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A feasible approach to dispose of soil washing
wastes: adsorptive removal of chlorobenzene
compounds in aqueous solutions using humic acid
modified with monoolein (HA—M)¥

Yueyue Shen,$? Shilin Zhao,$*3° Yue Li,? Qian Liu,® Chongdi Ma,® Hui Mao,?®
Yang Liao*®® and Jun Ma*®®

Humic acid (HA), one of most ubiquitous natural resources in the world, was modified with monoolein to
prepare a novel hydrophobic adsorbent (HA-M) for removal of chlorobenzene compounds (CBs) from
aqueous solutions. The influence of pH, temperature, coexisting organics and initial concentration on
the adsorption capacity of HA-M for CBs were investigated to obtain the optimum removal efficiency.
Furthermore, the adsorption kinetics and isotherms were researched as well as the column adsorption
studies to reveal the mechanism for HA-M to adsorb CBs. The experimental results indicated that the
HA—-M materials exhibit high removal efficiency of CBs (>90%) in a wide range of pH values and
temperatures. The adsorption of CBs with HA-M was realized by the hydrophobic interactions between
CBs and HA-M. In addition, the HA-M also performed high removal efficiency toward organochlorine
pesticides (OCPs) in aqueous solutions. Most important, the excellent adsorbability of the super-
hydrophobic HA-M adsorbent could be comparable or fairly good compared with other adsorbents.
Consequently, our present investigations provided a facile synthesis route for the highly effective and
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Introduction

Chlorobenzene compounds (CBs) are conventionally used as
effective components in commercial pesticides owing to their
low cost, and high efficiency in insect disinfestation," fungi-
cides,”> and deodorants.®* The CBs-containing pesticides have
been widely used in many countries, which may result in
serious leakage of CBs into the soil. However, CBs have poor
water solubility with high toxicity, are difficult to decompose in
the natural environment (aqueous and soil environment) and
can easily accumulate in fatty tissues of organs, causing
potential threats to people's health via the food chains.*®
Although the use of several CBs with extreme toxicity, such as
hexachlorobenzene (HCB), has been banned in agriculture in
most countries,® many new types of CBs (e.g. tetradifon and
hexythiazox) are still used in producing pesticides. Unfortu-
nately, the utilization of these CB-containing pesticides
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recyclable hydrophobic adsorbent for the adsorptive removal of CBs and OCPs from aqueous solutions.

inevitably generates a large amount of polluted soil sites due to
the stability of CBs. Currently, the problem of highly CB-
polluted soil has becoming one of the most worrying issues in
environmental protection. Soil washing is one of the most
efficient technologies for removing of CBs from polluted site
soil.

However, further issues arise following the soil washing
since the collected large volume of waste washing solution, (e.g.
toxic metals,” persistent organic pollutants,®) need to be adop-
ted suitable treatments. Various strategies have been developed
to address the attendant organic contamination problems in
soil washing solutions, including biological degradation,®
photo-catalysis,' and adsorption.* As for bioremediation, it
usually requires a long degradation cycle to decompose the
containments, and this degradation process is even time-
consuming, especially for those organic hydrophobic contain-
ments."”" Photo-catalysis is a recently emerged promising
strategy to solve the contamination of soil washing wastes,
while its practical application is still hampered by difficulty in
catalyst recycling and low catalytic efficiency under visible
light."»*> On the contrary, adsorption is currently the most
promising and practical applicable approach for the purifica-
tion of aqueous solutions with a large volume and variety of
washing contaminations because it's distinct advantages of low-
cost, high efficiency and recyclable treatment capacity.

This journal is © The Royal Society of Chemistry 2017
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Along that line, great effort has been dedicated to developing
adsorbents of CBs, including activated carbon,'® porous metal-
organic framework,"” and DNA hydrogel beads," etc. Although
these adsorbent indeed exhibit adsorption capacities to CBs in
aqueous solutions, their adsorption capacity, treatment effi-
ciency and/or recycling ability are still have a plenty of room to
improve. In principle, the lipoid-type adsorbents should be
ideal candidates for CBs removal when considering the hydro-
phobic nature of CBs. This type of adsorbent is able to adsorb
the CBs through a solid extraction mechanism, and desorption
by organic solvent can be easily carried out to recycle the
adsorbent. Several groups have found that lipoid, such as
biolipoid-triolein, shows great potential for effective removal of
trace amount of CBs from aqueous solution, with a high accu-
mulating capacity (10°-107).1*?° However, these lipoid materials
are in liquid status, which makes it difficult to recycle. To
facilitate the recycle, these lipoids need to be immobilized onto
solid matrices to prepare water insoluble adsorbents.

