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Abstract This paper discusses natural attenuation of
chlorobenzene (CB) elimination in a deep confined aquifer
in a certain test site in China during a groundwater artificial
recharge process. Pilot-scale experiments were conducted
in laboratory, including adsorption and biodegradation
experiments. The results from the adsorption experiments
indicated that the adsorption rate increased within the
temperature range 0-20 °C. Processes were fitted to the
pseudo-first-order and pseudo-second-order kinetic equa-
tions, Freundlich and Langmuir models. Maximal amounts
of adsorption were 20.747, 21.505 and 23.364 ng/g at 0, 10
and 20 °C, respectively. The adsorption of CB was an
endothermic process. The results from the biodegradation
experiments indicated that the processes were well fitted by
the Monod and first-order decay kinetics equations at dif-
ferent temperatures. It showed that the Monod pi,,,,x chan-
ged from 0.0314 to 0.0387 h™', and the half-life (t12)
decreased from 3.02 to 1.46 d with an increase in tem-
perature from 0 to 20 °C. The influence of temperature on
the biodegradation rate was expressed by the Arrhenius
equation. This study provides information on the mecha-
nisms of natural attenuation of CB in the subsurface
environment, whilst also providing the necessary technical
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information for the security of artificial recharge
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Introduction

Chlorobenzene (CB) is a toxic synthetic chemical that
targets multiple organs by all routes of exposure and has
been classified as a pollutant of major concern (WHO
2003). It was detected in the drinking water of several US
cities at concentrations of 5.6 ppb (USEPA 1995). Addi-
tionally, CB has low-to-moderate systemic toxicity in
animals, causing death at moderate-to-high oral doses and
at high inhalation concentrations (USEPA 1995). At 20 °C,
the vapour pressure and solubility of CB are 1.33 kPa and
466.3 mg/L, respectively. Evaporation is an important
transport process for CB from water and soil (USEPA
1995). Additionally, CB is 1.1058 times denser than water
and therefore has the potential to stay at the bottom of the
confined aquifer. Basic and applied research studies have
been carried out by environmental protection agencies on
the characteristics, contamination situations, environmental
behaviour and eco-toxicity of CB. Previous studies have
indicated that a large volume of information concerning
various aspects of CB adsorption is available and the study
of CB adsorption is extensive research field from medical,
organic chemistry to the geology and so on (Andrzej and
Jerzy 1980; Kloprogge et al. 1997). The study of Zhao
et al. (2001) showed that the sorption of CB on marine
sediment in three media accorded well with the Freundlich
model or the Langmuir model, the adsorption reaction
parameters could be calculated through the model, and the
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changed trend of concentration could be speculated. The
adsorption of CB properties by different materials have
been researched according to the series of experiments, the
finer the particle size of the materials, the better the
adsorption effect (Long and Li 2010; Guo and Li 2010).
The main factor influencing the adsorption of CB in
aquifers was temperature, in a certain temperature range,
the higher the temperature, the better adsorption effect
(Zhao et al. 2001; Qi et al. 2010; Sennour et al. 2009). In
addition, some studies have indicated that CB could
undergo degradation by both photolysis and microbial
biodegradation in water and soil (USEPA 1995; Loannis
and Dimitrios 2006; Turlough 2008). CB can be partially
reduced in the anaerobic zones of aquifers (Magdalena and
Jose 2005), and it is also degradable under aerobic condi-
tions (Gerd and Heidrun 2009). The process of microbial
biodegradation of CB could be generalized to Monod
model (Ribes et al. 2004; Strigula et al. 2009), and the
estimated Monod parameters are useful for predictive
modelling of transport (Yu et al. 2007). Mohamed and
Hatfield (2005, 2011; Mohamed et al. 2006) did a lot of
research in microbial degradation of organic pollutants, and
the nonlinear model and linear Monod model were used to
generalize the process of the degradation; discussed the
effects of different factors on microbial degradation of
organic pollutants; and forecasted the trend of the change
of the concentration by the validated model. Several CB-
degrading strains have been isolated (Reineke and
Knackmuss 1984; Nishino et al. 1994), and they have been
frequently isolated from soil samples with histories of CB
exposure. Batch studies have demonstrated the ability of
CB-degrading micro-organisms to remove soil-sorbed CB
(Wang and Xi 2008; Brunsbach and Reineke 1994; Van der
Meer et al. 1998). Menard and Ramirez (2012) researched
the effect of trace gas on the biodegradation of CB, and the
results showed that a maximum elimination capacity of 49
gC/(m3h) for toluene was achieved for the lowest inlet load
of methane. According to mineralization assays in garbage
dumps, the degradation rate of CB was from 31 to 7 days
(Lee et al. 2009).

