter r 2.5 B=12

Thickness of natural clay liner H (m) 4.0 Langmuir adsorption o _ KiKp Ki=1,

Initial void ratio e 0.8 1+KC K, =8.142 x 107 kg/m®
Density 05 (kg/m?3) 2.7 x 103

Poisson ratio v 0.3

Shear modulus G (kPa) 2.6 x 103 ity anisotropy are all higher than that of contaminant
Longitudinal dispersion a, (m) 0.5 transport with permeability isotropy. Besides that, for
Transverse dispersion ar(m) 0.05 a given transport time, the difference of contaminant
Initial permeability coefficient ko (m/s) 1.7 %1079 transport distance along horizontal direction between
Empirical coefficient " 1.187 permeability anisotropy and isotropy becomes more
index x* 1.3*

Note: the data with “*” was quoted from [14].

the hydrodynamic dispersion is also related to perme-
ability coefficient. It can thereby be concluded that per-
meability anisotropy will have significant influence on
contaminant transport, which has been verified through
the following simulation results.

Contaminant Transport Results and Analysis:
Constant Contaminated Source

It can be seen from Figure 4 and Figure 5 that the
concentration distribution of contaminant exhibited
similar tendency, whether the soil is permeability an-
isotropy. In other words, for a given transport time, the
transport depth and horizontal distance reduce gradual-
ly and the concentration peak surface turn left with the
consolidation pressure increase. Furthermore, the con-
centration peak curve gradually becomes sparse under
different consolidation pressure with the increase of
migration time, which show that the influence of con-
solidation pressure on contaminant transport increase
gradually with the transport time.

As plotted in Figure 4, the transport depth of con-
taminant with permeability anisotropy is the same as
that with permeability isotropy whether the transport
time and consolidation pressure. Nevertheless, it can
be noted from Figure 5 and Table 6 that the horizon-
tal distance of contaminant transport with permeabil-

Table 4. Parameters of Different Source Type.

Contaminated Source Type Expression Parameter
Constant contaminated source C=C, Cy=0.5g/L
Attenuated contaminated source C = Cye™ Cy=0.59/L,

n=0.4(1/a)

and more obvious, with the consolidation increase.

Under the consolidation pressure 200 kPa, the con-
centration distribution of contaminant with depth and
horizontal distance of soil obtain under different ad-
sorption, in which it is found that permeability anisot-
ropy cannot affect contaminant transport with depth of
soil whether any adsorption mode, this may be verified
by coincidence of concentration curve with permeabil-
ity anisotropy and isotropy. In addition, no matter what
kind of adsorption mode, the transport distance of con-
taminant along horizontal direction with permeabil-
ity anisotropy is higher than that of contaminant with
permeability isotropy, furthermore, with the transport
time increase, the difference of contaminant transport
distance in horizontal direction between permeability
anisotropy and isotropy becomes more and more obvi-
ous, this simulated results indicate that the influence
of permeability anisotropy on contaminant transport in
horizontal direction heighten gradually with the trans-
port time increase.

Contaminant Transport Results and Analysis:
Attenuation Contaminated Source

In this section the effects of permeability anisotropy
on contaminant transport are determined with attenua-
tion contaminated source under different consolidation
pressure. Simple to say, the contaminant concentration
of leachate attenuate with time, it is more in line with
the practical situation, and the detailed parameter is
shown in Table 4.

The profiles of concentration along the vertical and
horizontal distance of soil are described in Figures 7
and 8. As can be seen, there exists a marked difference
in concentration distribution form when the contami-
nated source is constant and attenuated. However, no
matter how long the transport time is and how large
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Figure 4. Contaminant concentration distribution with depth of soil layer under different consolidation pressures.

the consolidation pressure is, the transport depth of
contaminant along vertical direction with permeability
anisotropy and isotropy are same. It can be noticed that
the transport distance in horizontal direction of con-
taminant with permeability anisotropy is greater than
that of contaminant with permeability isotropy. And
for a given transport time, the difference between the

transport distance of contaminant along the horizontal
direction with permeability anisotropy and that of con-
taminant with permeability isotropy is more and more
obvious, with the consolidation pressure increase,
which can be seen clearly in Table 7.

Under the consolidation pressure 200 kPa, as the
concentration of contaminated source is attenuated

Table 6. Horizontal Transport Distance of Contaminant Under Different Consolidation Pressures (m).

100 (kPa) 300 (kPa) 600 (kPa)
Time(a) I A D I A D I A D
5 1.453 1.454 0.001 1.336 1.337 0.001 1.218 1.219 0.001
10 2.477 2.543 0.066 2.348 2.413 0.065 1.832 1.896 0.064
20 — — — 3.533 3.666 0.133 3.003 3.135 0.132
30 — — — — — — 3.732 3.932 0.200

Note: I—Isotropy; A—Anisotropy; D—Horizontal distance differential value of contaminant transport with isotropic and anisotropy.
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Table 7. Horizontal Distance of Contaminant Transport Under Different Consolidation Pressures (m).

100 (kPa) 300 (kPa) 600 (kPa)
Time(a) I A D I A D I A D
5 1.453 1.454 0.001 1.336 1.337 0.001 1.218 1.219 0.001
10 2.347 2.413 0.066 2.087 2.152 0.065 1.768 1.832 0.064
20 3.732 3.865 0.133 3.201 3.334 0.133 2.607 2.739 0.132
30 — — — — — — 3.333 3.533 0.200

Note: I—Isotropy; A—Anisotropy; D—Horizontal distance differential value of contaminant transport with isotropic and anisotropy.

which means the concentration of contaminant is a
variable, not a constant. the concentration distribution
of contaminant with depth and horizontal distance
of soil obtain under different adsorption. As seen in
Figure 9, no matter what kind of adsorption mode,
the transport distance of contaminant along horizon-
tal direction with permeability anisotropy is higher
than that of contaminant with permeability isotropy,
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furthermore, with the transport time increase, the
difference of contaminant transport distance in hori-
zontal direction between permeability anisotropy and
isotropy becomes more and more obvious, this simu-
lated results indicate that the influence of permeabil-
ity anisotropy on contaminant transport in horizontal
direction heighten gradually with the transport time
increase.
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Figure 5. Contaminant concentration distribution with horizontal distance under different consolidation pressures.
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Figure 6. Contaminant concentration distribution at different times under different adsorption modes.
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Figure 7. Contaminant concentration distribution with depth under different consolidation pressures.

CONCLUSIONS

In this study, a three-dimensional model coupled
mechanical consolidation and contaminant transport
with permeability anisotropy has been developed. The
established coupled model can embody the influence
of soil deformation and permeability anisotropy on
contaminant transport. It should be emphasized that
convection, hydrodynamic dispersion and flow con-
tinuity equation are fully related to permeability co-
efficient, thereby, it is of paramount importance that
taking the permeability anisotropy of soil into account
in determining the transport of contaminant through a
deforming soil.

Taking the permeability anisotropy into account, a
three-dimensional model coupled consolidation and
contaminant transport has been developed, in which

the porosity is viewed as the coupled parameter. The
presented model can not only consider the influence of
soil deformation on transport parameters, but also em-
body the effect of permeability change on contaminant
transport.

The numerical simulation has showed that con-
solidation deformation of soil and permeability an-
isotropy have a negligible influence on contaminant
transport.

Compared to permeability isotropy, no matter the
contaminated source is constant or attenuated, and no
matter what kind of adsorption mode, the transport of
contamination along vertical direction with perme-
ability anisotropy keeps unchanged. However, for a
given transport time, the transport distance of contami-
nant with permeability anisotropy along horizontal
direction are all greater than that of contaminant with



A Three-Dimensional Model Coupled Mechanical Consolidation and Contaminant Transport 131

permeability isotropy, furthermore, the difference be-
tween permeability anisotropy and isotropy becomes
more and more clear. Within a migration period of 30
years the difference has even reached 200 mm.

For specific transport years, the difference with
different adsorption mode appears to be not same of
contaminant transport distance in horizontal direction
with permeability anisotropy and isotropy, the differ-
ence is the biggest value with Freundlish adsorption,
and the difference keep similar with linear adsorption
and Langmuir adsorption.

ACKNOWLEDGEMENTS
Financial support for this work is provided by the

National Natural Science Foundation of China (No.
51378035). Support is gratefully acknowledged.

0.15 T=5a

u Anistl)tropy 100kPa|
# Anisotropy 300kPa;
A Anisotropy 600kPa|
Isotropic 100kPa 1
— — ~Isotropic 300kPa
—-—-Isotropic 600kPa

0.10

C(e/L)

0.05 -
0.00 ; ;
0 2 3 4
X,Y(m)
0.15 ; —T=20a .
= Anisotropy 100kPa
®  Anisotropy 300kPa
A Anisotropy 600kPa
Isotropic 100kPa
— — -Isotropic 300kPa
0.10 — - —-Isotropic 600kPa

C@/L)

0.05

X,Y(m)

REFERENCES

1. Smith, D. W., “One-dimensional contaminant transport through a de-
forming porous medium: theory and a solution for a quasi-steady-state
problem”, J. International Journal for Numerical and Analytical Meth-
ods in Geomechanics, Vol. 24, No. 8, 2000, pp. 693—722. http://dx.doi.
0rg/10.1002/1096-9853(200007)24:8<693::AID-NAG91>3.0.CO;2-E

2. Lee, J., Fox, P. J. and Lenhart, J. J., “Investigation of Consolidation-
Induced Solute Transport. I: Effect of Consolidation on Transport
Parameters”, J. Journal of Geotechnical and Geoenvironmental En-
gineering, Vol. 135, 2009, pp. 1228-1238. http://dx.doi.org/10.1061/
(ASCE)GT.1943-5606.0000047

3. Lee, J. and Fox P. J., “Investigation of Consolidation-Induced Solute
Transport. II: Experimental and Numerical Results”, J. Journal of
Geotechnical and Geoenvironmental Engineering, Vol. 135, 2009, pp.
1239-1253. http://dx.doi.org/10.1061/(ASCE)GT.1943-5606.0000048

4. Arega, F. and Hayter, E., “Coupled consolidation and contaminant
transport model for simulating migration of contaminants through
the sediment and a cap”, J. Applied Mathematical Modeling, Vol. 32,
2008, pp. 2413-2428. http://dx.doi.org/10.1016/j.apm.2007.09.024

5. Lewis, T. W., Pivonka, P., Fityus, S. G. and Smith, D.W., “Para-
metric sensitivity analysis of coupled mechanical consolidation and

0.15 . . T=10a . .
®  Anisotropy 100kPa
*  Anisotropy 300kPa
A Anisotropy 600kPa
Isotropic 100kPa 1
— — -Isotropic 300kPa
0.10 - — - —-Isotropic 600kPa
S
&)
0.05 4
0.00 T
0 3 4
0.15 . . T=30a ; ;
= Anisotropy 100kPa
#  Anisotropy 300kPa
A Anisotropy 600kPa
Isotropic 100kPa
- - -Isotropic 300kPa
0.10 1 —-—-Isotropic 600kPa

T
0 1 2 3 4
X,Y(m)

Figure 8. Contaminant concentration distribution with horizontal distance under different consolidation pressures.



132

Ce/L)

C(g/L)

C(e/L)

Z.ZHANG and Y. FANG

linear adsorption
T

0.10 -

0.05

0.15

' S'a Anisotropy
10a Anisotropy;
20a Anisotropy.
30a Anisotropy
5a Isotropic

— = 10a Isotropic

- - = 20a Isotropic
— = = 30a Isotropic

* b o m

Freundlich adsorption

0.10 S

0.05

0.00

= 5a Anisotropy
¢ 10a Anisotropy:
A 20a Anisotropy.
* 30a Anisotropy]
5a Isotropic

— = 10a Isotropic
- = = 20aIsotropic |
— = = 30a Isotropic

0.0

Langmuir adsorption

0.10 4

0.05

Sa Anisotropy
10a Anisotropy
20a Anisotropy.
30a Anisotropy]
5a Isotropic

— = 10aIsotropic
- = = 20alsotropic |
— - = 30a Isotropic

* b o m

0.15

linear adsorption

0.10 4

Cg/L)
~

0.05 4 4

S's Anisotropy
10a Anisotropy;
20a Anisotropy.
30a Anisotropy
SaIsotropic

= = 10a Isotropic

= = - 20aIsotropic

*peom

— - = 30a Isotropic

Freundlich adsorption

0.10 4

Ce/L)

0.05

0.00

S'a Anisotropy
10a Anisotropy:
20a Anisotropy.
30a Anisotropy|
SaIsotropic

— = 10aIsotropic A
- - - 20aIsotropic |
— - =30a Isotropic

* b ® u

Langmuir adsorption

0.104

C@/L)

0.05 4

T
B S5a Anisotropy
® 10a Anisotropy]
A 20a Anisotropy.
*  30a Anisotropy]
5a Isotropic

— — 10a Isotropic -
- = = 20aIsotropic |
— = = 30a Isotropic

0.00 --hax
00 05

Figure 9. Contaminant concentration distribution at different times under different adsorption modes.