To date, most of the reported lipoid-type adsorbents rely on
physical interactions to immobilize lipoid species.”® Owing to
the weak interactions, the immobilized lipoids often suffer
from serious detaching from the supporting matrix, resulting in
decreased adsorption capacity upon cycling. To this end, it is
essential to enhance the stability of the lipoid species on the
supporting matrices by chemical grafting. On the other hand,
the adsorption kinetics of adsorbent is closely related to the
porosity and specific surface area of supporting matrices, which
accordingly determine the adsorption rate and kinetics
parameters. All these issues must be taken into consideration
when developing novel adsorbents to CBs, which should have
high capacity, fast adsorption rate and good cycling stability.

Here, humic acid (HA) which was derived from plants and
microbial residues was selected as the supporting matrix
because it has well-defined porosity and large specific surface
area, favoring the access of CBs to inner pores of HA
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Fig.1 (a) Molecular structure of HA, (b) photograph of HA and HA-M
in water/hexane biphasic system, (c) FT-IR spectra of HA, monoolein
and HA-M.
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immobilized with monoolein adsorbents (HA-M). Moreover,
HA has abundant functional group (Fig. 1a),*** including -OH
and -COOH, etc., which enables an easy and stable chemical
grafting of monoolein (the chemical structure of monoolein was
shown in Fig. S11) onto HA via etherification. HA is also rich in
earth, which ensures low-cost of the prepared HA-M. To eval-
uate the adsorption properties of HA-M to CBs, 12 kinds of CBs
and were utilized as the target contaminations in aqueous
solutions. Batch experiments were carried out by investigating
the influences of pH and coexisting organics on the adsorption
capacity of CBs, the adsorption kinetics, and the adsorption
isotherms were systematically investigated as well. Column
adsorption experiment was also conducted to investigate the
dynamic adsorption efficiency of CBs in aqueous solutions.
Furthermore, 4 types of organochlorine pesticides (OCPs) were
also utilized to investigate the adsorption properties of HA-M
toward the commercial pesticides. The HA-M has exhibited
satisfactory performance in removal of CBs and OCPs in
aqueous solution.

Results and discussion
Characterization of HA-M adsorbent

HA is one of the ubiquitous resources in natural aquatic envi-
ronment, which contains a variety of functional groups in its
structure, such as hydroxyl, carbonyl, carboxyl and phenol (see
Fig. 1a). As shown in Fig. 1b, HA only disperses in water phase
since the hydrophilic hydroxyls have endowed HA with enough
hydrophilicity, while the HA-M adsorbent just disperses in
organic phase after the modification with monoolein, which
suggests that the hydrophobic monoolein has been grafted onto
HA. Hence, the as-obtained HA-M is a typical lipoid-type
hydrophobic adsorbent. Additionally, HA-M can finely
disperse well in organic/aqueous heterogeneous system
following with constant shaking.

FT-IR spectra of HA, monoolein and HA-M are shown in
Fig. 1c. The absorption band near 3400 cm ' confirms the
existence of hydroxyls in HA-M. The aliphatic characteristic
representing the absorption band at 2926.37 cm™ ' indicates
that monoolein has been successfully grafted onto HA.**** The
bands at 1622.53 cm™ ' was attributed to aromatic ~-C=C
stretching. The appearance of band at 1717.30 cm ™" belongs to
the carboxyl groups (-COOH) in HA-M.** In addition, the
stretching vibration peak of -C-O- group with obvious
increased intensity around 1101.16 cm ', which could be
attributed to the esterification of HA with monoolein.*”