Although many research findings have described the
environmental behaviour of CB, most of them focused on
CB adsorption and biodegradation in water and soil. Sys-
tematic studies of the natural attenuation of CB during
artificial recharge are rare. Artificial recharge of aquifers is
an important water management strategy. The main pur-
pose of this process is to prevent and control land subsi-
dence, to increase the amount of groundwater resources
and to prevent seawater intrusion into aquifers. Artificial
recharge to aquifers may lead to potential problems, such
as the groundwater environment pollution. Organic pollu-
tants in surface water from industry and agriculture are also

ﬁ @ Springer

particular problems, such as CB. If the polluted water was
involved in the artificial recharge system, the concentration
of CB in groundwater may be changed. What will happen
to CB in the aquifer, adsorption? biodegradation? or the
both? Which one will dominate CB’s behavior in the
aquifer? It is still hard to answer.

This study focuses on the adsorption and biodegradation
behaviour during artificial aquifer recharge in an under-
ground environment. Owing to artificial recharge mostly
occurring in summer or winter, the temperature is a major
factor that would determine the transformation of CB in
groundwater. Bench-scale batch tests were conducted to
investigate adsorption and biodegradation of CB under
different artificial recharge conditions. The results from
this study will be used, along with other available infor-
mation, to provide technical support during artificial
aquifer recharge.

Materials and methods
Site condition

The study area is about 75,000 mz, located in north-east
China (Fig. 1). The key aquifer is the 4th confined aquifer,
a homogeneous isotropic aquifer, about 50 m thick.
Aquifer elevation and hydraulic conductivity are —170 m
and 50 m/d, respectively, and the hydraulic gradient along
the flow direction is about 0.3 %o.

Considering the economic factors and feasibility, the
nearest surface water was selected as recharge water.
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Fig. 1 Schematic diagram of the groundwater is potential line in the
fourth confined aquifer
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Table 1 The main chemical Water Kt Na+ 2t M g2+ HCO;~ CI- SO42_ NO;~ TDS CB

components of surface water _ _

and groundwater Surface water  8.94 80.88 53.72 1238 135 844 1282 5.06 418 424
Groundwater  2.08 283.73 4930 27.06 449 276.3 137 <0.05 840 <0.01

The unit of CB is pg/L, others is mg/L

However, owing to the increasing development of manu-
facturing and agriculture, surface water quality has dete-
riorated, and organic pollution is especially serious.
According to the water quality analysis results of surface
water and groundwater in Table 1, the groundwater quality
of the 4th confined aquifer is good except that chloride and
the total dissolved solids exceed the drinking water criteria,
the concentration of chlorobenzene (42.4 pg/L) is rela-
tively higher in organic components, and so, the target
organic contaminant from the recharge water is CB.

Water and soil samples were collected from the 4th con-
fined aquifer by engineering drilling. They were stored at4 °C
before use. The physical properties of the soil samples were
unit weight 1.546 g/cm’, specific gravity 2.645, moisture
content 12.392 %, porosity 0.414, and void ratio 0.726. Their
size grading was 11 % for <0.1 mm, 48 % for 0.1-0.25 mm,
33 % for 0.25-0.50 mm, 6 % for 0.50-2.0 mm, and 2 % for
>2.0 mm. The soil samples were treated or sterilized, as
previously described by Jiang and Zhang (2007).

Recorded statistics shows that the temperature of the 4th
confined aquifer is about 20-23 °C throughout the year, the
average is 21.5 °C, whereas the temperature of the
recharge water depends on the atmosphere. The maximum
(30 °C) and minimum (0 °C) occur in August and January,
respectively.