A Three-Dimensional Model Coupled Mechanical Consolidation and Contaminant Transport

contaminant transport through clay barriers”, J. Computers and Geo-
technics. Vol. 36, 2009, pp. 31-40. http://dx.doi.org/10.1016/j.comp-
£€0.2008.04.003

. Fox, P. J., “Coupled large strain consolidation and solute transport. I:

Model development”, J. Journal of Geotechnical and Geoenvironmen-
tal Engineering, Vol. 133, 2007, pp. 3-15. http://dx.doi.org/10.1061/
(ASCE)1090-0241(2007)133:1(3)

. Fox, P. J., “Coupled large strain consolidation and solute transport. II:

Model verification and simulation results”, J. Journal of Geotechnical
and Geoenvironmental Engineering, Vol. 133, 2007, pp.16-29. http://
dx.doi.org/10.1061/(ASCE)1090-0241(2007)133:1(16)

. Xue, Q., Liu, L., Liang, B., Zhao, Y. and Wang, Y. B., “A gas-hy-

draulic-solid coupling dynamics model under landfill settlement”, J.
Chinese Journal of Rock Mechanics and Engineering, Vol. 26, Supp.
1,2007, pp. 3473-3478.

. Xue, Q., Zhao, Y., Liu, L. and Lu, H. J., “Study of thermo-hydro-me-

chanical-chemical coupling effect of catastrophe process of landfill”, J.
Chinese Journal of Rock Mechanics and Engineering, Vol. 30, No. 10,
2011, pp. 1970-1988.

. Li, Y. C.,, Cleall, P. J. and Thomas, H. R., “Multi-dimensional chemo-

osmotic consolidation of clays”, J. Computers and Geotechnics,
Vol. 38, No. 4, 2011, pp. 423-429. http://dx.doi.org/10.1016/j.comp-
£€0.2011.02.005

. Huang, L., Zhao, C. G., Liu, Y. and Cai, G. Q., “3D contaminant mi-

133

gration model with consolidation dependent transport coefficients”,
J. Acta Mechanica Sinica, Vol. 28, No. 1, 2012, pp. 151-163. http://
dx.doi.org/10.1007/s10409-012-0023-9

. Fan, X. D. and Zhang, X. K., “Adsorption of heavy metal by adsor-

bents from food waste residue”, J. Journal of Residuals Science and
Technology, Vol. 12, 2015, pp. 155-158. http://dx.doi.org/10.12783/
issn.1544-8053/12/S1/22

. Wei, L. D., “Study on migration and pollution in shallow groundwater

near a slag field”, J. Journal of Residuals Science and Technology. Vol.
12, No. 4, 2015, pp. 191-197. http://dx.doi.org/10.12783/issn.1544-
8053/12/4/1

. Southeast University, Zhejiang University, Hunan University and Su-

zhou University of Science and Technology. 2005. Soil mechanics,
Beijing, China Architecture & Building Press.

. Liu, J. G., Wang, H. T. and Nie, Y. F., “Fractal model for predicting

effective diffusion coefficient of solute in porous media”, J. Advances
in Water Science, Vol. 15, No. 4, 2004, pp. 458-462.

. Scholes, O. N., Clayton, S. A., Hoadley, A. F. A. and Tiu, C., “Per-

meability anisotropy due to consolidation of compressible porous me-
dia”, J. Transport in Porous Media, Vol. 68, No. 3, 2007, pp. 365-387.
http://dx.doi.org/10.1007/s11242-006-9048-5

. Zhang, W. Q., Zhao, X. H. and Zai, J. M., “Finite layer analysis for

layered and elastic half-space under arbitrary force systems”, J. China
Journal of Geotechnical Engineering, Vol. 3, No. 2, 1981, pp. 27-42.



Synthesis and Mechanism of Flocculating-Decolorizing Agent
PAD used for Polymer-Sulphonated Drilling Wastewater

QINGYANG LI!, YAN LUO>*, BING HOU? and ZIXUAN HAN?
IState Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, Southwest Petroleum University, Chengdu 610500, China
’Department of Sustainable Bioproducts, Mississippi State University, Mississippi State, MS 39762, United States
3State Key Laboratory of Petroleum Resources and Prospecting, China University of Petroleum, Beijing 102249, China

ABSTRACT: Cationic polyacrylamide (PAD) is synthesized and used as decolorizing
agent for polymer-sulphonated drilling wastewater. Compared with other widely used
decolorizing agents the wastewater processed by PAD results in a higher decoloriza-
tion speed, lower chromaticity, and less flocs. It also adapts to polymer-sulphonated
drilling wastewater with different salinity. Used for on-site wastewater, it is both efficient
and pleietrepie. It reduced the chromaticity to lower than 50 times while the COD is
reduced to 100 mg/L and even much lower than 100 mg/L. Meanwhile, the suspended
solids content is lower than 40 mg/L and the flocs content is very low. Therefore, the
processing results may greatly help the following treatment. Fourier transform infrared
spectroscopy (FTIR) and a scanning electron microscope (SEM) are used to analyze
interaction between functional groups of PAD with the polymer-sulfonated drilling waste-
water and decolorizing mechanism. The decolorizing mechanism is mainly a union of
ionic bonds, charge neutralization, and adsorption bridging between PAD and polymer-

sulphonated additives.

INTRODUCTION

HE polymer-sulphonated drilling fluid system

is stable under high temperature conditions and
much cheaper than other drilling fluid systems used
for deep wells. It is widely used for wells deeper than
3,000 m. According to a survey, about 300 m? drilling
fluid is abandoned after a 3,000-4,000 m well is com-
pleted [1]. When the waste drilling fluid is combined
with rainfall and other drilling wastewater much more
waste polymer-sulphonated drilling wastewater is
formed. Additionally, with the consistently increasing
difficulty in oil and gas exploitation many more wells
deeper than 3,000 m will be drilled which will further
generate a large amount of waste polymer-sulphonated
drilling fluid [2].

Methods of solidification and solid-liquid separa-
tion are most widely applied on-site for treatment of
drilling wastewater. Normally the chromaticity of most
water-based drilling fluid can meet the national stan-
dard after it is treated by the methods of solidification
and solid-liquid separation. However, for the waste

*Author to whom correspondence should be addressed.
Department of Sustainable Bioproducts, Mississippi State University, Mississippi
State, MS 39762, United States. E-mail address: luohaiyanabc@163.com

polymer-sulphonated drilling fluid, the chromaticity of
effluent after solid-liquid separation and lixivium from
solidification is more than 1,000 times and difficult to
treat for the reasons that conventional sulfonated ad-
ditives have better water-soluble properties and much
higher chromaticity. Therefore, the waste polymer-sul-
phonated drilling fluid needs further treatment to meet
the national standard. There are some ways such as
oxidation and electrolytic process to meet state regula-
tions but are difficult to apply on-site for high costs or
unproven technology [4-7]. Though some agents are
effective for the chromaticity, most of them decolorize
with bulky flocs left and limited COD removal effect. It
is essential to find a more effective agent to further de-
crease the chromaticity of preliminarily treated waste
polymer-sulphonated drilling fluid [8—11]. Based on
knowledge of the additives of the polymer-sulphonated
drilling fluid cationic polyacrylamide is found very ef-
fective in decolorizing the drilling wastewater. First,
cationic polyacrylamide may combine with the anionic
polymer additives which makes a greater contribution
to the chromaticity of drilling wastewater. Second,
cationic polyacrylamide may be used as a decoloriz-
ing agent for polymer-sulphonated drilling wastewater
as it also has an ability to deposit the colored material
[12-15].
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MATERIALS AND METHODS
Chemicals and Materials

Methacryloyloxyethyl trimethyl ammonium chlo-
ride (DMC, 78 wt% in water; industrial grade) and
acrylamide (AM, 99%; industrial grade) were obtained
from Beijing Aoli Chemicals Co., Ltd. Sodium sulfite,
potassium persulfate, ethanol, sulfuric acid, and ace-
tone of analytical grade were purchased from Beijing
Aoli Chemicals Co., Ltd. Drilling fluid additives (in-
dustrial grade) were provided by CNPC Offshore En-
gineering Co., Ltd. All chemicals and aforementioned
materials were used directly without purification. Sev-
eral decolorizing agents such as CW-08, SHQN, and
QTRY (industrial grade) were purchased from Yixing
Cleanwater Chemicals co., Ltd, and YH-3 was provid-
ed by Jiangsu Oilfield of SINOPEC.

Synthesis and Characterization of PAD

To find the cationic polyacrylamide with the most
suitable cationic degree and molecular chain for poly-
mer-sulphonated drilling wastewater single factor ex-
periments were made and finally the decolorizing agent
(PAD) was synthesized by 10 g acrylamide (AM) and
37.5 g acryloyloxyethyl trimethyl ammonium chlo-
ride (DMC) with 0.05 g Na,SO; and 0.05 g K,S,04 as
initiators in 52.5 g aqueous solution. The whole reac-
tion was performed at 45°C for 4.5 h under nitrogen
atmosphere and 0.3 g EDTA was used as cross-linking
agent. FTIR spectra were characterized by the Nico-
let iS50 FTIR spectrometer (KBr pellets). SEM im-
ages were obtained using the Quanta250 SEM under
environmental scan mode. Zeta potential and particle
size in treated wastewater were determined using the
ZETASSEZER NANOZ and MASTERSIZER2000,
respectively.

Preparation of Wastewater used for Experiment

Polymer-sulphonated drilling fluid was prepared ac-
cording to the methods of Xinjiang Oilfield, Sichuan
Oilfield, and offshore oilfield of Chinese National Pe-
troleum Corp.

Preparation of polymer-sulphonated drilling flu-
id: 4% Bentonite + 0.1% Sodiumhydroxide (NaOH)
+0.05% Sodiumcarbonate (NaCO;) + 0.5% Fluid loss
agent (BDF-100S) + 3% Sulphonated phenolic resin
(SMP) + 2% Sulfonated lignite (SPNH) + 3% Anti-
collapse agent (BDSC-300L) + Stabilizer for borehole
wall (Asphalt) + 1% Lubricant (BDLU-100L) + 1%
Potassiumchloride (KCI) + 350 g Barite.

Then, the prepared drilling fluid was hot rolled for
16 h at 150°C to simulate the used drilling fluid. Af-
ter that, the drilling fluid was centrifuged for 20 min
at 3,500 rpm. The upper liquid was diluted 100 times.
The diluted water was used as the wastewater for fur-
ther treatment. The chromaticity and the COD of the
wastewater are 1,200 times and 916 mg/L, respectively.

Evaluation of Decolorization Rate

The 0.5 wt% PAD solution in water was prepared.
Under certain condition, a specified volume of 0.5 wt%
PAD solution was added into the beakers containing
100 ml polymer-sulphonated drilling wastewater. The
chromaticity was tested by the platinum-cobalt meth-
ods and the dilution multiple method. When the chro-
maticity was higher than 70 times, the upper liquid was
diluted to less than 70 times before tested by the plati-
num-cobalt method. While the chromaticity was lower
than 70 times, the upper liquid was tested directly by
the platinum-cobalt method. Regarding Equation (1),

Decolorization rate (%) = (1 — C/C,) x100% (1)

where Cy and C, represent the chromaticity of decol-
orized wastewater and the chromaticity of original
wastewater, respectively.

Analysis of the Main Materials Responsible for the
Chromaticity

The component of polymer-sulphonated drilling flu-
id was analyzed to find out the additives most respon-
sible for chromaticity. Organic additives were prepared
as a solution according to their dosage in drilling fluid,
respectively. The chromaticity of each organic additive
is seen in Table.1.

Table 1. Chromaticity of Each Organic Additive.

Additives BDF-100S SMP SPNH BDLU-100L BDSC-300L Asphalt
Dosage (Wt%) 0.5 3 1 3 0.5
Chromaticity (times) colorless 120800 709000 milky colorless 284
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CH,SO3Na

CH, CH,SO3Na
CH, OH

CH,SO3Na CH;
Figure 1. Sulphonated phenolic resin.

Sulphonated phenolic resin and sulphonated lignite
which have high chromaticity and most widely used
at present were found to mainly affect chromaticity of
wastewater. The main structures of sulphonated pheno-
lic resin and sulphonated lignite are seen in Figures 1
and 2, respectively.

RESULTS AND DISCUSSION
Effect of PAD Dosage on Decolorization Rate

First, the pH of wastewater was adjusted to 5 to de-
stroy the stability of waste drilling fluid because drill-
ing fluid is more stable in alkaline condition. Then, a
certain amount of PAD solution was added into the
beakers containing 100 ml polymer-sulfonated drilling
wastewater. The decolorization effect, zeta potential,
and flocs are seen in Figures 3 and 4..

Seen in Figure 3 decolorization rate increases with
increasing PAD dosage from 0.25-0.35 g/L and then
decolorization effect decreases with further increase in
dosage level to 0.50 g /L. This suggests the sulphonated
phenolic resin and sulfonated lignite are removed at the
optimal dosage of 0.35 g/L. Also, at this optimal dosage
the flocs are the least and the zeta potential approaches
0 mV as seen in Figure 4 which indicates that elec-
trostatic interaction was responsible for decolorization.
When added into drilling wastewater PAD absorbs on
the chain of additives. At low dosage levels of PAD the
system of wastewater does not lose stability complete-
ly and the flocs are negatively charged because of ex-
cessive anionic additives. Anionic additives with high
chromaticity may still dissolve in wastewater or adsorb

COONa

\ CH;—S0O3Na

T SN

ONa
Figure 2. Sulfonated lignite.
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Figure 3. Effect of dosage on decolorization rate.

on flocs which would cause flocs to be dispersed. This
is due to the electrostatic repulsive interaction between
the flocs. As the dosage of PAD increased the stability
of wastewater and charge density of the flocs decreased
which caused a decrease in stability of the flocs. Also,
more dissolved anionic additives are combined. Re-
sidual color of the sample as a result became lighter
and flocs became compact. When PAD is over-dosed
the flocs are positively charged. Dispersion stability of
compactness of flocs increased due to a higher positive
charge density [16—18].