Effect of pH on the adsorption capacity of CBs

The adsorptions of HA-M to five typical CBs with proper
concentration (50 mg L™ ") were investigated in a wide range of
pH. As shown in Fig. S3,1 the adsorption capacities of HA-M to
all the CBs are close to 23 mg g %, and slightly change in the
range pH of 3-9, which is different from the adsorption to metal
ions. A higher pH value can promote the dissociation of
hydroxyls in HA-M, increasing the chelating adsorption to
metal ions. However, the CBs are hydrophobic compounds
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without electron accepting ability. Hence, the adsorption of HA-
M to CBs is more likely attributed to the hydrophobic interac-
tions between HA-M and CBs, where the benzene rings in the
HA-M can form “hydrophobic bond” with CBs. The slight
influence of pH on adsorption capacity suggests that the
removal of CBs by HA-M can be carried out in a wide range of
pH, which is preferred in practical applications, due to the
excellent hydrophobicity of HA-M. In consideration of envi-
ronmental benign issue, the solution pH was fixed at 7.0 in the
subsequent adsorption experiments. Additionally, control
experiment suggested that the organic membrane filter had
little adsorption to CBs.

Adsorption kinetic studies

Adsorption kinetic studies can provide valuable parameters to
simulate specific treatment process. The equilibrium constant
and adsorption isotherm were measured at constant HA-M
amount (0.2 g) while varying types of CBs. The adsorption
capacity of HA-M to CBs was high up to 18 mg g™ " in the initial
1 h of adsorption process, and the adsorption equilibrium was
achieved around 8 hours with 80% of CBs removal efficiency.
The fast adsorption rate could be explained by the strong
hydrophobic interactions between HA-M and CBs. Further-
more, the mesoporous structure of HA-M is another important
causation. The mesoporous structure of HA-M (Fig. S41) was
beneficial for the convenient accesses of CBs into the inner
pores, which substantially decreases the mass transfer resis-
tance usually encountered in microporous adsorbents.?®?°

As shown in Fig. 2 and S5a,} the pseudo-first order kinetics
cannot fit the adsorption kinetics (R* < 0.98) while the pseudo-
second order model can give a well description with a high
correlation constant (R* > 0.98) (Table S1t). The calculated
equilibrium adsorption capacity of each CBs obtain from the
pseudo-second order model fitting is very close to the adsorp-
tion capacity determined by experiments. For example, the
Qc(cary of HCB is 23.088 mg ¢~ while the Qc(exp) Of HCB is
23.882 mg g~ '. The intraparticle diffusion model was also used
to simulate the adsorption kinetic data but the low correlation
constant suggests that the inner-diffusion resistance can be
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Fig. 2 Adsorption kinetics of HA-M to CBs;
model fitting.
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neglected during the adsorption (Fig. S5bT). Among the three
models, it is obvious that the pseudo-second-order model can
well describe the adsorption behaviors of HA-M to CBs. In this
regard, “solid phase extraction” should be the rate controlling
step in the adsorption of CBs with HA-M. The mesoporous
structure of HA-M could alleviate the inner-diffusion resistance
efficiently.

Adsorption isotherm studies

To evaluate the theoretical adsorption capacity of HA-M to CBs,
the adsorption isotherms of CBs on HA-M were investigated,
and fitted by the Langmuir and Freundlich models (Fig. 3). As
shown in Fig. S6 and Table S2,{ the Freundlich model fits the
adsorption isotherms very well, and all the values of 1/n are
smaller than 1, which suggest that the adsorption of CBs on
HA-M is easy to proceed.*® From the Freundlich model, we can
obtain the maximum adsorption capacity. At room temperature
(25 °C), the maximum adsorption capacities of HA-M to the 12
kinds of CBs could reach 120 mg g™, showing superior capac-
ities compared to previously reported absorbents (Table S37)
such as activated montmorillonite** and grapheme.** This
should be attributed to the strong hydrophobic properties of
HA-M, which provide high affinity toward the hydrophobic CBs.