Chemicals

CB (<99 % pure) used in this experiment was obtained from
the Pesticide Research Institute of Shenyang, China. The CB
stock solution was made up in distilled water up to saturation
(466.3 mg/L, 20 °C). The initial concentrations for the
adsorption and biodegradation experiments were obtained
by diluting the stock solution. Samples were filtered imme-
diately through 0.45-pm membranes; the second 20 mL of
the filtrate was collected into an Agilent bottle and stored at
4 °C until analysis. The concentration of CB in each sample
was determined by GC/MS (Agilent 6890/5973N).

Adsorption study
Batch adsorption experiments
According to the difference in temperature between ground-

water and recharge water, batch adsorption experiments were
conducted at serial temperatures (0, 10 and 20 °C) to represent

the test temperature occurring during different recharge sea-
sons. To exclude the influence of biodegradation, make sure
that the change of concentration of CB is caused by adsorption;
solid samples should be sterilized. According to the adsorption
process, the CB concentration increases during the artificial
recharge from the begin to the end; the process of concentration
enrichment of CB made initial concentration of CB in the
experimental procedures larger than the original; due to the
studies of Turlough (2008) and Li et al. (2006, 2007), the initial
concentration of CB in the experimental procedures was ten
times higher than that in the original recharge water. The initial
CB concentration for adsorption kinetics experiments was
466.3 pg/L (obtained by diluting stock solution 1000-fold at
indoor temperature). Briefly, 10 g of soil (dry weight equiva-
lent) and 100 mL of initial solution in a flask were continu-
ously stirred at 120 rpm in the dark, and the purpose of the
design is to simulate the continuous reaction of the adsorption
CB during artificial recharge, in order to make experimental
conditions more close to aquifer and adequately reaction. The
equilibrium time was less than 24 h according to preliminary
studies (Sennour et al. 2009; Zhang et al. 2010). Samples were
taken at 1,2, 4, 6, 8, 10, 12, 18 and 24 h.

According to the results of the adsorption kinetics
experiments, the equilibrium times were 8 h (20 °C), 10 h
(10 °C) and 12 h (0 °C), respectively. Subsequent samples
were obtained at those three time-points. In order to
explore the adsorption efficiency of different concentra-
tions of CB when it was injected into the aquifer, and
calculate the maximum amount of adsorption, different
concentration gradient would be designed, and usually the
biggest concentration is 100 times of the initial, and the
initial concentrations used were 4663, 2331.5, 466.3,
233.15 and 46.63 ng/L. The experimental process for
isothermal adsorption was the same as described above for
the adsorption kinetics experiments.

Data analysis

The amount of adsorption was calculated according to
Eq. (1):
(Co—C)V

Q=" (1)

where Cy and C; are initial concentration and concentration
at time 7, pg/L, and Q, is the amount of adsorption at time f,
pg/g. Vis solution volume, L and W weight of medium, g.
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Two kinetic models, pseudo-first-order (Eq. 2) and
pseudo-second-order equations (Eq. 3), were used to
analyse the adsorption rate at different temperatures
(Zheng and Yang 2004), as shown below:

Ln(Co/C,) = kit (2)
1/Q; = 1/kQ +1/Q. (3)

where k; and k, are rate constant of pseudo-first-order and
pseudo-second-order equation, and Q, is uptake capacity at
equilibrium, pg/g. ¢ is time, hour or day, others are the
same as above.

Adsorption equilibriums were described by the two
classical models of Freundlich and Langmuir (Zhao et al.
2001), as shown below:

Qe =k - C (4)
C, 1 C,

e (5)
Qe qum qm
where k¢ and k; are coefficient of Freundlich and Langmuir
model, (ng/g) (L/pg)" and L/pg, respectively. n is Fre-
undlich model coefficient, g,, is Langmuir model coeffi-
cient, pg/g others are the same as above.

Biodegradation study
Batch biodegradation experiments

In order to study the influence of temperature on CB
biodegradation, batch biodegradation experiments were
conducted at different temperatures (0, 10 and 20 °C).
Experiments for biodegradation of CB were set up as
described above for adsorption kinetics experiments, using
an initial CB concentration of 466.3 pg/L. Similar to the
kinetics experiments, the equilibrium times determined
were 7 d (20 °C), 9 d (10 °C) and 12 d (0 °C), and sub-
sequent samples were obtained at those three time-points.
Initial CB concentrations were the same as in the isother-
mal adsorption experiments. Micro-organisms are native to
the aquifer, and their growth environments were 7 d
(20 °C), 9d (10 °C) and 12 d (0 °C), respectively. Micro-
organisms were quantified by absorption (UV-2102C) at
660 nm and cell densities calculated according to the
standard curve.

