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1. Introduction

ABSTRACT

In this study, a novel adsorbent referred to as a lipoid adsorption material (LAM) was synthesized with a
hydrophobic nucleolus (triolein) and hydrophilic membrane structure (polyamide). The LAM was applied
to the adsorption and removal of nitrobenzene from aqueous systems. Experiments were carried out to
investigate the adsorption behavior of nitrobenzene on LAM, including the development of adsorption
isotherms, the determination of adsorption kinetics, and to explore the influence of adsorbent dosage,
contact time, temperature and the initial concentration of nitrobenzene on adsorption. The performance
of LAM was compared with equal amounts of granular activated carbon (GAC) for adsorption. The adsorp-
tionisotherms for LAM were found to be described by the Linear equation, while the adsorption isotherms
for granular activated carbon (GAC) were described by the Freundlich equation. Results indicated that
the adsorption of nitrobenzene by LAM occurred mainly due to the partition function caused by the tri-
olein nucleolus. Two kinetics models, pseudo-first-order and pseudo-second-order models were used
to fit the experimental data for LAM adsorption. By comparing the correlation coefficients, it was found
that the pseudo-first-order model was most suitable to describe the adsorption of nitrobenzene on LAM.
The results also indicated that the factors that affect the adsorption rate would be either the nitroben-
zene concentration or the character of the adsorbent. Thermodynamic calculations indicated that the
adsorption of nitrobenzene on LAM was spontaneous and was an exothermic reaction. With an initial
nitrobenzene concentration of 200 wgl-!, an equilibrium concentration was reached within 8 h using
LAM as an adsorbent and the average removal efficiency was 94.3%. For GAC, the adsorption equilibrium
was achieved after 12 h with a 91.9% nitrobenzene removal efficiency.

© 2012 Elsevier B.V. All rights reserved.

and advanced oxidation processes [8-10]. However, hazardous
POPs like nitrobenzene, with low water solubility, are especially

Persistent organic pollutants (POPs) are compounds of great
concern due to their characteristics of toxicity, persistency and
bioaccumulation within ecosystems [1-3]. Many of these com-
pounds can present high risks to ecological and human health even
at low concentrations [4,5]. Nitrobenzene is a type of POP which is
widely used in the production of different types of products includ-
ing dyes, explosives and pesticides [6]. After use, nitrobenzene in
solution is generally discharged into wastewater treatment plants
where a large proportion of it cannot be removed by conventional
treatment processes and is discharged into the surrounding aquatic
environment [7]. Methods to remove residual POPs from the envi-
ronment have been subject to increasing research in recent years,
focusing on removal mechanisms such as adsorption, ozonation,
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difficult to remove from wastewater. Activated carbon, with a high
porosity and an extensive surface area, has been widely used as an
effective adsorbent for several organic compounds of concern in
water and wastewater treatment [11,12]. Adsorption with gran-
ular activated carbon (GAC) material is considered to be one of
the most efficient methods for controlling the nitrobenzene in
water [13]. However, the high cost of both activated carbon mate-
rials and their regeneration presents difficulties which limit their
application. Therefore, the search for low-cost and easily acquired
adsorbents has led many researchers to explore more economical
and efficient techniques of using the natural and synthetic materi-
als as adsorbents. These include bagasse fly ash [14-17], red mud
[18,19] and bottom ash [20,21]. New agents are also being devel-
oped, including a biomimetic fat cell (BFC) for removal of lindane
from aqueous solution [22,23] and a triolein-embedded activated
carbon composite adsorbent (CA-T) for removal of dieldrin from
aqueous solution [24].

Previous researchers have shown that the fatty tissue of organ-
isms can accumulate hydrophobic chemicals and that the level of


dx.doi.org/10.1016/j.jhazmat.2012.01.014
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:czq0521@tom.com
dx.doi.org/10.1016/j.jhazmat.2012.01.014

Q. Wen et al. / Journal of Hazardous Materials 209-210 (2012) 226-232 227

accumulation has a positive correlation with the quantity of fat
[25-27].Based on this bioaccumulation as a function of the quantity
of fat tissue, an innovative lipoid adsorption material (LAM), with a
hydrophobic nucleolus (triolein) and hydrophilic membrane struc-
ture (polyamide), was synthesized and used for atrazine removal
[28]. Similar material, such as BFC [22,23], have been synthesized
and applied in previous studies. However, lindane was the only
target pollutant used in BFC research and no research has been
conducted into the adsorption kinetics. To completely character-
ize the adsorption performance of this innovative adsorbent, the
adsorption behavior of other typical pollutants in the environment
should be examined. This research was conducted to investigate the
adsorption behavior of nitrobenzene as a model POP contaminant
onto LAM compared to the adsorption onto a commercially used
granular activated carbon (GAC). Batch adsorption experiments
were carried out to study the adsorption isotherms and adsorption
kinetics.