Adsorption thermodynamics studies

Thermodynamics studies were also carried out to investigate
adsorption of CBs with HA-M. The adsorption capacities of HA-
M to six selected CBs were researched from 15 °C to 45 °C. The
adsorption capacities slightly decreased slightly along with the
rise of temperature (Fig. S7t). To explain this phenomenon, the
thermodynamic parameters are evaluated using eqn (1) and
(2):33,34

AS AH
2.303R  2.303RT

log K4 = (1)

AG = —RT In K4 2)

(Ka = Qc/Ce: adsorption constant, AS: entropy change, AH:
enthalpy change, AG: Gibb's free energy change).

Concretely, these parameters were obtained through fitting
log K4 with 1/T. All of thermodynamic parameters are given in
Table S4.1 The negative AH values signified the exothermic
nature of adsorption of CBs with HA-M. It is also confirmed by
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Fig. 3 Adsorption isotherms of CBs onto HA-M (a) and adsorption
isotherm plots for adsorption of CBs onto HA—M, Langmuir model (b).
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the decrease of the Ky value with the rise of temperature.
Therefore, the HA-M exhibits lower adsorption capacity at
higher temperature. Furthermore, the adsorption process of
CBs with HA-M is achieved by hydrophobic interactions formed
between CBs and HA-M,* which is in accord with the previous
results. The negative AG values have proved the feasibility and
the spontaneous nature of the adsorption process.*

Influence of coexisting organics on the adsorption capacity

Various organics usually coexist in soil washing wastewater.
Therefore, typical organic matters (benzene and trichloroethy-
lene) were utilized as the coexisting organics to investigate their
influences on the adsorption of CBs on HA-M. It is worthwhile
to note that the coexisting organic matters also have negligible
influence on the adsorption of CBs on HA-M (Table S51). These
results, contributed unambiguously by the super-
hydrophobicity of HA-M, indicate the potential application of
HA-M for adsorptive removal of uncharged CBs in practical
aqueous solutions.

Adsorption efficiency in multi-component aqueous solutions

In practical wastewater, different types of CBs usually coexist.
Hence, the adsorption performance of HA-M was investigated
in aqueous solutions containing six typical CBs at different
concentrations. As shown in Fig. 4, the HA-M exhibits satisfied
removal efficiency (>90%) to all kinds of CBs both at low and
high concentrations. In addition, the removal efficiencies of
these CBs are slightly reduced compared to the removal effi-
ciency in signal component solution, which suggest that a mild
competitive adsorption among the CBs. However, the influence
of the mild competitive adsorption can be negligible compared
with superior high removal efficiency.

Dynamic adsorption experiment

Two typical CBs, 1,2,3,4-TeCB and 1,4-DCB, were utilized in
column study to the dynamic adsorption behaviors of HA-M to
CBs. The concentration of each CBs was fixed at 0.04 mg L™ " or
0.06 mg L' to simulate the practical aqueous solutions in
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Fig. 4 Adsorption efficiency of CBs on HA-M in multi-component
aqueous solutions.

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

environment. When the concentration was fixed at 0.04 mg L™,
the treated volume of solution was high up to 1.4 L at the
breakthrough point (Fig. 5a). Moreover, the concentration of
both CBs reached to the initial concentration quickly, which
suggests a high treatment capacity of HA-M column. When
adjusting the concentrations of 1,2,3,4-TeCB/1,4-DCB to
0.06 mg L™ (Fig. 5b), the treated volume at breakthrough point
reduced to 1.2 L, and the column efficiency was still satisfied.

Adsorption of conventionally pesticides studies

Based on the high adsorptive removal efficiency of HA-M to
CBs, typical organochlorine pesticides (OCPs), such as o-HCH,
p'p-DDT, were used to evaluate the removal performance of HA-
M to these toxic compounds widely used. As expected, HA-M
exhibits high adsorption capacity to 4 OCPs in aqueous solution
under the optimized pH and temperature (Fig. S81). The
adsorption capacities of HA-M to the 4 OCPs with low
concentrations (0.02 mg L") are all up to 9 mg g " in a wide
range of pH and temperature. The kinetic data can also be well
described by the pseudo-second-order kinetic model (R* > 0.99)
(Fig. S9 and Table S61), indicating that the adsorption process is
familiar to those of CBs on HA-M. The HA-M also exhibits high
removal efficiency (>90%) to the 4 OCPs in simulated solutions
(Fig. S97). Furthermore, as an important issue for absorbent in
practical application, the recyclability of HA-M in adsorption of
aldrin was investigated. As shown in Fig. 6b, the HA-M can be
recycled without significant loss decrease of removal efficiency,
exhibiting satisfied recyclability.
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Experimental