Data analysis

CB biodegradation is a complicated process and the role of
micro-organisms is essential. Model equations describing
the biodegradation process of CB should consider the CB
concentration and the density of the micro-organisms. The
Monod model with its advantages was adopted (Zhang
et al. 2010).

’r @ Springer

The Monod equation was used to determine the
biodegradation rate by different temperatures:

dcilumax'B'Ct

Cdt k+C, (6)

In order to fit curve more intuitive, the equation was
linearly transformed to:
B ks 1 1 dC 4C

+ =—=

dt = At

4 Hmax Cl Hmax ’

(7)

where [h.x 1S Monod maximum-specific utilization rate,
h_l, kg is Monod half-saturation coefficient, pg/L, and B is
concentration of micro-organism, pg/L, others are the same
as above.

Several investigations (Paul et al. 2001; Malzer et al.
1993) have shown that the overall kinetics can be described
by the first-order decay kinetics equation:

Ci=Cy-e” (8)

CB half-life was calculated using the empirical formula:
0.693

typ = 7 9)

where 11, is half-life of biodegradation, day, and A is
biodegradation rate constant. Others are the same as above.

Results and discussion
Adsorption
Adsorption kinetics

The adsorption curves of CB are shown in Fig. 2. The
equilibrium times obtained were 8 h (20 °C), 10 h (10 °C)
and 12 h (0 °C), respectively. We observed that the higher
the temperature, the smaller the adsorption equilibrium
time of the CB. At the equilibrium time, C/C, was 0.35
(20 °C), 0.46 (10 °C) and 0.56 (0 °C), respectively, which
indicates that the higher the temperature, the greater the

121
——20°C
——10°C
—a—()°C
(=3 = —a
2 . .
S . .
0.2
0 1 1 1 1 1 |
0 4 8 12 16 20 24

time(h)

Fig. 2 Effect of different temperatures on adsorption of CB



Int. J. Environ. Sci. Technol. (2016) 13:319-326 323
Table 2‘ Kinetic coefficients of Temperature (°C) Pseudo-first-order equation Pseudo-second-order equation
pseudo-first-order and pseudo-
second-order equations at k; R ky R 0. (ng/g)
different temperatures

20 0.0882 0.9979 0.27 0.9921 3.27

10 0.0513 0.9739 0.23 0.9857 2.70

0 0.0365 0.9794 0.18 0.9861 2.24
amount of CB adsorbed. Because CB adsorption was an 2

endothermic reaction, higher temperature promotes the
adsorption reaction, which is in agreement with a pre-
vious study (Cornelissen and Hassell 2000). According
to the results adsorption reaction will be promoted from
winter to summer, so the amount of adsorbed will be
larger, and the concentration of CB in the aquifer will be
declined.

The results showed that the adsorption of CB was well
fitted to the pseudo-first-order and pseudo-second-order
equations, respectively. We compared the two kinetic
equations and summarized the main coefficients in Table 2.
When temperature ranged from 0 to 20 °C, k; and k,
increased from 0.0365 to 0.0882 and from 0.18 to 0.27,
respectively. This indicated that, as temperature increased,
the reaction rates were also accelerated, with rise in Q,
from 2.24 to 3.27. So temperature was the driving factor in
the adsorption of CB (Zheng and Yang 2004). The corre-
lation coefficient R* of pseudo-second-order equation is a
bit larger than pseudo-first-order equation, and Q, was
calculated by pseudo-second-order equation rather than
pseudo-first-order equation, so pseudo-second-order equa-
tion is better for the study of adsorption.

Isothermal adsorption

CB adsorption isotherms are shown in Figs. 3 and 4. At
equilibrium concentrations between 0 and 3500 pg/L, the
adsorption of CB could be described by the Freundlich and
Langmuir models. By comparing the two isothermal
adsorption models, the main coefficients are summarized in
Table 3.