Effect of pH of Wastewater on Decolorization Rate

The pH of wastewater plays an important role in
the decolorization process. Normally, the pH of poly-
mer-sulphonated drilling wastewater is about 9 which
caused the system to be fairly steady. To break stability
of the wastewater the pH of wastewater was adjusted
to become acidic. Decolorization rate at different pH
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Figure 4. Influence of dosage on zeta potential.
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Figure 5. Effect of pH of wastewater on decolorization rate.

levels using a 0.35 g/L dosage level is displayed in Fig-
ure 5.

When the pH of wastewater is higher than 4.0 the
decolorization rate and zeta potential increase with an
increase of H" concentration. When the pH of waste-
water is lower than 4.0 the decolorization rate reduces
and zeta potential continuously rises with the increase
of H'. The studied wastewater has the best decoloriza-
tion rate at a wastewater pH of 4.0 and zeta potential
of approximately zero. The system losses its stability
with an increase in concentration of H" which is sup-
ported by the changing trend of Zeta potential [19, 20].
Too much H* screens the opposite charges of anionic
additives and decreased both decolorization rate and
the bonding between anionic additive and PAD. Fur-
thermore, the structure of PAD may be destroyed under
mild acidity. The system has the worst stability. How-
ever, PAD would work most efficiently at a wastewater
pH of 4.0.

Effect of Stirring Rate and Stirring Time on
Decolorization Rate

Stirring rate and stirring time have a great effect on
the decolorization rate. To find the best stirring rate
and stirring time corresponding experiments were per-
formed at the dosage level of 0.35 g/L and a wastewa-
ter pH of 4.0. After the optimal string rate and stirring
time were determined the laser particle analyzer (Mas-
tersizer2000) was used for analyzing the phenomenon
and testing the size of particles remaining in the waste-
water. Results are seen in Figure 6 (stirring rate) and in
Figure 7 (stirring time).

Figures 6 and 7 show variations in decolorization
rate and D s with stirring rate and stirring time, re-

200

100 | g
A / - 180
95 - A
g L 1160
2 e} \
— A ’é\
5 | o - 10 &
=
@ l 3
g 85 o
5 H 4120
@
A 80 4
—4— Decolorization rate
3 —aD - 100
05 A
75 1]
I n 1 s 1 " 1 s 1 " I 80
10 20 30 40 50 60

Stirring rate (rpm)
Figure 6. Effect of stirring rate on decolorization rate.

spectively, at room temperature. An appropriate stir-
ring rate and time may be propitious to execute the
PAD function, accelerate the decolorization process,
and enhance the decolorization effect. When stirring
rate is too rapid and stirring time is too long the PAD
chain is cut too short to form large flocs and precipi-
tated large flocs may be broken down into small par-
ticles that cannot be precipitated. Decolorization effect
decreases as a result. However, when the stirring rate
is too slow and the stirring time is too short the PAD
cannot be dispersed well in the polymer-sulphonated
drilling wastewater [21]. The PAD cannot completely
react with sulphonated phenolic resin and sulfonated
lignite and thereby resulting in failure of colored par-
ticles in the waste drilling water attaching to each other
and the PAD reacts with more particles. Figures 6 and
7 display that the decolorization rate first increased
and then decreased with an increase in stirring rate and
time. The decolorization rate reached a maximum at
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Figure 7. Effect of stirring time on decolorization rate.
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a stirring rate of 30 rpm and a stirring time of 2 min.
Decolorization rate is in agreement with the D, 5 of ef-
fluent because the D 5 is bigger and the little particles
are less [22].

Comparison with Several Decolorizing Agents

Performance of PAD was compared with several de-
colorizers on the market. These agents include SHQN,
QTRY, CW-08, and YH-3. To compare them fairly the
best dosage, pH, string time, and string speed of the
four agents was found, respectively. The best decolor-
ization rate of each was determined, respectively.

Comparison of Decolorization Rate, COD Removal
Rate, and Volume of Flocs

The decolorization rate, COD removal rate, and vol-
ume of flocs are seen in Table 2.

As seen in Table 2, CW-08, QTRY, SHQN, and
YH-3 possess the ability to decolorize. However, the
COD removal rate of each is poor and the leftover flocs
is even twice that of PAD. Compared with agents men-
tioned above, PAD decolorized the wastewater most
accompanied with a high COD removal rate and less
flocs leftover. Therefore, PAD is considered as a strong
and effective decolorizing agent for polymer-sulpho-
nated drilling wastewater.

Table 2. Comparison of Decolorization Rate, COD
Removal Rate, and Volume of Flocs.

Decolorization COD Removal Volume of

Decolorizing Agent Rate (%) Rate (%) Flocs (%)
CW-08 98.8 2.0 17.3
QTRY 99.0 11.6 17.8
SHQN 99.1 24 16.7
PAD 99.1 94.0 8.9
YH-3 97.7 44.7 11.5

Comparison of Decolorizing Speed

To compare decolorizing speed visually, the decol-
orizing processes of YH-3, QTRY, CW-08, SHQN,
and PAD were each photographed at time intervals of 5
min, 10 min, 1 h, 4 h, 8 h, and 24 h. Measuring cylinder
from left to right of each picture contains wastewater
disposed by YH-3, QTRY, CW-08, SHQN, nothing,
and PAD (Figure 8).

Figure 8 suggests that PAD has the fastest decolor-
izing speed. It has an obvious effect at 5 min and the
water is nearly clear one hour later. At the 4 h time
interval the flocs settle to the bottom of the measur-
ing cylinder. This may be that the decolorizing speed
is too fast to squeeze out the water in the flocs at the
beginning of decolorizing process causing the rela-
tively large volume and relatively small density of

Smin later

24h later

8h later

4h later

Figure 8. Decolorizing processes.
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Table 3. Influence of NaCl and Ca,Cl on Decolorizing Effect.

NaCl Ca,ClI

NaCl + Ca,Cl

Dosage (%) Chromaticity (times) Dosage (%)

Chromaticity (times)

Dosage (% +%) Chromaticity (times)

1.00 250 0.05
2.00 128 0.10
3.00 104 0.15
4.00 75 0.20
5.00 75 0.25
6.00 100 0.30

65 1+0.05 60
40 2+0.10 55
100 3+0.15 130
115 4+0.20 140
140 5+0.25 150
140 6+0.30 150

flocs. Eight hours later the flocs become tight fibrous.
The decolorizing process of PAD is completed while
the decolorizing process of other agents continues and
flocs look like sand.

Influence of Salinity on Decolorizing Effect

Salinity varies in different drilling wastewater.
Therefore, to decolorize the well in-site it is significant
to study influence of salinity on decolorization. First,
the pH of polymer-sulphonated drilling wastewater
was adjusted to 4. Then, a different dosage of NaCl
and Ca,Cl was added. Finally, it is mixed for 2 min at
the stirring rate of 30 rpm after a decolorizing agent
was added at a dosage of 3.0 g/L.

Seen in Table 3 both NaCl and Ca,Cl have great in-
fluence on decolorization. When the dosage of decolor-
ization agent is not enough a small quantity of mineral
salt has a positive effect on decolorization for the rea-
son that the mineral salt can neutralize the electronega-
tivity of polymer-sulphonated agent. However, when
the mineral salt is in excess it has a negative effect for
the reason that the excess cation will hinder the con-
nection of the decorizition agent and polymer-sulpho-
nated agent. Therefore, the dosage of the decoloriza-
tion agent should be adjusted according to the salinity
in the lab before its used on-site.

Treatment of On-Site Drilling Wastewater

Drilling wastewater from Jiangsu oilfield, South-
west Oil & Gas field and Tarim Oilfield was decolor-
ized, respectively. Results are seen in Table 4.

Seen in Table 4 the chromaticity of treated waste-
water from the three oilfields can met the primary
standard of China. Meanwhile, the decolorizer has the
extra effect of decreasing suspended solids content and
COD which reduces suspended solids content under
the primary standard of China and the COD under the
secondary standard at least. Results indicate that the
decolorizer is efficient and multifunctional helping to
reduce the subsequent difficulty of treatment.

FTIR and SEM Analysis

To investigate chemical interaction between PAD
and wastewater, the PAD wastewater and flocs were
dried and pressed into pellets together with dried potas-
sium bromide (KBr) for FTIR studies. The FTIR spec-
tra are seen in Figure 9.

FTIR band at 954.09 cm™!, representing quaternary
ammonium of PAD, weakens in intensity and slightly
shifts to 952.65 cm™! in the formed flocs. Within the
FTIR spectrum of dried wastewater, bands at 1,043.06
cm!, 1,126.89 cm™! and 1,186.67 cm™! represent sul-

Table 4. Result of Treating On-site Drilling Wastewater.

Suspended
Solids Content

Source of Wastewater Condition Chromaticity (times) COD (mgl/L) (mg/L) Flocs Content (%)
) » before treatment 2500 1024 456 —
Jiangsu Oilfield treated 33 101 16 50
. . before treatment 1600 1100 1240 —
Southwest Oil & Gas Field treated 25 84 33 33
. - before treatment 2600 654 121 —
Tarim Oilfield treated 15 54 12 13
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fonic group. FTIR spectrum of flocs shows that the
peak at 1,043.06 cm™! broadens and shifts to 1,030.27
cm ! while the peak at 1,126.89 cm™' disappears
and the peak at 1,186.67 cm™' weakens and shifts to
1,176.00 cm™'. These changes indicate sulfonic groups
in additive molecules of wastewater react with qua-
ternary ammonium of PAD and form products like
-N* (CH;);SO;5 — in aqueous solution [23,24]. Addi-
tionally, the band at 3,415.75 cm™! representing ~-NH,
becomes boarder and shifts to 3,301.54 cm™' while
the peak of C=0 at 1,669.46 cm™' disappears in flocs.
These changes indicate that PAD may show good ad-
sorbability by amide group.

SEM was used to interpret the mechanism of de-
colorization intuitively and to further verify the FTIR
results. The SEM images of PAD in 0.5% aqueous so-
lution and flocs under different magnification are seen
in Figure 10.

The structure of PAD in aqueous solution looks like
a spider web. The spider web is three-dimensional and
possesses a definite range of strength. When the decol-
orizing agent acts on the drilling wastewater the spider
lines become thicker and the space truss is filled with

other substances. This makes the whole flocs look like
a braid. On one hand the attraction of the negatively
charged material (e.g., sulonated enolic resin and sul-
fonated lignite) combine with positively charged func-
tional groups on spider web coarsening the spider web.
However, on the other hand through the combination
of hydrogen bonding and nucleoilic reaction other wa-
ter-soluble additives are wrapped into the spider web
making the space trusses of the decolorizing agent tight
[25].

CONCLUSION

The decolorizing agent, PAD, synthesized by acryl-
amide (AM) and methacryloyloxyethyl trimethyl am-
monium chloride (DMC) using the solution polym-
erization method was found to be very effective in
decolorizing polymer-sulfonated drilling wastewater.
Based on electric charge interaction and adsorption
PAD can break the structure of the wastewater and act
on anionic additives. For polymer-sulfonated drilling
wastewater prepared in lab the optimal PAD dosage,
pH of wastewater, stirring rate, stirring time are 0.35
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Figure 9. FTIR spectra of (a) PAD, (b) dried wastewater, and (c) flocs.
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Figure 10. SEM images of PAD and flocs.

g/L, 4, 30 rpm, and 2 min, respectively. This result-
ed in a decolorization rate up to 99.1%. Additionally,
compared with other chemical agents mostly used for
polymer-sulfonated drilling wastewater, PAD created
less flocs and higher COD removal ability. Compared
with electric coagulation and catalysis the method
barely needs power and additional equipments. PAD is
also suitable for polymer-sulfonated drilling wastewa-
ter with different salinity and shows good effectiveness
for oilfield wastewater. Though the specific ingredients
of different polymer-sulfonated drilling fluids changed
a lot the decolorization processing principles are simi-

lar. Therefore, before the polymer-sulfonated drilling
wastewater is decolorized further some related labo-
ratory tests might be required to obtain the most spot
effects.
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to Determine a River’s Pollution Source
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ABSTRACT: This study stems from a current lack of technology to assess pollutant
sources along rivers located in China. A positive water quality distribution model for
pollution sources was established, which applies reverse tracing to investigate the likely
source of pollution, and a positional method of accidental chemical oxygen demand
(COD, analyzed using the dichromate method GB11914-89, the COD in this paper
therefore refers to COD,,) of the pollution source in a river was proposed. This method
is based on the COD degradation principle in a natural water body, where the variation
in the concentration of pollutants in the controlling cross sections was calculated by
establishing a mathematical model. A set of calculated values for the controlling cross
sections were determined by making educated assumptions about each accidental out-
let. The calculated value and the monitored value in the same cross sections were then
matched, and the outlets with calculated values that were closer to the monitored value
are likely to be the sources of accidental pollution. On this basis, the probability values
of these matching outlets were calculated by error sequence.