Materials and methods

Humic acid (HA, CAS: 1415-93-6) was purchased from Tianjin
Guangfu Fine Chemical Research Institute co., Ltd (China) and
used after passing a 100 mesh sieve. Monoolein (CAS: 111-03-5),
sulfuric acid (CAS: 7664-93-9) and hexane (CAS: 110-54-3) were
of analytical grade (ChengDu Kelong Chemical Co., Ltd, China).
12 kinds of chlorobenzene compounds (CBs) were purchased
from Aladdin Industrial Corporation, which includes, chloro-
benzene (CB), 1,2-, 1,3-, 1,4-dichlorobenzene (DCB), 1,2,3-,
1,2,4-, 1,3,5-trichlorobenzene (TCB), 1,2,4,5-, 1,2,3,4-, 1,2,3,5-
tetrachlorobenzene (TeCB), pentachlorobenzene (PeCB) and
hexachlorobenzene (HCB). 4 types of organochlorine pesticides
(OCPs) were obtained from Agro-Environmental Protection
Institute, Ministry of Agriculture (China), including o-hexa-
chlorocyclohexane (o-HCH), p,p’-dichlorodiphenyltrichloro-
ethane (p,p-DDT), aldrin and dieldrin, purity >99.5%.
Physicochemical data of the CBs and OCPs are shown in
Table S7.t

Preparation and characterization of HA-M

25.425 g of monoolein was mixed with 8.475 g of HA in 0.619 g
of H,S0,. The resultant mixture was stirred at 120 °C for 24 h,
allowing the chemical grafting of monoolein onto HA. After the
reaction, the mixture was cooled down to room temperature,
followed by centrifugation, washing and vacuum drying. The
obtained HA-M was ground and screened with 100 meshes for
further adsorption experiments.

Batch adsorption experiments

Various CBs solutions used in this experiment were diluted by
deionized water from the stock solutions prepared by CH;O0H.
Moreover, the adsorption system was kept sealed during all
batch experiments.

pH influences on the adsorption capacity. 0.2 g of HA-M was
added into 100 mL of CBs solutions (50 mg L~ of CBs). The
solution pH was adjusted in the range of 3-9 using HCI solu-
tions (1.0 M L") and NaOH solutions (1.0 M L™'). The mixture
solution was shaken at 25 °C for 12 h to achieve the adsorption
progress. When the adsorption was completed, the mixture
solution was filtrated. The collected filtrate was extracted by
hexane for 3 times, then 5 g NaCl was added into the collected
hexane to increase the ionic strength of organic matters.
Subsequently, the collected hexane was dehydrated using
anhydrous sodium sulfate and then concentrated to 2 mL via
rotary evaporation. The obtained solutions was further filtrated
by passing an organic membrane (0.45 pm), the concentrations
of CBs or OCPs in these filtrates were analyzed by gas chro-
matograph (GC, D7900, Teccomp Ltd, China). The adsorption
capacities of HA-M (Q., mg g~ ') was calculated by eqn (3):

(Go—C)V
m

0. = (3)

where C, (mg L") and C, (mg L") are the initial concentrations
of CBs (or OCPs) and the remaining concentration at time ¢,
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respectively, V(L) is the volume of aqueous solution, and m (g) is
the mass of HA-M used.