In the Freundlich and Langmuir models, temperature
ranged from 0 to 20 °C, k; ranged from 0.0324 to 0.1077,
and k; ranged from 0.4161 to 0.9820. It indicated that as
temperature increased, the amounts of CB adsorbed were
increased to equilibrium. However, at the maximal amount
of adsorbed CB, g,, in the Langmuir model ranged from
20.747 to 23.364 ng/g, and coefficient n in the Freundlich
model ranged from 0.7359 to 0.6527. A value of n close to
1.00 suggested that the adsorption isotherm was linearly
dependent on the concentration of the adsorbent. Due to the
concentration range employed in this study, a linear model
was not suitable for estimating the soil/water distribution
coefficient (k;). Hence, the k; was calculated from the

Qe(ug/g)

= Freundlich isotherm

5 & 20C
’ A 10C
m 0C
O 1 1 1 J
0 1000 2000 3000 4000
Clug/L)

Fig. 3 Freundlich adsorption isotherm

20

15

Qe(ug/g)

—— Langmuir isotherm

_ & 20°C
0 A 0°C
m0cC
0 1 1 J
0 1000 2000 3000 4000
Cug/L)

Fig. 4 Langmuir adsorption isotherm

entire dataset (Xu et al. 2009): 5.7 (20 °C), 4.5 (10 °C) and
3.5 L/kg (0 °C). ky obtained from the equation:

koc = kd/f;)c (10)

where k.. is the organic carbon adsorption coefficient,
L/kg, and f,. is the organic carbon content of the soil.
Therefore, 1g(k,.) was 3.38 (20 °C), 3.28 (10 °C) and
3.17 (0 °C) L/kg at different temperature. The value of
lg(ko,e) and k, indicated that CB possessed a high
adsorption affinity for the fourth confined aquifer soil.
The comparison of adsorption affinity at different
temperatures suggested high temperature increased the
affinity of CB with the aquifer soil, which is in agreement
with the results of the previous study of Zhao et al. (2001).
Interestingly, the 1g(k,.) of CB (3.38 at 20 °C) in this study
was similar to a previously published result 2.72-3.55
(Zhao et al. 2001), and the k; of CB (4.5 at 10 °C) was
lower than the result of Zhao et al. (2001) (4.87-5.36).
When the temperature was increased from 0 to 20 °C, 4H
was calculated by the Van’t Hoff equation:

’r @ Springer
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Table 3 Coefficients of the Temperature (°C)

Freundlich model

Langmuir model

Freundlich and Langmuir

models at different temperatures ke [(ng/g) (Lipg)"] n R? k (L/pg) Gm (NE/L) R?
20 0.1077 0.6527 0.9880 0.9820 23.364 0.9891
10 0.0664 0.6803 0.9962 0.6738 21.505 0.9905
0 0.0324 0.7359 0.9989 0.4161 20.747 0.9835
lgkar = 1gkar —A—H<i—i> (11) | ] 605
23R\T, T, 1 20°C 1 5-E05 ~
where k;; and k,, are the distribution coefficient at tem- S 8': : : ;L Eig; §
perature T and T,, L/kg, respectively. T and T, are the S ’ =
reference and the target temperature, K. AH is enthalpy, 0-47 ] 2 E0 8
0.2 1 1.E+05
J/mol. ‘ ‘ :
AH equals 16.77 kJ/mol, AH > 0; therefore, the O0 2 4 6 8 0. £+00
adsorption of CB was an endothermic process. When time (d)
temperature was increased, promoting the process to the .27 6. E+05
positive direction, the amount of CB adsorption and rate of 1 10°C 5.E+05 3
adsorption was increased. o 0.87 4.8+05 &
So6f 3. E+05 ﬁ
©0.af 2.E+05
Biodegradation S
0.2 1. E+05
. . 0 : : : 0. E+00
Monod biodegradation 0 2 4 6 8 10
time (d)
CB biodegradation experiments can be described using the 1.2 6. E+05
Monod equation (Zhang et al. 2010) shown in Fig. 5. CB 1 N 5.E+05 —~
. . 0C —
was rapidly degraded on the first day, but the degradation o 0.8 4.E+05 E
rate decreased over time. Since biodegradation is a rela- % 0.6 3.E+05 ﬁ
tively slow process, the decrease of CB is effort from 0.4 2.E+05 =
adsorption at the equilibrium time. The concentration of 0.2 ‘ ‘ ‘ ‘ 1.E+05 ©
microbes increased sharply and then slowed; as microbes 00 9 4 6 8 10 12 0. E+00
were using the CB as the sole carbon source, the sudden time (d)
increasing of carbon source makes the microbe multiply
rapidly, and then, the growth tends to slow. Higher tem- Fig. 5 Monod biodegradation at different temperatures
peratures promoted the growth of microbes, so the equi-
librium times were 12 d (0 °C), 9 d (10 °C) and 7 d Table 4 Monod parameters at different temperatures
(20 °C); 20 °C was the optimal temperature for microbial . - >
growth of the three temperatures tested, because the Temperature (°C) dmax (1) ks (ne/l) R
increase in temperature provides energy for microbes. 20 0.0387 293.06 0.9962
Monod model parameters are summarized in Table 4. 10 0.0351 296.48 0.9882
In Monod equation, pn,x is related to the microbial ¢ 0.0314 295.93 0.9889