A Positional Method for Accidental Chemical Oxygen Demand

INTRODUCTION

NDUSTRIAL enterprises in China are mainly located

along rivers. The wastewater produced by industri-
al facilities is treated to satisfy the relevant standards
[1,2], and then discharged into the rivers. Restricted
by technology and economic conditions, daily online
monitoring of the water quality in the outlet area is
not practical [3]. When a pollution accident occurs in
a river basin, the examination of just one water sample
from each outlet, using emergency monitoring equip-
ment, requires a large amount of time. It takes 2 h for
the current COD (chemical oxygen demand) emergen-
cy monitoring equipment to analyze one sample, and
only one sample can be prepared at a time. This kind
of expensive monitoring equipment cannot possibly be
equipped, therefore, manual checking of the outlets,
one by one, is standard working procedure [4,5]. When
pollution accidents occur in a river basin, the accidental
pollution source is mostly unknown and the determina-
tion of the source takes a long time, through repetitive
work, and often the pollution source is not determined
rapidly enough. If the pollution source cannot be de-
termined and controlled, the amount of pollution will
likely increase. This may in turn lead to citizens having
a lack of confidence in their government.

*Author to whom correspondence should be addressed.
Tel: 008613880727070. Email: 273620202@qq.com.

METHODS

Practical Considerations for Accidental Pollution
Source Positioning

Currently, there are 119 automatic river water qual-
ity monitoring stations working and under construction
in China. All stations are located at the entrance or exit
of the important administrative areas along the main
rivers. These monitoring stations can be seen as the
first line of defense in water quality warning systems.
When pollution incidents occur, the variation of water
quality indexes can be captured by the automatic moni-
toring stations in the river basin. The location in the
river where the first automatic monitoring station de-
tects the pollutant will be referred to as the controlling
cross section. The first cross section upstream from the
controlling cross section, which is not polluted, will
be used for comparison, and the river section between
them will be referred to as the controlling river section
(the polluted section).

Following initial discharge into the river, the pol-
lutants will become diluted and degrade over time.
Therefore, if pollutants beyond the normal level are
discharged by different outlets, the water quality index
in the controlling cross section will be different. The
untreated industrial wastewater discharged directly by
an outlet will be seen as the produced amount, while
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the wastewater discharged by other outlets will be seen
as the discharged amount. Based on this, we hypoth-
esize that each pollutant discharge cross section is the
accidental pollution source in sequence, then predict
the COD value on the controlling section. By analyz-
ing the water quality index on the controlling cross sec-
tion, the position of the accidental pollution source in
the controlling section of the river can be located.

Establishment of a Positioning Model to Predict
the Source of Accidental Pollution

The existing water quality model involves a number
of variables and can be conducted in many different
ways. According to spatial distribution characteristics
of water quality variation, the water quality model can
be seen as zero-dimensional, one-dimensional, two-
dimensional, and three-dimensional. According to the
variation of water quality against time the water quality
model can be divided into a stable model and a dy-
namic model. According to variables used in the model
it can be divided into a single component model and
a multiple component model. According to the math-
ematic characteristics of the solution to the model it
can be divided into a deterministic model and a random
model. According to reaction dynamics characteristics
it can be divided into a net migration model, a pure
reaction model, a migration and reaction model, and an
ecological model [6-9]. There are far too many input
parameters for these models and the analytical work
involved is overwhelming [10—-13]. It is not a practical
method for predicting the source of pollution accidents
which is why a reasonable pollutant transmission mod-
el to simulate the impact of pollutants on water quality
is required.

The online monitoring location of each political area
is only set at the entrance and exit of each administra-
tive area. Therefore, the length of the river that con-
tains the source of accidental pollution is quite expan-
sive. The pollutant can be seen as mixed even when
it reaches the downstream monitoring cross section
[14—17]. Therefore, the variables studied herein in-
clude upstream background input, the secondary river
input, the industrial pollution input, the central munici-
pal wastewater outlet, the area source input, the river
section output, and the density variation in the vertical
direction (i.e., water flow direction).

Pick a river section, A, between two neighboring
pollution sources. The location of pollution source 1
is cross section I and the location of pollution source 2
is cross section II. Daily COD discharge in cross sec-

tion I is Qcpp; and in cross section II the daily COD
discharge is Qop,. The length of the river section is L
(km), the area source input of the river section is g*L in
which ¢ is the area source input in a unit section length
(kg/km-d), and Q,ppy 1s the background input of the
upper stream. Assuming the total area source input in
cross section I'is Qcopy, then Ocopr = Ocopo + Qcopr-

COD is a nonpersistent substance. It will degrade
due to chemical or bio-reactions in the environment.
Degradation follows the rule of first class reaction dy-
namics. It also depends on flow distance and degrada-
tion of the substance. Neglecting the discrete action the
COD amount in any position, x, of the river section can
be described follows in Equation (1):

do *

—<0 —g—k Qcop (1)

dx

Boundary condition: when x =0, Orop = Ocoprsuch

that the integral of Equation (1) along distance x should
be as follows in Equation (2):

Ocopy =Ocopre " - + %(1 —e*) ()

If x is equal to the length of river section L, then the
output COD in the end cross section of the river section
is as follows in Equation (3):

Ocopr = QCODle_k g +%(1—3_k L) 3)

Therefore the pollutant output amount in cross sec-
tion II is as follows in Equation (4):

QCODII =

(Qcopo + Qcopr)exp(—k L)+ ?[l —exp(—k L)]

Since pollution source 2 enters the river at the exit
of river section A it has no contribution to pollution in
river section A and only impacts the following river
section. It will thus be seen as an input in the down-
stream river section.

If there is a river section similar to river section A on
the downstream side of cross section II (i.e., there’s a
third pollution source downstream of pollution source
2), then the output amount Qpy of river section B
can be described according to Equation (4). According
to the position of pollution source the river section can
be divided into several sections L, L,, L5 . . . L,,. The
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output of the sub-section can be seen as the input of the
next sub-section. Then, the output of each sub-section
can be obtained and Equation (5) for calculating the
output of n number of sections is:

_(QCODO + Ocop1) exp(—k *L) |

Ocop = +Z[Qcom exp(— k*ZLj )]
i=2 =i (5)

q q *
P SRk D

The upper stream background input Q ), the pol-
lution load of each source or sub-section of the fixed
river section Qcop;, the distance from each pollution
source to the controlling section L;, the pollution load
of the areal pollution source per unit river section per
unit time ¢, and the decreasing rate k* of the pollutants
are parameters. After Equation (5) if all these param-
eters are known the pollution load O, of the control-
ling cross section or the terminal of the polluted river
section can be calculated using Equation (6):

Ocopo €xp(—k *L)

+> [Qcopi exp(—k™ Y L]
i=1 J=i

(6)

9 4 *
+—*——*ex -k L
P p(=k L)

Ceon 864 % u

Based on the previously mentioned positional meth-
od of locating the accidental pollution source the first
special condition is that there might be more than one
pollutant outlet in any cross section in the polluted
river section. This means there can be more than one
outlet contributing to the pollution discharge cross sec-
tion that is established according to the pollution out-
let position. Under this condition, the C[,,,, which is
calculated from the above method needs to be adjusted
(i.e., when there are » number of outlets in some cross
section a,;, where >1) and then total COD, QO ¢p;, 15
the aggregate COD of each outlet. When calculating
the possible COD amount of this cross section under
the accidental condition the COD amount of the cross
section is calculated by assuming each outlet as the
produced amount and other outlets as the discharged
amount in sequence. This means in the above method,
the ith pollution discharge cross section, a;, has » num-
ber of polluted outlets in sequence. Thus, there would

be 7 number of datapoints Ocopj,) for the total COD in
the ith pollution discharge cross section Ocpi, ¥ =1, 2,
... r,and Equation (7):

,
Ocopi,,, = 9copiy + Z Ocobix

X#Y

where Qcpp, 1s the COD produced by the yth out-
let, which is the supposed accidental pollution source
(kg/d) obtained from the local environmental protec-
tion department. Qcppy(y) is the COD discharged from
other outlets contributing to the i pollution discharge
cross section (kg/d) obtained from the local environ-
mental protection department.

Another special condition is where the outlets in a
river section are located very close to each other. Under
this condition if one cross section is built for each out-
let there would be too many cross sections and the dis-
tance between two neighboring sections would be too
short. The inspection period would take too long and
have an adverse effect on precision. Under these cir-
cumstances the outlets located close to each other are
merged into one outlet according to the Environmental
Impact Assessment Technical Specification — Surface
Water Environment (HJ/T2.3) regulations such that all
outlets are separated into different cross sections. Then,
the location of each discharge cross section (a;, i =1, 2,
... n) in the polluted river section and the distance (/;,
where i =1, 2, . .. n) between «; and the control cross
section is determined. Therefore, where there is more
than one outlet in a certain discharge cross section the
above mentioned method can be used to finish the cal-
culated prediction.

APPLICATION

The Yangtze River section in Yibin City has third-
level quality surface water in which the upper limit
COD is 20 mg/L. The COD pollution accident chosen
for this study is an industrial center along the Yang-
tze River section in Yibin City. When the industrial
unit was under maintenance and no pollution was dis-
charged this is taken as the normal condition. When
it starts to work and discharge, it is presumed to be a
COD pollution accident. The basic information on the
pollution source provided by the local environmental
protection department is seen in Table 1 where all the
outlets that are very close to each other are merged. Af-
ter analysis 15 discharge cross sections were confirmed
as oy, a, . . . a,5. The basic data of the controlling sec-
tion is seen in Table 2.
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Assume cross sections a;, d,, 0 . . . 05 are the acci-
dental pollution source cross sections in sequence and
for each cross section assume Qn is the pollution outlet.
According to Equations (6) and (7) the predicted COD
value of the related controlling cross section Cgpp,,
i=1,2,...n1s seen in Table 3.

L. YING, L. YONG, O. FENG and C. YU

By comparing calculated results in Table 3 and the
Ccop value (11.88 mg/L) of the controlling cross sec-
tion it shows that the value of cross section o, (11.87
mg/L) is most similar to the controlling cross section.
Upon practical examination the predicted result fits re-
ality.

Table 1. Pollution Sources and Data of Discharge Cross Section a;.

Distance from Cross Section (a;)

COD Generation COD Discharge

Cross Section a; Pollution Source to the Controlling Section, /; (km) (t/a) (t/a)
Q1 83.3 100419.20 28691.20
Q2 83.3 3.15 0.90
Q3 83.3 15.05 4.30
Q4 83.3 700.00 200.00
ay Q5 83.3 137690.00 39340.00
Q6 83.3 63.00 9.00
Q7 83.3 214.90 30.70
Q8 83.3 35.00 5.00
Q9 83.3 44.80 6.40
Q1 82.3 15000.00 600.00
Q2 82.3 1.40 0.20
%2 Q3 82.3 224.00 32.00
Q4 82.3 32557.50 1302.30
Q1 81.3 4154.60 4154.60
Q2 81.3 1344.00 192.00
a5 Q3 81.3 56.00 8.00
Q4 81.3 212.80 30.40
Q5 81.3 256.20 36.60
oy Q1 80.3 147224.00 21032.00
as Q1 79.3 540540.00 54054.00
ag Q1 77 107020.00 0
az Q1 61 8662.50 346.50
ag Q1 61 2250.00 90.00
ag Q1 56.1 4935.00 493.50
a0 Q1 42.3 1890.00 270.00
Q1 40.2 7.00 1.00
Q2 40.2 10066.70 10066.70
Q3 40.2 210.00 30.00
Q4 40.2 3.50 0.50
Q5 40.2 55.65 15.90
Q6 40.2 138.25 39.50
%1 Q7 40.2 126.00 36.00
Q8 40.2 1504.00 188.00
Q9 40.2 842.50 33.70
Q10 40.2 2270.10 324.30
Q11 40.2 63000.00 9000.00
Q12 40.2 240.00 9.60
a9 Q1 38 36000.00 1440.00
aq3 Q1 22.8 4102.70 4102.70
044 Q1 19.6 70000.00 10000.00
Q1 5.5 27828.00 2319.00
15 Q2 55 3000.00 250.00
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Table 2. Basic Data of the Controlling River Section.
Ccono Qcono Ccop L q[16] u v k*[18]
(mgl/L) (kg/d) (mg/L) (km) (kg/km-d) (m3/s) (m/s) (1/km)
11.74 4595.40 11.88 86 11792.60 4530.45 0.94 0.00246
DISCUSSION

Since there are some parameter and calculation er-

Table 3. Calculated COD Value.

Predicted COD Value of Related
Pollution Controlling Cross Section, Cgqp;

rors in the simulation and there might be several match- Cross Section a, Source (mg/L)
ing values in the simulation, the information acquired o1 1165
is just a probability value. Define a binary unit 4(a;,0)) Q2 123
inwhicha; i=1, ..., nrefers to the ith discharge cross Q3 11.23
section, Q;, where j =1, . .., m and refers to the jth Q4 11.23
pollution discharge outlet, and 4(a;,Q)) refers to the jth a Q5 11.81
pollution discharge outlet in the ith cross section. It is Q6 11.23
thus observed that A(a;,0)) can refer to only one pollu- Q7 11.23
tion discharge outlet. Q8 11.23
Suppose one discharge outlet 4(a;,0)) is the acciden- Q9 .23
tal pollution source, calculate the COD value (Cgpp;) Qi 11.31
of the monitored cross section downstream that is the a gi 1122
controlling cross section with Equation (3). There the Qs a1
calculated COD value (Cpp,) is marked as C(,p o 123
(a;,0;). The monitored COD value from the controlling az » 4
cross section is Cqp. Let the deviation be the differ- " Q3 1123
ence of the calculated and tested COD value, marked ’ Q4 11.23
as: Q5 11.23
ay Q1 11.98

COD,i=1,...,nj=1,...,m o Q1 1413

. ag Q1 11.87

And let Equation (8) be . o 1128
MAX (r(a;,0,)) ag Q1 11.24

m(a;, Q) = W (8) ag Q1 11.26

arg Q1 11.24

j can be calculated [Equation (9)]: Q1 11.23
Q2 11.23

PY(a.0) = ma;, Q) 1 Q3 11.23
) S @ 0D @00y, H(@rn0) o n
Q6 11.23

® o Q7 11.23

The deviation and probability for a pollution source Q8 11.24

is provided. Results are seen in Table 4. Q9 11.23
Q10 11.24

CONCLUSION ar 11.58
Q12 11.23

When sudden pollution accidents occur in a drain- G2 Ql 1145
age area the method proposed herein can be used ™3 Qi .23
alongside a basic database for each outlet provided 14 Q1 11.63
by the local environmental department. This method e g; 11‘21;

involves comparison of monitoring data from river
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Table 4. Deviation and Probability of
Pollution Source.