Adsorption kinetics. 0.2 g of HA-M was added into 100 mL of
solutions (50 mg L™" of CBs, or 0.02 mg L' of OCPs). The
solution pH was adjusted to 7.0, while the adsorption process
was conducted at 25 °C with constant shaking, promising that
lipohilic HA-M disperse well in the heterogeneous adsorption
system formed by CBs and HA-M. The concentration of CBs (or
OCPs) in the extracted phase was measured at intervals by GC,
and the adsorption capacities at time ¢ (min) were obtained by
mass balance calculation, which were denoted as Q, (mg g ).
The adsorption kinetic data was further fitted by the pseudo-
first-order rate model,*” the pseudo-second-order rate model,*®
and the intraparticle diffusion model,* which are expressed as

eqn (4)-(6):

K
log(Q. ~ Q1) =log Qc — 5321 (4)
1 t
o %ol e ®
0, = K"’ (6)

where Q. (mg g~ ") and Q, (mg g~ ') are the adsorption amount of
CBs and OCPs at equilibrium and time ¢ (h), respectively; K;
(h™") and K, (g mg ™" h™") are the rate constant, K3 (mg g ' h®?)
is the intraparticle diffusion rate constant.

Adsorption isotherms. Adsorption isothermal experiments
were conducted with the initial concentration of CBs from 1 to
325 mg L~'. The solution pH was adjusted to 7.0 and the
adsorption was carried out at 25 °C for 12 h. The concentration
of CBs in the extracted phase was measured by GC. The
adsorption capacities at equilibrium (Q.) were obtained by mass
balance calculation. Adsorption isotherms data were further
fitted by Langmuir* and Freundlich*' isothermal equations.
The Langmuir eqn (7) and Freundlich eqn (8) are expressed as
follows:

Qe = QmaxK4Ce/(1 + K4Ce) (7)

O = KSCe]/n (8)

Effect of coexisting organics. Benzene and trichloroethylene
were utilized as coexisting organics to investigated the removal
efficiency of HA-M to CBs. Batch absorption experiments were
carried out by adding 0.2 g of HA-M into 100 mL solutions of
1,3,5-TCB, respectively. The concentrations of each kind of
organics were fixed at 0.5 g L' or 1.0 g L™ . The initial pH of the
solutions was adjusted 7.0 and adsorption time was 12 h. The
concentrations of 1,3,5-TCB in the solutions was analyzed by
GC.

Adsorption efficiency in multi-component aqueous solu-
tions. 0.2 g of HA-M was added into a series of 100 mL aqueous
solutions, which containing CBs and OCPs with different
concentrations. The initial pH of the solutions was adjusted to
7.0 and the adsorption was carried out under constant stirring

This journal is © The Royal Society of Chemistry 2017
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for 12 h. After adsorption, the remaining CBs and OCPs
concentrations were determined by GC.

Dynamic adsorption experiment. 1.0 g of HA-M was mixed
with 8.0 g of quartz sand, and the resultant mixture was packed
into a column with the length of height of 10 cm and the
diameter of 1.0 cm. During the dynamic adsorption process,
1,2-DCB/1,2,3,4-TeCB mixed solutions with two different
concentration (0.04 mg L™" and 0.06 mg L™ ') was pumped
through the column at the flow rate of 0.8 mL min ", respec-
tively. The initial pH value was fixed at 7.0. The residual CBs in
the solution extracted by hexane and analyzed by GC.

Regeneration of HA-M. Regeneration of HA-M was per-
formed in desorption solution of methylene chloride. 0.2 g of
HA-M, which has used to absorb the conventionally pesticide
(aldrin, 0.05 mg L™ ", 100 mL), was eluted in 20 mL methylene
chloride with shaking at 25 °C for 1 h. Then, the adsorbent was
reused for the adsorption of aldrin.

Conclusions

In this study, natural humic acid was utilized as raw material to
prepared hydrophobic adsorbent (HA-M) by modification with
monoolein. The HA-M exhibited high efficiency in adsorptive
removal of CBs and OCPs at certain concentration in aqueous
solution. Super-hydrophobic interaction was dominated in the
adsorption behaviors of HA-M to CBs and OCPs, which was not
influenced by pH value, temperature or coexisting organics.
More importantly, the low-cost HA-M can be recycled 5 times
for the adsorption of OCPs. Therefore, the HA-M shows great
potential as recyclable adsorbent for effective removal of CBs
and OCPs in aqueous solutions. This provides valuable infor-
mation for the implication of adsorption removal CBs from soil
washing wastewater.
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