2. Materials and methods
2.1. Reagents and chemicals

For the preparation of LAM, terephthaloyldichloride, 1,6-
hexanediamine, triolein and 4’-aminoacetophenone were pur-
chased from Shanghai Guoyao Chemical Co. Ltd. (China). Tween
20 was purchased from Shanghai Jierun Chemical Co. Ltd. (China).
Sodium hydroxide, hydrochloric acid, pyridine, cyclohexane and
methanol were purchased from Tianjin Basifu Chemical Co. Ltd.
(China). All chemicals were analytical grade.

Nitrobenzene (98%, without further purification) was purchased
from Shanghai Lingfeng Chemical Co. Ltd. (China). GAC with a spe-
cific surface area of 850m?2g~! was obtained from Tianjin Third
Chemical Factory (China). The GAC was boiled in distilled water
for 2 h to remove impurities and subsequently dried for 24 h at a
temperature of 105 °C.

2.2. LAM preparation

An interface polymerization reaction was employed for
preparation of LAM [29]. The preparation was described in
previous research [28] and is briefly described here. Triolein,
terephthaloyldichloride and Tween 20 were dissolved into quan-
titative cyclohexane to form the oil phase of the reaction.
1,6-Hexanediamine and sodium hydroxide were then mixed with
distilled water to form the water phase. The water phase was slowly
added to the oil phase in a drop-by-drop manner to control the
interfacial polymerization speed. The oil phase which contained
no triolein and the same water phase were used to prepare LAM
prepolymer. The synthesized material was thoroughly rinsed with
deionized water then dried for 24 h at a temperature of 105°C.

2.3. Adsorption equilibrium

Preliminary kinetic tests were carried out to determine the
equilibrium time and adsorption capacity of the sorbents. It was
assumed that equilibrium was attained when no further changes
in nitrobenzene concentration were observed after a 24 h contact
time.

The adsorption of nitrobenzene from aqueous solution by LAM
(with 3% triolein content) and by GAC was compared in the exper-
iment. Adsorption isotherms were obtained by mixing 30 mg LAM
or GAC with 150 ml nitrobenzene solution of different concentra-
tions (50, 100, 200 and 300 pg1-1). The suspensions were agitated
using a mechanical shaker at 150rmin~! and at a temperature of

30°C for 24 h. Liquid samples were taken throughout the reaction
period until equilibrium was achieved.

2.4. Adsorption kinetics

Batch adsorption experiments were conducted to investigate
the effects of various parameters including adsorbent dose, the ini-
tial concentration of nitrobenzene, temperature, on the sorption
kinetics of nitrobenzene on LAM and GAC. To determine the adsor-
bent dose, five different quantities of adsorbents (10, 20, 30, 40 and
50 mg LAM and GAC) were mixed with a nitrobenzene solution of
200 ugl-1. To explore the effect of initial pollutant concentration,
initial nitrobenzene concentrations of 50, 100, 200 and 300 pugl~!
were applied with 30 mg LAM or GAC. The above experiments were
carried at 30°C. Temperature ranged between 20 and 40°C with
30mg LAM or GAC and with a nitrobenzene solution of 200 p.g1-!
in the temperature experiment. A liquid volume of 150 ml in 500 ml
sealed conical flask was used for all tests and the suspensions
were agitated using a mechanical shaker at 150rmin—!. Sam-
ples were withdrawn at regular intervals to analyze the residual
nitrobenzene. Blank experimental runs were conducted simulta-
neously under the same conditions which contained the adsorbent
in 150 ml of distilled water. The stability of the nitrobenzene solu-
tion was verified by agitating a nitrobenzene solution without any
adsorbent. There was no change in the concentration of nitroben-
zene in this control solution during the experiment.

The removal efficiency of nitrobenzene was calculated using Eq.

(1):

(CO - Ce)
0

%removal = x 100 (1)

The adsorption capacity of nitrobenzene was calculated using
the mass balance in Eq. (2):

Co—Ce)V

qe = (O @
where g, (ngmg-!) is the equilibrium adsorption capacity; Co
and C, (pgl1) are the initial and equilibrium concentrations of
nitrobenzene in solution, respectively; V (1) is the volume of aque-
ous solution containing nitrobenzene; and m (mg) is the weight
of the adsorbent. The experiments were performed in triplicate
and average values were taken into account. The relative deviations
between results were less than 5%.