Cross Section a; Pollution Source r(a;Q) P°(aj,Qj)
Q1 0.23 2.25
Q2 0.65 0.80
Q3 0.65 0.80
Q4 0.65 0.80
ay Q5 0.07 7.41
Q6 0.65 0.80
Q7 0.65 0.80
Q8 0.65 0.80
Q9 0.65 0.80
Q1 0.57 0.91
Q2 0.65 0.80
%2 Q3 0.65 0.80
Q4 0.47 1.10
Q1 0.65 0.80
Q2 0.64 0.81
a5 Q3 0.65 0.80
Q4 0.65 0.80
Q5 0.65 0.80
ay Q1 0.10 5.19
as Q1 2.25 0.23
og Q1 0.01 51.86
az Q1 0.60 0.86
ag Q1 0.64 0.81
ag Q1 0.62 0.84
aq Q1 0.64 0.81
Q1 0.65 0.80
Q2 0.65 0.80
Q3 0.65 0.80
Q4 0.65 0.80
Q5 0.65 0.80
Q6 0.65 0.80
1 Q7 0.65 0.80
Q8 0.64 0.81
Q9 0.65 0.80
Q10 0.64 0.81
Qn 0.30 1.73
Q12 0.65 0.80
i Q1 0.43 1.21
043 Q1 0.65 0.80
g Q1 0.25 2.07
Q1 0.47 1.10
%15 Q2 0.63 0.82

cross sections to a control cross section. Through cal-
culation the accidental pollution source can be located
relatively quickly. This reduces the need to retrieve and
analyze samples from each outlet. The monitoring lo-
cation in China is usually set at the entrance and exit of

a political area the distance between which is hundreds
of kilometers. Therefore, there may be many suspected
pollution outlets if pollution accidents take place. Un-
der these conditions the proposed method can shorten
the period of time taken to locate the pollution source
or significantly narrow the pollution source area or fo-
cus. Thus, the amount of work involved is significantly
decreased, the scale of pollution can be lowered, the
recovery period for the environment can be shortened,
and costs can be decreased.
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ABSTRACT: Biosolids with different loading rates were applied to soil planted with rain-
fed barley to study the effects of applying biosolids on soil and on barley’s straws and
grains yield. Randomized Complete Block experimental design was employed with 5
treatments. This included a control and four replicates to test the null hypothesis which
states that there is no significant difference between treatment means on crop and soil
parameters vs. the research hypothesis which states applying biosolids to land planted
with rain-fed barley affects both soil and crop parameters. Biosolids loading rates were
0 as a control, 2, 4, 6, and 8 metric tons/ha.

Soil at the testing site had a high clay content in the sub-soil and relatively lower clay
content on the surface, probably due to wind erosion. The soil was slightly calcareous
with lime content increasing with depth and with a slight alkalinity. Organic matter and
phosphorus contents of soil were low with colors that varied from reddish brown to yel-
lowish brown.

At harvesting time, there was no significant differences in grain yields at different bio-
solids loading rates with a p-value of 0.52. Average grain yields of 2.86, 3.37, 3.4, 3.57,
and 3.20 tons/ha were measured at biosolids loading rates of 0, 2, 4, 6, and 8 tons/ha,
respectively. Average grain yield of 3.00 for a recommended inorganic fertilizer rate of di-
ammonium phosphate and Urea traditionally applied at rates of 90 kg/ha and 20 kg/ha,
respectively, showed a yield higher than the 0 biosolids loading rate. However, it was
lower than all other biosolids loading rates.

It was determined that applying biosolids to soils planted with rain-fed barley signifi-
cantly increased straw yield and straw protein content. No significant increase in grain
yield or in grain protein content was measured. It was also determined that a statistical
significant decrease in the thousand grain weight occurs as biosolids loading rates in-
creased with a p-value < 0.000001. This has negative effects on barley’s grain quality.

No significant increase in heavy metals in the crop or the soil was observed in the
biosolids treated plots. However, increases in soil organic carbon, total Kjeldahl nitrogen
and salt concentrations were increased with increasing biosolids loading rates.

The null hypothesis tested in this study showed that applying biosolids to soils planted
with rain-fed barley had positive effects on the crop with no effects on the soil in compari-
son with no application of biosolids and the application of inorganic fertilizer.

OBJECTIVE

HE objectives of this study were to determine ef-

fects of applying biosolids to soils planted with
rain-fed barely on the soil and the crop and to deter-
mine the optimized biosolids loading rate that gener-
ates ultimate biological yield.

BACKGROUND

Wastewater management policy issued by Jordan
Ministry of Water and Irrigation (MWI) addresses the
management of wastewater as a water resource in-

*Author to whom correspondence should be addressed.
Email: akrumt@email.arizona.edu.

cluding development, collection, treatment, and reuse.
Among the specific policies and aspects emphasized
are the beneficial reuse of treated effluent and biosol-
ids. While the use of biosolids for agricultural produc-
tion is now commonplace in many countries around
the world, this resource is not currently utilized in Jor-
dan. Generated biosolids are currently disposed of at
landfills or are stored in wastewater treatment plants
(Suleiman et al., 2010). However, (Skjelhaugen, 1999)
showed that proper reuse of biosolids can alleviate
pollution problems and health hazards. A sustainable
and acceptable option for the long-term management
of biosolids must be environmentally friendly, eco-
nomically viable, and socially acceptable (Wang et al.,
2008). There is general consensus among sanitary en-
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gineering professionals that municipal wastewater and
biosolids are not a “waste”, but a location of valuable
resources (State of Science Report: Energy and Re-
source Recovery from Sludge, 2008). Leblanc et al.,
2003 stated that biosolids must be regarded as a recy-
clable resource that can be put to beneficial reuse. Al-
though there are different biosolids beneficial reuse op-
tions, application of biosolids to agricultural land is of
primary importance and has been widely practiced in
different countries for many years (Magesan and Wang
2003; Cartmell 2006; Gonzalez et al., 2008). Amajiri-
onwu et al., 2008 studied the impact of stakeholder
participation in the management of biosolids in Ireland
and found that 81% of stakeholders believed that local
and regional sustainable development indicators due
to participatory biosolids management as either ‘use-
ful’ or ‘very useful’. The indicators addressed all the
domains of biosolids management namely, production,
quality, cost, legislation, regulation, training, research,
recycling and disposal. The stakeholder approach is
recognition that no effective indicator set can be devel-
oped without the input of stakeholders.

Biosolids have direct effects on soil physical proper-
ties such as soil aggregation, soil encrustation, tilt, aer-
ation, temperature and microbial activities. Oudeh et
al. (2002) reported that biosolids can replenish organic
matter levels with beneficial effects on physical and bi-
ological conditions. Moreover, addition of biosolids to
a fine—textured clay soil can make soil more friable and
can increase the pore space available for root growth
and entry of water and air into the soil (Gonzélez et al.,
2008). Zebarth et al. (1999), indicated that application
of biosolids to soils significantly increased soil water
content and water holding capacity. Mays et al. (1973)
stated that the incorporation of composted biosolids
at a rate of 327 metric tons/ha over a two-year period
significantly increased moisture holding capacity from
11.1-15.3% at 1/3 bar and decreased bulk density from
1.37-1.12 gm/cm?. Soil organic matter is a major de-
terminant of soil fertility, water holding capacity, and
biological activity as well as diversity both below and
above ground. Loss of organic matter can lead to soil
erosion and loss of fertility. Consequently, using bio-
solids for agricultural production has an important
role in replacing losses that can arise from intensive
arable farming. Pu et al. (2004), found that the opti-
mized biosolids application rate of 7 tons/ha for aero-
bically digested biosolids and 10 tons/ha for anaerobi-
cally digested biosolids for growing forage sorghum.
They also determined that excessive application rates
of biosolids that are above the optimized values did not

show further increases in dry mass of forage sorghum
production and resulted in significant increases in soil
residue nitrate and phosphorous, which in the cases
of heavy rainfall and irrigation could result in losses
through leaching and runoff respectively. Mantovi et
al., 2004 applied dewatered biosolids at the loading
rate of 5 and 10 tons/ha on winter wheat-maize-sugar
beet rotation and found that Biosolids gave crop yields
similar to the highest mineral fertilizer application.
Biosolids increased organic matter, total nitrogen, and
available phosphorus in the soil while reducing soil al-
kalinity, especially at loading rate of 10 tons/ha. Sig-
nificant accumulations of total zinc and copper were
detected in amended top soils, but other heavy metals
remained well below the hazard limits. Biosolids ap-
plications significantly increased the content of nitro-
gen, phosphorus, zinc and copper in wheat grain, nitro-
gen and copper in sugar beet roots, and only copper in
maize grains. Kresse and Naylor (1983) reported that
biosolids treated plots produced corn yields equivalent
to those to which commercial fertilizers were applied.
Reuse of biosolids in agricultural production increases
supply of macro and micro-nutrients to the plant and
hence improves agricultural productivity (Werheim
et al., 2000, Athamneh, 2003). Rusan and Athamneh
(2009), reported that application of biosolids to calcar-
eous soil improved soil organic matter, available phos-
phorous and micro-nutrients as well as plant growth.
Biosolids appropriate loading rate is one that maxi-
mizes yield while ensuring protection of the environ-
ment (Avnimelech et al., 1990). However, loading rate
of biosolids has commonly been based on nitrogen
content and nitrogen requirement of the crop (Barbar-
ick and Lppolioto, 2000). Schroder et al. (2008) stud-
ied the effects of long-term annual application of bio-
solids on soil properties, phosphorus, and metals. They
found that repeated long-term application of biosolids
above the nitrogen agronomic rate should be avoided
and application should be based on other criteria such
as an agronomic phosphorus threshold. Jin et al., 2011
studied the effects of biosolids application rate on soil
potential carbon and nitrogen mineralization in the
lab. They applied 0, 22, 25, 45, and 67 tons/ha Class
B biosolids for several years. They found that biosol-
ids addition enhanced organic carbon by 32-92%, to-
tal nitrogen by 30—157%; and that high loading rates
of biosolids might increase the risk of off-site nutrient
transport. Lagae et al. (2009) determined that using
biosolids as a soil amendment can have po sitive eco-
nomic benefits. Lomontea et al., 2010 investigated the
potential of phytoremediation of Mercury contaminat-
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ed biosolids by nine plant species (Atriplex codonocar-
pa, Atriplex semibaccata, Austrodanthonia caespitosa,
Brassica juncea, Brassica napus,Gypsophila panicu-
lata, Sorghum bicolor, Themeda triandra and Trifolium
subterraneum). They found that Atriplex conodocarpa
and Australodanthonia caespitose to be the most suit-
able candidates for mercury phytoextraction because
of their ability to translocate mercury from roots to the
above-ground tissues.

METHODS AND MATERIALS
Experimental Site Description

The Ramtha Regional Experimental Center was
selected as the experimental study site. The Ramtha
Center is located in the middle of 264 hectares that are
farmed with rain-fed cereal crops, especially barely that
is used as a fodder crop. Barley grains are mostly used
in raising meat producing animals such as sheep and
lambs due to the grain’s high content of protein; while
barley straws are used to feed sheep and lambs but is
also used to feed work animals such as donkeys, mules
and horses. Ramtha Center is located five Kilometers
to the North of Wadi Hassan Waste Water Treatment
Plant (WWTP) and about 70 Kilometers to the North
of the Jordan Capital, Amman, with an altitude of 590
meters above sea level. The climate is represented by
cold winters and hot summers with average tempera-
tures ranging from 5° Celsius in January to 35° Celsius
in August with an average annual rainfall of 235 mm/
year occurring between November and March.

Initial Soil Characterization

Initial soil characteristics shown in Table 1 were de-
termined by collecting composite samples at three soil
depths prior to applying biosolids. The samples were
tested for general physical, chemical and microbial
characteristics using United States Environmental Pro-
tection Agency (U.S. EPA) standard methods.

Biosolids Characterization

Tamimi et al. (2007) characterized biosolids gener-
ated at Wadi Hassan WWTP and found it to be of Class
B quality based on the U.S. EPA 503 rule (U.S. EPA,
1993a and U.S. EPA, 1993b). Biosolids obtained from
Wadi Hassan WWTP was characterized prior to apply-
ing it to the experimental site and was found to be of
Class B quality. Table 2 shows biosolids characteristics

155

Table 1. Experimental Site Initial Soil Characteristics.