activity, and k, indicated the affinity of the substrate to
micro-organisms (Bruce and Perry 2002). These results
show that p,.x changed with temperature. From O to
20 °C, pmax Was increased from 0.0314 to 0.0387 h™'.
According to this result, it indicated that microbial activity
is fine under high temperature condition. However, it is
well known that if the temperature is too high, microbes
may die. Then the growth of microbes will be promoted
within a reasonable temperature range. As the substrate
used in these experiments was always CB, the values of k;
did not change significantly, and stable carbon source

’r @ Springer

ensured the microbial growth rate. As temperature was
increased, microbial activity was influenced, consequently,
the value of p,.x changed.

Biodegradation kinetics

The process of biodegradation can also be described by the
kinetics equation. Figure 6 shows that as temperature
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Ln(CO/Ct)

time(d)

Fig. 6 Biodegradation kinetics at different temperatures

30
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Qe(ug/g)

0 1 1 1 1 J
0 1000 2000 3000 4000 5000

C(ug/L)

Fig. 7 The effect of different concentrations on biodegradation rate

ranged from O to 20 °C, A ranged from 0.2291 to 0.4757
d™"and t,), ranged from 3.02 to 1.46 d. This indicates that
the rate of biodegradation was increased at higher tem-
perature, so f;, was reduced. The biodegradation of CB
was fitted to the decay kinetics equation, but as the R2. of
Monod was 0.9882 and the anax of the decay kinetics was
0.9769, the Monod equation was better fitted to our data, in
agreement with Zhang et al. (2010). The influence of
temperature on CB biodegradation could be expressed by
Arrhenius equation:

) =Ae# (12)

where A is Arrhenius law coefficient, E, is biodegradation
activation energy, kJ/mol, R is the ideal gas constant,
8.3145 ] mol_lK_l, others are the same as above.

A was 9752.7 and E, was 24.27 kJ/mol; the equation

2918.6

was described as A = 9752.7¢ "7 , T was less than 30 °C
during all seasons, and the higher the temperature, the
larger the coefficient.

Figure 7 shows the amount of biodegradation at differ-
ent concentrations of CB. The Q, of CB was
20 > 10 > 0 °C and the maximal amount of biodegrada-
tion was about 28.32, 26.41 and 23.77 pg/g, respectively.

From the adsorption experiments, we know ¢, in the
Langmuir model ranged from 20.747, 21.505 to 23.364 ng/
g, and the maximal amount of biodegradation was about
23.77, 26.41 and 2832 pg/g at 0, 10 and 20 °C,

respectively. Therefore, the effect of CB biodegradation
was better than that of adsorption.

Conclusion

This study systematically discussed the adsorption and
biodegradation of CB in a groundwater artificial recharge
programme. The adsorption of CB was fitted to the Fre-
undlich and Langmuir models. Over a temperature range
from 0 to 20 °C, the adsorption rate increased and the
highest amount of adsorption obtained was 23.364 pg/g.
The adsorption of CB was an endothermic process. The
biodegradation of CB was fitted to the Monod equation.
When the temperature was raised, the biodegradation rate
increased and the highest amount of biodegradation
obtained was 28.32 pg/g. The influence of temperature on
biodegradation was expressed by Arrhenius equation. The
effect of CB biodegradation was better than that of
adsorption. The best season for artificial recharge is sum-
mer, as higher rates of adsorption and biodegradation of
CB are obtained at higher temperatures, which will reduce
the leaching potential of this toxic chemical.
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