2.5. Adsorption kinetic theory

Adsorption rate constants for the nitrobenzene were calculated
by using pseudo-first-order and pseudo-second-order models.
The conformity between the experimental data and the model-
predicted values was expressed by the correlation coefficients (R?).
A relatively high R? value indicates that the model successfully
describes the kinetics of the nitrobenzene adsorption.

2.5.1. Pseudo-first-order-and pseudo-second-order-model
The pseudo-first-order equation is given by Srivastava et al. [30]
and presented in Eq. (3).

qr = gel1 — exp(—k1t)] (3)
The equation can be expressed in a linear form as shown in Eq. (4):
In(ge — q¢) = Inqe — k1t (4)

where g¢ (g mg~1)is the amount of nitrobenzene adsorbed at time
t (min); ge (ngmg~1) is the amount of the nitrobenzene adsorbed
on the adsorbent at time under equilibrium conditions; k; is the
pseudo-first-order rate constant (min~1).
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Fig. 1. Effect of adsorbent dose on the adsorption of nitrobenzene by LAM and GAC;
T=303K, t=8h and Co =200 mgI-'.

The pseudo-second-order model is given by Ho and Kay [31] and
shown in Eq. (5).

_ thog?
=17 tkaqe )
which can be rewritten as Eq. (6).
t 1 t
— (6)

= +—
a kg2 Qe

where k; is the pseudo-second order rate constant (min=1).

2.5.2. Adsorption isotherms

In order to describe the adsorption isotherm, three important
isotherms were selected in this study, the Linear isotherm (Eq. (7)),
the Langmuir isotherm (Eq. (8)) and the Freundlich isotherms (Eq.
9.

Linear isotherm

e = kL,'Ce +b (7)
Langumuir isotherm
_ Qmk.Ce

e = TkLCe (8)
Freundlich isotherm

Ge = ke Ce'" 9)

where g, (ngmg~1) is the amount of nitrobenzene absorbed per
milligram of adsorbent at equilibrium; C. (g 1-1)is the equilibrium
concentration of nitrobenzene in solution; k;;, k; and kr (Img=1)
are the constants related to the Linear, Langumuir and Freundlich
isotherms respectively; Qm (g mg-1) is the maximum monolayer
adsorption capacity; 1/n the slope in Freundlich isotherm, ranging
between 0 and 1, indicative of the degree of nonlinearity between
solution concentration and adsorption; b is a constant.

2.5.3. Thermodynamic parameters

The thermodynamic parameters of the adsorption process were
obtained from experiments at various temperatures using Eq. (10)
[7,32,33].

In(k) = In(kg) — g (%) (10)
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Fig. 2. Effect of contact time on the adsorption of nitrobenzene by (a) LAM and (b)
GAC; T=303K, m=30mgl-' and Co =200mgl-'.

where kg is the pre-exponential factor; k is the rate constant
for the model; E (KJmol~!) is the adsorption free energy; R
(8.314](mol K)~1) is the universal gas law constant and T (K) is the
absolute temperature of solution.

Standard free energy changes (AG°, Kfmol~1) and the average
standard enthalpy change (AH°, K] mol-1) for interactions were
calculated from the relationships in Eq. (11) and (12) [24]:

AG® = —RT InKj; (11)

—AH(T; - T3) (1 1 )

R —

In Ko(T?,) - ll'lKo(T1 ) = T3 T,

(12)

Standard entropy changes (AS°) were calculated using Eq. (13):
AG®° = AH®° — TAS® (13)

2.6. Analytical procedure

The concentration of nitrobenzene was determined using a gas
chromatograph (GC). A GC (GC4890N/ECD, Agilent, United States)
with an HP-5 column (30m length, 320 wm internal diameter,
0.25 pwm film thickness) was used. Column temperature was pro-
grammed at 110 °C initially, and increased to 300 °C within 1 min.
The injector temperature was set at 240°C and the detector at
280°C, respectively. Nitrogen gas of extra purity (>99.999%) was
used as the carrier gas at a flow rate of 2.2 mlmin—!. The retention
time for nitrobenzene was 3 min.
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Fig. 3. The adsorption isotherms plot for nitrobenzene adsorption on LAM at dif-

ferent temperature (m=30mgl-', Co=200mgl-1): (a) linear model, (b) Langmuir
model, and (c) Freundlich model.

3. Results and discussion
3.1. Characterization of LAM

A series of LAM adsorbents with 1%, 3%, 5% and 10% triolein con-
tent were synthesized and characterized in the previous research

[28]. The average particle size of LAM with 3% triolein, which was
used in this experiment, was 59.17 pm. The median particle diam-
eters of the material were 44.02 pm. The specific area and the
average pore size of the LAM with 3% triolein content was 20.27
(m2g-1) and 47.18 (nm), respectively, with specific pore capacity
of 0.0489 (mlg~1). The thermal gravimetric (TG) analysis results
showed that LAM was thermally stable under temperature lower
than 400 °C, as indicated by the Tpax of triolein (470°C).