Sampling Depths (cm)

Parameter Unit 0-15 15-30  30-60
Soil Texture: Sand % 9 8 6
Silt % 40 36 35
Clay % 51 55 59
Texture Clay Clay Clay
pH 1:1 8.38 8.38 8.52
EC 1:1 dS/m 0.359  0.368 0.925
Organic Matter % 1.58 1.26 1.62
TKN mg/kg D.W.* 853 678 476
NH,-N mg/kg DW.  5.01 4.47 4.01
NO;-N mg/kg D.W. 111 13.3 1.3
available-P mg/kg D.W.  11.83 5.90 2.63
CaCO, % 9.67 11.00 11.33
available-K mg/kg D.W. 817 587 406
available-Na mg/kg D.W. 105 167 392
available-Mg mg/kg D.W. 816 1009 1186
available-Ca mg/kg D.W. 7790 7441 6974
As mg/kg D.W.  N.D. N.D. N.D.
Cd mg/kg D.W.  N.D. N.D. N.D.
Cr mg/kg D.W. 42 32 22
Cu mg/kg D.W. 13 11 7
Pb mg/kg D.W. 45 36 22
Hg mg/kg D.W. 30 33 N.D.
Mo mg/kg D.W.  N.D. N.D. N.D.
Ni mg/kg D.W. 32 20 18
Se mg/kg D.W.  N.D. N.D. N.D.
Zn mg/kg D.W. 58 61 61
Co mg/kg D.W. 28 33 28
Salmonella MPN/g N.D. N.D. N.D.
coliforms MPN/g N.D. N.D. N.D.
IPN*** Eggs/g N.D. N.D. N.D.

*D.W.: Dry Weight
**N.D.: Not Detected
***PN: Intestinal Pathogenic Nematodes

obtained during the current study and those found by
Tamimi et al. (2007).

United States Environmental Protection Agency mi-
crobial analytical laboratory methods were used in the
detection of Salmonella, fecal coliforms and Helminth
(Ascaris) ova (EPA/625/R-92-013).

Experimental Design

After characterizing the soil profile at the study area
and biosolids intended to be applied, the experimen-
tal field was divided into plots based on a randomized
complete block experimental design with 4-treatments.
A control and 4-replicates comprising 20 plots of 6 m
by 4 m with a buffer of 2 m between plots were used.
The treatments represented loading rates of zero tons/
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Table 2. Biosolids Characteristics of Wadi Hassan Wastewater Treatment Facility.

Tamimi et al. (2007)

95% Confidence Interval

Current Study
Parameter Unit (Prior to Application) Arithmetic Mean Lower Limit Upper Limit
TS % 88 85.44 82.19 88.70
TVS %of TS 53 45.22 43.46 46.99
TKN % 3.20 3.81 3.66 3.95
NH4 % 0.03 0.14 0.10 0.18
T-P % 0.39 1.05 0.79 1.30
K mg/kg DW* 3299 4159 3887 4431
As mg/kg DW <4.5 ND** ND ND
Cd mg/kg DW 2.71 3.21 2.99 3.43
Cr mg/kg DW 50.73 49.8 46.6 53.0
Cu mg/kg DW 95.66 73.8 68.3 79.3
Pb mg/kg DW 56.4 23.3 20.8 25.8
Hg mg/kg DW <2.82 ND ND ND
Mo mg/kg DW <11.3 18.7 15.7 217
Ni mg/kg DW 38.30 411 39.5 42.7
Se mg/kg DW <6.8 ND ND ND
Zn mg/kg DW 1001 792 733 852
Co mg/kg DW <1.12 ND ND ND
Salmonella MPN/10 g Absent Absent Absent Absent
fecal coliforms MPN /g 9.30 x 10* 2.0 x 10° 2.7 x 103 3.7 x 10°
Helminth (Ascaris) Ova Eggs/g ND ND ND ND

*D.W.: Dry Weight
**N.D.: Not Detected

ha for the control, 2, 4, 6, and 8 tons/ha. Loading rates
were assigned to the plots randomly and the plots were
labeled accordingly.

Barley Seeding

Soil at the experimental site was ploughed to a
depth of approximately 110 mm before the rainy sea-
son. A few days after the major first rain storm, a sec-
ond plough was performed during which furrows were
formed. Biosolids were incorporated uniformly with
soil to a depth of 8 cm according to the experimen-
tal design and barley (Rum variety popular in Jordan
for growing under stress conditions) was sowed using
sowing machinery with a seeding rate of 100 kg/ha.

Crop Sampling

At the end of the growing season, plant samples
were collected from representative areas of one squared
meter in each plot and the grain and straw were sepa-
rated. Samples were transferred directly after collec-
tion to the laboratories in sterile sealed bags and then
analyzed for microbiological parameters following

the World Health Organization (1989) and Manual of
Food Quality Control (1992). For chemical analysis,
samples were dried at 68° Celsius to stop enzymatic
reaction; then samples were grinded using laboratory
mill with 0.5 mm sieve size to obtain suitable and ho-
mogeneous samples for laboratory analysis. Samples
then were kept in sealed jars and analyzed for total ni-
trogen, protein content, total phosphorus, total potas-
sium, and trace metals.

Soil Sampling

At the harvesting stage, soil samples were collected
at two depths: 0—15 cm and 15-30 cm. A total of 40
random composite samples were collected from the 20
experimental plots at two depths and were analyzed for
chemical parameters.

Analysis of Variance (Ott and Longnecker, 2001)
was performed for each parameter measured during the
study to determine if there is a significantly measured
statistical difference between the treatments and the
control on the measured parameters; and hence infer
the effects of applying biosolids on the crop and the
soil.
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All statistical significant tests conducted here use an
upper-tail value of the F statistic corresponding to a
rejection area of a = 0.05 representing the probability
of type I error: rejecting the null hypothesis when it is
true (Ott and Longnecker, 2001).

RESULTS AND DISCUSSION
Biosolids Effects on Crop Yield

Four yield parameters were measured at the end of
the growing season: total biological yield, grain yield,
straw yield and thousand kernel count. In addition, per-
cent protein content in straw and grain were measured
and statistical analysis of variance was performed. To-
tal biological yield for cereal crops is defined as the
total above ground biomass (total dry matter) produced
by the plant. Grain and straw yield is the weight of grain
and straw in tons per hectare. The thousand kernel or
grain weight, however, is a measurement of the weight
in grams of 1,000 seeds of a grain random sample and
is an indication of the size of the individual grain. The
weight varies from one variety to another and from one
crop type to another. In fact, the thousand grain weight
of a single variety will vary from year to year and from
field to field.

The null hypotheses being tested for the total bio-
logical yield parameter states that the arithmetic means
of the total biological yield measured for the different
treatment plots are identical and there is no difference
between them. This implies that there is no effect of
applying biosolids on total biological yield. The analy-
sis of variance concludes though that one should reject
the null hypothesis inferring that there is a difference
in total biological yield with a p-value = 0.035 between
the different treatments. Figure 1 shows the trend of in-

10 +

Total Biological Yield (Tons/ha)

0 2 4 6 8
Biosolids Loading Rates (Tons/ha)

Figure 1. Relationship between total biological yield and biosolids
loading rate.

Straw Yield (Tons/ha)
wv
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Biosolids Loading Rates (Tons/ha)
Figure 2. Effect of biosolids loading rate on straw yield.

creasing total biological yield with increasing biosolids
loading rate to a peak of 8.68 tons/ha at biosolids load-
ing rate of 6 tons/ha. Applying more biosolids than the
6 tons/ha reduces the total biological yield.

There was no significant change in grain yield due
to the application of biosolids. The analysis of variance
test indicates that the difference between the arithme-
tic means of the treatments is statistically insignificant
with a p-value = 0.52.

There was however a significant effect on straw
yield while increasing biosolids loading rate (p-value
=0.0013). Figure 2 shows the increasing trend of straw
yield when biosolids loading rate is increased.

Figure 3 shows a significant (p-value < 0.000001)
decreasing trend of the thousand grain weight with in-
creasing biosolids loading rates with a minimum thou-
sand grain weight of 32.6 grams, which corresponds to
a biosolids loading rate of 8 tons/ha compared to a 38.8
grams for the control plots.

Percent straw protein content and the analysis
of variance indicated that there was a statistical sig-
nificant difference amongst the treatment means with
p-value = 0.00004. Figure 4 shows an increase in per-
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Figure 3. Effect of biosolids loading rate and thousand grain weight.
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Figure 4. Effect of loading rate on percent straw protein content.

cent straw protein content from 1.6% with zero biosol-
ids to 2.9% at 8 tons/ha biosolids loading rate.

However, for grain protein content (%), the analy-
sis of variance indicates that there was no statistical
significant difference between the arithmetic means of
the biosolids loading rates treatments with a p-value
of 0.275.

Statistical analysis of the four yield parameters pre-
sented demonstrates that increasing biosolids loading
rate significantly increase the total biological yield to a
certain loading rate but not grain yield. At the highest
biosolids loading rate straw yield was at its maximum
and the thousand grain weight was at its lowest indicat-
ing that vegetative growth due to higher levels of nitro-
gen availability from higher biosolids loading rates is
dominant resulting in a lower grain quality (size). This
is also is supported by the results obtained for the high
percent protein content in straw and the non-significant
difference amongst the treatments for the percent pro-
tein content of grain.

Therefore, it can be concluded based on yield pa-

Table 3. Analysis of Variance Results for Enteric
Organisms in Barley’s Straws.

rameters that the optimum biosolids loading rate should
not be greater than 6 tons/ha. Also, at this level of bio-
solids loading rate grain weight (size) is reduced but
the ultimate grain yield did not change (did not show
statistical significant difference amongst the treatment
means).

Impact of Biosolids Application on Crop
Contamination by Enteric Organisms

Samples of barley straws and grains were collect-
ed from each experimental plot after harvesting and
were tested for microbial pathogens and fecal indica-
tors: Salmonella, fecal coliforms, nematode eggs and
Escherichia coli. Analysis of variance was conducted
on each enteric organism using a probability of Type |
Error, a of 0.05. The null hypothesis, H,, being tested
for each pathogen stated that there is no difference in
the concentration of the pathogen between all the ex-
perimental plots. That can be interpreted to mean that
there are no enteric organisms’ effects on the straws/
grains due to the application of biosolids of different
loading rates. The research hypothesis, /7, stated: that
there is difference in the mean concentration or number
of enteric organisms due to the application of biosolids
at the specified loading rate. An F statistic was calcu-
lated and a conclusion was reached to accept or reject
the null hypothesis, H,,, for each specific pathogen and
a p-value was calculated.

Table 3 shows the results obtained for each enteric
organism in barley straws due to the application of
biosolids. The results presented in Table 3 show that
there is no significance difference in any enteric or-
ganism in the barley straws for the different biosolids
treatments.

Table 4. Analysis of Variance Results for Enteric
Organisms in Barley’s Grains.

Straw Arithmetic Means for Microbial Parameters

Straw Arithmetic Means for Microbial Parameters

Nematode Nematode

Treatment  Salmonella Fecal Coliforms Eggs E. coli Treatment  Salmonella Fecal Coliforms Eggs E. coli
(Ton/ha) (MPN/20 g) (MPN/g) (/20g) (MPN/g) (Ton/ha) (MPN/20 g) (MPN/g) (/20g) (MPN/g)
0 *ND 5.03 ND 5.03 0 *ND 0.03 ND 0.03
2 ND 11.00 ND 4.33 2 ND 0.08 ND 0.03
4 ND 5.52 ND 0.77 4 ND 0.23 ND 0.23
6 ND 2.80 ND 0.57 6 ND 0.26 ND 0.26
8 ND 5.53 ND 5.53 8 ND 0.08 ND 0.08
Hy: Rejector  Accept Accept Accept Accept Hy: Rejector  Accept Accept Accept Accept
Accept? Accept?

p-Value - 0.056 - 0.174 p-Value - 1.00 - 1.00

*N.D.: Not Detected

*N.D.: Not Detected
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Table 5. Analysis of Variance Results for Heavy Metals Concentrations in Barley’s Straws.

Arithmetic Mean of Heavy Metals Concentrations in Straws (mg/Kg)
Treatment (Ton/ha) As Cd Cr Cu Pb Hg Mo Ni Se Zn Co
0 4.7 *ND 23 7.2 1.0 29.6 11.8 23 71 19.9 3.6
2 4.4 ND 2.0 5.6 1.0 27.3 10.9 2.0 6.6 20.3 3.3
4 4.8 ND 23 11.1 1.0 29.7 11.9 23 71 13.5 3.6
6 4.7 ND 2.0 6.6 1.0 29.5 11.8 2.0 71 9.5 3.5
8 4.8 ND 2.0 8.1 1.0 29.9 12.0 2.0 71 8.7 3.6
Reject or Accept H,? Accept Accept  Accept  Accept Accept Accept Accept  Accept  Accept Reject Accept
p-Value 1.00 1.00 1.00 0.28 1.00 0.83 0.99 1.00 1.00 0.0008 1.00

*N.D.: Not Detected

Table 4 shows that the microbial quality of barley
grains on the biosolids plots did not differ from the
controls.

Impact of Biosolids Application on Heavy Metal
Concentrations in Crop

Samples from barley’s straw and grains were taken
from each experimental plot and were tested for the
concentration of the eleven heavy metal elements.
Analysis of variance was conducted on each element
using a probability of Type I Error, o of 0.05. There was
no statistical difference in the concentration of each of
the eleven heavy metals between all the experimental
plots. The research hypothesis, H,, stated the opposite:
that there is a difference in the mean concentration of
each of the heavy metals due to the application of bio-
solids at the specified loading rate. An F statistic was
calculated and a conclusion was reached to accept or
reject the null hypothesis, H,, for each heavy metal
concentration and a p-value was calculated.

Table 5 shows the results obtained for the concen-
tration of each of the eleven heavy metals in barley
straw due to the application of biosolids. The results
presented in Table 5 show that there was no significant

difference in heavy metal concentrations in the barley
straw for the different treatments except zinc, Zn. The
concentration of zinc decreased significantly with the
increase in biosolids loading rate with a p-value of
0.0008.

Table 6 shows similar analysis of variance results
for heavy metals concentrations in barley grains. The
results in Table 6 indicate that there was no signifi-
cant difference amongst heavy metals concentrations
in barley grains under different biosolids loading rates
except for zinc. The concentration of zinc in the grain
increased significantly when the biosolids loading rates
increased with a p-value of 0.0206.

Therefore, there was no effect in the eleven heavy
metals concentrations in barley straw and grain due to
the application of biosolids with different loading rates
except for zinc. Concentration of zinc decreases in the
barley’s straws when increasing biosolids loading rates
and increases in the grain with increasing biosolids
loading rates.

Impact of Biosolids Application on Soil Profile

Four different soil parameters were measured at two
soil depths. The parameters are: Hydrogen lon Con-

Table 6. Analysis of Variance Results for Heavy Metals Concentrations in Barley Grains.

Arithmetic Mean of Heavy Metals Concentrations in Straws (mg/Kg)

Treatment (Ton/ha) As Cd Cr Cu Pb Hg Mo Ni Se Zn Co
0 4.5 *ND 23 6.5 1.0 25.7 10.8 2.4 6.0 33.7 3.2
2 4.6 ND 2.0 9.3 1.0 25.7 111 2.1 6.0 322 3.1
4 4.5 ND 23 6.8 1.0 25.8 1.3 2.3 6.0 31.6 3.5
6 4.7 ND 2.0 7.4 1.0 26.2 12.1 21 6.0 32.3 3.6
8 4.8 ND 2.0 7.9 1.0 25.6 12.3 2.0 6.0 40.4 3.6
Reject or Accept H,? Accept Accept  Accept  Accept Accept Accept Accept  Accept  Accept Reject  Accept
p-Value 1.00 1.00 1.00 0.89 1.00 0.99 0.99 0.99 1.00 0.02 0.99

*N.D.: Not Detected
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Figure 5. Impact of different biosolids loading rates on soil pH at
0-15 cm depths.

centration (pH), Salinity or Electrical conductivity
(EC), concentration of organic carbon (OC), and the
concentration of total Kjeldahl nitrogen (TKN). Soil
in the different treatment plots were sampled at two
depths: 0—15 cm and 15-30 cm.

Analysis of variance was conducted for the different
parameters in the experimental plots. There was a sig-
nificant difference amongst pH means for the different
treatments of biosolids loading rates at 0—15 cm soil
depth (p-value = 0.00613); and no statistical signifi-
cant difference was observed at 15-30 cm soil depth
(p-value = 0.6755). Figure 5 shows the trend of varia-
tions for the different biosolids loading rates at 0—15
cm soil depth.

Soil salinity was found to significantly increase with
increasing loading rates for both soil depths as shown
in Figure 6. The increase in salinity is more prominent
on the 0—15 cm depths with a maximum Electrical
Conductivity of 0.4 dS/m at biosolids loading rate of
8 tons/ha.

Organic carbon concentrations were measured for
the different experimental plots after harvesting was
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Figure 6. Effects of biosolids loading rates on soil salinity.
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Figure 7. Effect of biosolids loading rates on organic carbon.

completed at the two soil depths: 0—-15 cm and 15-30
cm. Statistical analysis indicated a significant increase
in organic carbon for both depths at higher biosolids
loading rates with a greater affect in the upper soil lay-
er as shown in Figure 7.

Figure 8 shows that there is a statistically significant
difference for the concentration of TKN in the two dif-
ferent soil depths. The effects of increasing TKN on
the upper soil layer are more prominent with a maxi-
mum concentration of about 1194 mg/Kg TKN for the
8 tons/ha biosolids loading rate. However, for the low-
er soil layer, the maximum effect was observed at the
6 tons/ha biosolids loading rate corresponding to a
TKN concentration of 800 mg/Kg.

White et al. (1997) and Martinez (2003) found simi-
lar results when applying anaerobically digested bio-
solids to rangeland ecosystems. Higher loading rates
were applied once and the effects on soil parameters
were monitored for subsequent years. Salinity, OC and
TKN were measured and were found to increase each
year.
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Figure 8. Effects of biosolids loading rates on TKN concentration
in soil.
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Table 7. Analysis of Variance Results for Heavy Metals Concentrations at 0—15 cm Soil Depths.
Arithmetic Mean of Heavy Metals Concentration (mg/Kg)

Treatment (Ton/ha) As Cd Cr Cu Pb Hg Mo Ni Se Zn Co
0 45 *ND 34.9 17.9 17.0 29.6 1.5 35.7 7.0 56.2 151
2 45 ND 459 237 17.0 27.3 10.3 39.1 6.9 71.4 17.5
4 4.9 ND 49.2 24.6 17.9 29.7 12.0 43.2 6.9 75.7 17.8
6 5.0 ND 50.3 245 13.2 29.5 11.8 43.4 7.0 76.3 17.9
8 46 ND 51.1 246 13.2 29.9 11.8 471 71 78.3 18.0
Reject or Accept H,?  Accept Accept Reject Accept Accept Accept Accept  Reject Accept Reject Accept
p-Value 1.00 1.00 0.00014  0.285 0.216 0.83 0.99 0.0053 1.00 0.00001 0.74

*N.D.: Not Detected

Impact of Biosolids Application on Heavy Metals
Concentrations in Soil

Soil samples from each experimental plot were col-
lected at two soil depths: 0—15 cm and 15-30 cm after
harvesting. There was no effect on the concentration
of heavy metals on the soil due to the application of
biosolids at loading rates used in this study.

Table 7 shows heavy metals concentrations at soil
depth 0—15 c¢m due to the application of biosolids. The
results show that there is no significant difference in
heavy metals concentrations for the different treat-
ments at the 0—15 cm soil depths except for Chromium
(Cr), Nickel (Ni) and Zinc (Zn). The concentrations
of Chromium, Nickel and Zinc increase significantly
with increasing biosolids loading rates with p-values of
0.00014, 0.0053 and 0.00001 respectively.

Analysis of variance for the concentration of the
eleven heavy metals at 15-30 cm soil depths are shown
in Table 8. The results indicate that there is significant
difference in heavy metals concentrations for Chromi-
um, Nickel and Zinc with increasing trend as the case
for the upper soil layer. This is the same trend observed
for the 0—15 cm soil samples. However, a significant
decrease in Lead (Pb) concentration with increasing

biosolids loading rates for the 15-30 cm depths was
observed.

CONCLUSION

No statistical significant effects on grain yield or on
grain protein content was observed due to the applica-
tion of biosolids in this study. However, a statistically
significant decrease in the “thousand grain weight”
parameter was observed with increasing biosolids
loading rates causing a reduction in barley grain size.
Therefore, these results suggest biosolids should be ap-
plied to fodder crops that do not produce grains such as
Sudan grass and alfalfa. This will increase vegetative
growth due to the increase in available nitrogen.

Concentrations of the eleven heavy metals in grains
and straw were statistically insignificant. This was
probably due to the low concentration of those metals
in the biosolids which reflects the case for domestic
biosolids generated in Jordan.

It was determined in this study that applying biosol-
ids to rain-fed lands planted with barley significantly
increases soil salinity in the top layer. Also, concentra-
tion of organic carbon in the soil profile was signifi-
cantly increased. This is a benefit to desert soils with

Table 8. Analysis of Variance Results for Heavy Metals Concentrations in Soil at 15-30 cm Depth.

Arithmetic Mean of Heavy Metals Concentrations (mg/Kg)

Treatment (Ton/ha) As Cd Cr Cu Pb Hg Mo Ni Se Zn Co
0 4.6 *ND 36.2 19.5 20.5 25.8 10.9 38.2 6.0 60.3 14.2
2 4.5 ND 452 23.8 20.9 25.6 11.0 46.9 6.0 64.5 14.3
4 4.5 ND 48.4 25.0 16.4 25.8 11.5 50.7 6.0 71.6 14.3
6 4.8 ND 50.2 26.0 20.0 26.1 11.8 51.2 6.0 81.2 14.5
8 4.6 ND 50.6 26.1 12.9 25.8 12.0 50.4 6.0 69.5 15.8
Reject or Accept Hy?  Accept Accept Reject Accept Reject  Accept Accept Reject  Accept Reject  Accept
p-Value 1.0 1.0 0.0004 0.1029  0.0297 1.0 1.0 0.0009 1.0 0.0000 0.962

*N.D.: Not Detected
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low to none organic matter; and hence application of
biosolids to deserts can be considered a form of carbon
sequestration which would provide developing coun-
tries with carbon credits. Economical cost for transpor-
tation and application should however be considered
to make this option feasible and attractive to policy
makers.

Total Kjeldahl nitrogen concentration in soil was
significantly increased when increasing biosolids load-
ing rates in the 0—15 cm soil layer. For the 15-30 cm
soil layer, TKN concentration was significantly in-
creased to a maximum level at biosolids loading rate
of 6 Ton/ha.

Application of biosolids had significant affects only
on the concentration of Chromium, Nickel and Zinc for
the two soil layers and on the concentration of Lead in
the lower soil layer.
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in the presence of 10B.

ABSTRACT: The corrosion behaviors of carbon steel in the presence of iron oxidizing
bacteria (IOB) in reclaimed water was investigated mainly using the static hanging piece
method, electrochemical analysis, SEM, EDAX, FT-IR and XRD. The results showed
that IOB accelerated the corrosion of carbon steel by 50-100% by attaching to its sur-
face; the corrosion potential of the system with IOB was higher (23—-36% negative) than
that without IOB; bacteria grew (biofilm formed) on the surface of carbon steel and pitting
corrosion occurred on the coupons in the reclaimed water inoculated with 10B, while
no pitting corrosion occurred in the system without |IOB. The corrosion products mainly
consisted of FeOOH and CaCO; whether IOB existed or not but were more complicated

1. INTRODUCTION

UE to the shortage of water resources, reclaimed

water is more and more widely used in industry
and agricultural production. Unfortunately, reclaimed
water has more adverse effects on pipe walls owing
to its complicated water quality conditions compared
with drinking water, such as a more serious corrosion
problem and microbial growth [1,2].

Iron oxidizing bacteria (IOB) are bacteria that pro-
duce power for growth by oxidizing Fe?* to Fe**. The
Fe?* ions subsequently deposit as iron oxide-hydroxide
and cause various kinds of corrosion [3], such as pit-
ting corrosion [4]. IOB is a paramount part involved in
aerobic corrosion and iron oxidizing bacterial activity
is the key culprit of metal corrosion. It has been found
that IOB induced corrosion damage [5,6].

Up to present, the majority of research associated
with microbiologically induced corrosion (MIC) in
pipe networks is on sulfate reducing bacteria (SRB)
[7]. And the role of other kinds of microbes (e.g.,
IOB) in MIC has been ignored [8]. Although the
mechanisms of MIC by SRB are becoming clearer,
but the role of IOB in MIC is still unclear and remains
controversial [9].

One study attributed corrosion damage to crevice

*Author to whom correspondence should be addressed.
Email: 278702744(@qq.com.

corrosion in the presence of IOB [10]. Quite a few re-
searchers have demonstrated the role of IOB in oxygen
concentration cell formation in biofilms as iron hy-
droxides precipitate during IOB metabolism [11]. For
carbon steel, IOB are capable of affecting its physical
and chemical processes through their joint metabolism
with other microbes (e.g., SRB) coexisting in the en-
vironment [12]. But a clear corrosion mechanism of
metals in the presence of IOB is unknown.

Views are divergent on whether IOB accelerate or
inhibit a corrosion process [13]. Quite a few studies
have suggested that IOB accelerated metal corrosion
[14—15]. However, many scholars have demonstrated
that IOB inhibited corrosion processes under certain
circumstances [16,17].

What’s more, research on metal corrosion in the
presence of IOB mainly used waters other than re-
claimed water [18-22]. Consequently, the objective of
this study was to investigate the corrosion behavior of
carbon steel in reclaimed water in the presence of [OB.

The results of this study are expected to help in deal-
ing with the pipeline corrosion issue in reclaimed water
diversion and distribution.

2. MATERIALS AND METHODS
2.1. Coupon Preparation

Coupons made of carbon steel and measured 5 cm
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x 2.5 cm x 0.2 cm (20#, GB/T 688-1988) were used
in this work, and their chemical composition measured
by melting analysis (wt.%) was follows: 0.096%C,
0.011%P, 0.011%S, 0.17%Si, 0.30%Mn, and balance
Fe.

The coupons were first cleaned with filter papers,
then cleaned with acetone solution to wipe out further
anti-corrosive grease, soaked in a 70% ethanol solu-
tion, and subsequently stored in a vacuum desiccator
for 24 hours before use.

2.2. Reclaimed Water

The reclaimed water used was collected from the
Qinghe Water Reclamation Plant, stored at 4°C and
used at room temperature (16-23°C).

2.3. 10B Cultivation, Identification and
Inoculation

IOB used in this study was cultivated by the most
probable number (MPN) test [23] and identified accord-
ing to the Bergey’s Manual of Systematic Bacteriology
[24], and then the cultivated IOB were inoculated into
the sterilized reclaimed water. Number of IOB was the
average of three measurements. Bacterial growth was
monitored for growth curve plotting. Bacterial solution
of high purity was stored at 4°C before use.

2.4. Polarization Curves

Polarization curve tests were carried out using the
potentiodynamic method with a CHI660C electro-
chemical workstation (Shanghai Chenhua). The elec-
trodes made of 20# steel were first polished with 240#,
360#, 500#, 800#, 1000# and 1200# diamonds succes-
sively on a polishing cloth, then cleaned with an etha-
nol solution and stored in a vacuum desiccator for 24
hours before use. A scan rate of 0.5 mV/s was used for
generating polarization curves. Corrosion potentials
were measured three times and averages were taken.

2.5. Bacteria and Media

Two portions of 500 mL of reclaimed water were
added to two 1000-mL conical flasks, respectively.
Then, the two conical flasks were autoclaved for 15
min at 121 & 1°C. After that, 500 mL bacterial suspen-
sion and 500 mL distilled water were added into the
two conical flasks, respectively. The number of IOB
was 1.2 x 105 CFU/mL. Finally, after the pretreated

coupons and electrodes were hung in and absorbent
cottons were inserted, the flasks were incubated at 30
+ 1°C. The experiment was performed in triplicates.

2.6. Weight-loss Measurement

Three carbon steel coupons were taken out at each
sampling time for weight-loss measurements.

Average corrosion rate (mm/y) [25] is calculated as
follows:

The average corrosion rate = 87600W/ T-A-D (1)

where W is coupon weight loss in g; 7T is the time of
immersion in hours; A is the total surface area of the
coupon in cm?; and D is metal density in g/cm?, which
is 7.86 g/cm? for 20# carbon steel.

2.7. Surface Analysis and Corrosion
Products Analysis

At the 2nd, 8th and 16th days, corrosion products
were removed from the coupons and then vacuum
dried for 48 hours before use. Biofilm and corrosion
morphology were observed with a scanning electron
microscope (SEM) coupled with energy dispersive
analysis of X-rays (EDAX). Corrosion product com-
position was analyzed using Fourier-transform infrared
spectroscopy (FT-IR) coupled with X-ray diffraction
(XRD). XRD data were analyzed using X’Pert High
Score Plus software with the PDF2-2004 database.

3. RESULTS AND DISCUSSION
3.1. Growth Curve of IOB

Figure 1 is the growth curve of IOB in the reclaimed
water. As shown, the growth of IOB did not experi-
ence a delay phase but directly entered the exponential
phase (0-2.5 d), indicating that IOB adapted quickly
to the reclaimed water environment. Then the bacteria
entered a stable growth period (2.5-4 d), maintaining
at a high level of activity and a stable metabolic state
and reaching a growth peak at the 4th day. After that,
the bacteria entered the death phase due to nutrient
depletion.

3.2. Corrosion Rate Variation with Time

The corrosion behaviors of carbon steel in the re-
claimed water with or without IOB inoculated were
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Figure 1. Growth curves of the IOB in the reclaimed water.

evaluated at the 1st, 2nd, 4th, 8th and 16th days. Corro-
sion rate was determined using the weight-loss method
in combination with the electrochemical tests.

3.2.1. Weight-loss Method

As can be seen in Figure 2(a), with or without IOB
inoculation, the corrosion rates of carbon steel declined
with time, which was consistent with the finding of
Wang [4]. In the system with [OB inoculation, the cor-
rosion rate declined from 0.30 mm/y over the first day
to 0.14 mm/y over the first 8 days and stabilized after-
wards. Liu [2] and Wang [5] reported a similar trend of
corrosion rate.

A similar variation trend of corrosion rate was found
for the carbon steel in the reclaimed water without I[OB
inoculation. Specifically, the corrosion rate dropped
from 0.16 mm/y over the first day to 0.12 mm/y over
the first 2 days, further to 0.10 mm/y over the first 8
days and then stabilized. However, the corrosion rate
was 50-100% higher in the reclaimed water with IOB
inoculated than in that without IOB. It may be due to
the reason that IOB, as an type of aerobic microorgan-
ism, obtain energy by oxidizing Fe* to Fe3* (the elec-
tron donor and acceptor are Fe>* and O, respectively),
and the oxidation reaction reinforces the dissolution of
carbon steel. This indicated that the presence of IOB
accelerated the corrosion of carbon steel but did not
change the variation trend of the corrosion rate.

In addition, Liu [2] documented that carbon steel
showed a 1.0-15.8% higher corrosion rate in reclaimed
water than in tap water, which may be due to the more
complicated and highly-corrosive nature of reclaimed
water [1,2].
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Figure 2. Corrosion rate (a) and corrosion potential (Ecorr) (b)

changes with time in the reclaimed water with or without OB inocu-
lation.

3.2.2. Corrosion potential versus time

Figure 2(b) shows the Ecorr changes of the carbon
steel electrodes under different experimental condi-
tions. In the first 2—4 days, the Ecorr increased rapidly
towards the negative direction as a result of the expo-
nential growth of the bacteria. Four days later, the bac-
teria entered the death phase due to nutrient depletion.
As a result, the corrosivity of the water decreased. Qi
[26] attributed the rapid decline of Ecorr at the begin-
ning to the formation of a passive layer or biofilms.

Similar trends were also observed for corrosion of
cast iron in reclaimed municipal wastewater, Q235
steel corrosion behavior in seawater with IOB and car-
bon steel corrosion behavior in sedimentary water with
10B [2,15,19]. In particular, Lu ef al. [25] found that
the Ecorr of carbon steel in seawater inoculated with
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IOB dropped from —680 mV over the first few hours to
—750 mV over the first 12 days, and then increased to
—735 mV over a time period of 1 day or longer, which
may be due to the reason that the corrosion products
blocked oxygen diffusion and the electro-migration of
anions to the carbon matrix, mitigated corrosion dam-
age[2]. Therefore, Ecorr declined with time.

As shown in Figure 2(b), Ecorr in the two systems
differed widely especially 2 days after the experiment
began. The Ecorr in the system with IOB inocula-
tion was higher (23-36% negative) than that without
10B, which was consistent with the weight loss results
above, fully demonstrating that IOB accelerated car-
bon steel corrosion in the reclaimed water.

3.3. Surface Analysis
3.3.1. SEM Analysis

Morphologies of the corrosion products taken from
both systems at the 2nd, 8th and 16th days were ob-
served at a magnification of 500x (Figure 3).

When immersed in the reclaimed water without
IOB inoculation, the coupons showed a dense corro-
sion product layer without evident cracks; and carbon
steel didn't undergo localized corrosion anywhere on
the surfaces throughout the experiment. The corrosion
products formed a thin and uniform layer, covering the
surface of carbon steel loosely and unevenly. Extreme-
ly little changes in surface morphologies occurred with
time.

Conversely, biofilms were observed on the surfac-
es of the coupons in the system with IOB inoculation
throughout the experiment (Figure 3). As shown in
Figure 3(a), at the 2nd day, instead of uniform corro-
sion, pitting corrosion occurred on the surfaces of the
coupons in the system with IOB, which may be due to
the reason that microbial cells attached on the surfaces
of the coupons, inducing crevice corrosion or localized
corrosive. Biofilm can effectively bind metals thus ac-
celerate corrosion [27]. In addition, biofilms in thick
layers with a slice of tiny cracks and pores all over
formed on the metal surfaces. As shown in the figure,
the white small flocs indicated that biofilms began to
form. At the 8th day, the area of corrosion pits and the
coverage of corrosion products expanded. This might
be associated with the maturing of biofilm. The cover-
age of corrosion products further expanded afterwards
and almost to the entire surface of carbon steel at the
16th day.

Thus, it was concluded that corrosion damage was

more severe in the presence of [OB than without, which
was supported by the corrosion rate results above.

A large number of pores in the corrosion products
were observed under high magnification on the cou-
pons immersed in the reclaimed water without 10B
[Figure 3(d)] while pompon-shaped biofilms were
found on the coupons in the system with IOB [Figure
3(d1)].

3.3.2. EDAX Analysis

Elemental composition ratios of the corrosion scales
sampled at different times are showed in Table 1.

The results of EDAX analysis demonstrated that
the main elements of the corrosion products were iron
and oxygen with carbon and silicon present at a much
lower content, revealing that IOB might promote the
precipitation of iron oxide and hydroxide.

The corrosion products in the system with IOB had
a higher content of carbon and oxygen but a lower con-
tent of iron than those in the system without [OB. Simi-
lar results were also reported by Zheng [18] and Wu
[20] who studied the corrosion behavior of carbon steel
in reclaimed water with IOB as well. This can be at-
tributed to the organic substances of extracellular poly-
meric substances (EPS). IOB promoted the oxidation
of ferrous ions to ferric ions which were released from
the metal surface. As a consequence, the iron content in
the corrosion products decreased[20]. The carbon con-
tent of the corrosion products in the system with IOB
increased from 1.72% over the first 2 days to 7.89%
over the first 8 days, which was because of the EPS
produced by IOB during metabolism.

In addition, Lu ef al. [21] studied the corrosion be-
havior of metal in drinking water and seawater in the
presence of IOB and demonstrated that the corrosion
products were mainly composed of iron, oxygen and
carbon, indicating that regardless of in seawater, tap
water or reclaimed water, carbon steel corrosion prod-
ucts are mainly composed of iron, oxygen and carbon.

Table 1. The Elemental Composition Ratios of the
Corrosion Scales Sampled at Different Times by
EDAX Measurement (Wt %).

With 10B

Without IOB

Elements 2ndd 8tdd 16thd 2ndd 8tdd 16thd

C 1.72 7.89 5.32 1.03 5.69 4.06
0] 30.06 2193 2692 16.81 1413 19.31
Fe 66.7 68.7 6442 80.03 7855 74.07
Other 1.52 1.48 3.16 213 1.63 2.56
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Figure 3. Morphology changes with time of the corrosion products of the carbon steels in the re-
claimed water systems with or without IOB inoculation: (a) 2nd d, control; (b) 8th d, control; (c) 16th
d, control; (d) 16th d, control; (a1) 2nd d, IOB; (b1) 8th d, IOB; (c1) 16th d, IOB; and (d1) 16th d, IOB.
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Figure 4. FT-IR spectra of the corrosion products of the carbon steels after immersed for 2d (a), 8 d (b), and 16 d (c).
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3.4. Analysis of corrosion products
3.4.1. FT-IR Analysis

The obtained infrared spectra were compared with
standard spectral libraries [28] to determine the com-
position of the corrosion products. The results are sum-
marized in Figure 4.

At the 2nd day, for example, as can be seen in Figure
4(a), there were two distinct peaks at 1022 and 877.5
cm!, respectively and an additional discernible spec-
tral feature at 464.8 cm™!, indicating the presence of
y-FeOOH which has spectral features at 1020, 880 and
470 cm! according to Cornell et al. [28]. Similarly,
the corrosion products were also covered by 6-FeOOH
and CaCOj as evident from the dominant characteristic
infrared spectral peaks at 1375, 1089.6 and 877.5 cm™,
compared to the expected ones at 1378, 1110, 880 and
876 cm™!.

In the frequency ranges of 400-500 cm™! and 500
700 cm™!, both spectra exhibited a broad shoulder,
consistent with the characteristic absorption region of
Fe;0,, indicating the presence of Fe;O, in the corro-
sion products of the two systems.

3.4.2. XRD Analysis

Figure 5 shows the variation of the crystalline com-

position of the corrosion scales from the reclaimed
water with IOB. The corrosion layer was comprised
mainly of y-FeOOH, CaCOj; and Fe;0, at the 2nd day,
mainly of a-FeOOH, y-FeOOH and CaCOjy at the 8th
day, and mainly of a-FeOOH, Fe;O, and CaCO; with
Fe,05 at a minor amount at the 16th day.

In summary, the corrosion products from the two
water systems were of a substantially similar compo-
sition of mainly FeOOH and CaCO; which were re-
ported to be the main components of corrosion prod-
ucts in reclaimed municipal wastewater [29] and tap
water [30]. Ashassi-Sorkhabi et al. [31] found various
forms of FeOOH in corrosion products of carbon steel
in sewage inoculated with IOB. In addition, the cor-
rosion product in the system with IOB inoculated had
a more complicated composition compared to that in
the system without IOB, which might be due to IOB
metabolism.

4. CONCLUSIONS

In this study, we explored the corrosion behaviors of
carbon steel in reclaimed water in the presence of IOB.
The main conclusions of this investigation include:

1. The corrosion rate of carbon steel in the reclaimed
water system with IOB was about 50-100% higher
than that in the system without IOB. And the
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Figure 5. XRD analysis of the corrosion products of the carbon steels in reclaimed water with |0B.



172

polarization results indicated that the corrosion
potential of the carbon steel electrode in the system
with IOB was 23-36% negatively higher than that
without [OB. The presence of IOB accelerated the
corrosion of carbon steel but did not change the
variation trend of corrosion rate.

SEM results showed biofilms and pitting corrosion
in the system with the presence of IOB but no bio-
films and pitting corrosion in the system without
10B.

. EDAX, FT-IR and XRD results revealed that the

main corrosion products were FeOOH and CaCO;.
But the corrosion product in the system with IOB
was of a more complicated composition compared
to that in the system without IOB.

Finally, the activity of microorganisms (e.g., IOB)

is capable of changing the chemical and physical reac-
tions in corrosion processes.
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