3.2. Effect of adsorbent dosage on nitrobenzene adsorption

The effect of adsorbent dosage on the removal of nitroben-
zene by LAM and GAC at Cp=200 ugl-! is shown in Fig. 1. With
the increase in LAM dosage from 10 to 30 mgl-!, the nitroben-
zene removal efficiency increased rapidly from 63% to 95%. This
was attributed to an increase in the adsorbent concentration,
which increased the available surface area and adsorption sites
[34]. With a further increase in LAM dosage to 50mgl-!, the
nitrobenzene removal efficiency increased slightly to 98%. It is
readily understood that the number of available adsorption sites
increases with the increase of the adsorbent dosage, consequently
leads to the increase in the amount of adsorbed nitrobenzene
molecular. Moreover, as the LAM dose was increased from 10 to
50mgl-1, the adsorption capacity for nitrobenzene decreased from
12.6 to 3.92mg g 1. The decrease in adsorption capacity with
the increase in the adsorbent dosage was mainly attributed to the
unsaturation of adsorption sites during the adsorption process [35].
Therefore, in this study, the optimum adsorbent dosage for both
LAM and GAC was found to be 30mgl-! for further experiments.
Under this dosage, the residual concentration of nitrobenzene
at the adsorption equilibrium was lower than 17 wgl-!. This
value is the maximum concentration allowed in the standards for
drinking water quality (GB5749-2006) in China, the removal effi-
ciency arrived 95% for both of the adsorbent.

3.3. Effect of contact time (t) on nitrobenzene adsorption

Fig. 2 shows the effect of contact time on the removal of
nitrobenzene by LAM and GAC at Cy =50-300 pg1-'.Inall cases, the
adsorbent dosage was 30 mg1~!. As shown in Fig. 2, when the initial
nitrobenzene concentration increased from 50 to 300 wgl—!, g for
both LAM and GAC increased. For LAM, an adsorption equilibrium
was generally obtained within 8h for all the initial concentra-
tions. No obvious concentration changes occur after adsorption
equilibrium and the average removal efficiency of nitrobenzene
reached 93.2, 91.4, 94.3 and 95.6% when the initial concentrations
of nitrobenzene were 50, 100, 200 and 300 pg1-!, respectively. For
GAC, an adsorption equilibrium was generally obtained within 12 h
for all the initial concentrations, which was longer than that deter-
mined for LAM. This may be due to the granular shape of GAC,
which made it difficult for GAC to be dispersed equally through-
out the reaction system, which therefore reduced contact surface
area that exposed to the adsorbate. More important, the pollutant
removal mechanism of LAM was revealed to be through both the
physical adsorption of LAM membrane and the bioaccumulation of
LAM nucleous-triolein [28], which results in a faster adsorption of
pollutants, especially those with low water solubility. The average
removal efficiency of nitrobenzene for GAC reached 75.9, 97, 91.1
and 84.8% when the initial concentrations of nitrobenzene were 50,
100, 200 and 300 pgl-1, respectively.

Similar materials, BFC and CA-T, have been used to remove dif-
ferent organic chemicals from aqueous solution, including lindane,
dieldrin and hydrophobic organic chemicals (HOCs) from treated
landfill leachate [22-24,36]. The researches showed that BFC had
a good lindane removal ability, which was close to that by pow-
der active carbon (PAC) [22,23]. And when BFC was used for HOCs
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Table 1

Parameters of adsorption isotherms of nitrobenzene onto LAM at different temperatures.

Temperature (K) Linear model

Langmuir model

Freundlich model

ki (Img™") b R? Qn (ngmg") ki (Img™) R? kp (Img™") 1/n R?

LAM

293 38.795 0.2216 0.9565 1.22 119.17 0.9603 9.29 0.5696 0.9711
303 29.733 0.2474 0.9902 243 32.66 0.7422 7.86 0.5585 0.9483
313 16.613 0.21 0.9951 2.38 16.38 0.7661 6.18 0.6032 0.9565
GAC

293 21.768 0.3838 0.9869 1.94 56.09 0.9519 5.92 0.4782 0.9915
303 15.499 0.3746 0.9828 1.77 44.42 0.9507 4.55 0.4587 0.9802
313 6.502 0.4368 0.9504 1.15 72.23 0.9852 2.15 0.3161 0.9988

removal in treated landfill leachate, it also showed a better adsorp-
tion performance than GAC [36]. In the study of using CA-T to
remove dieldrin from aqueous solution, the equilibrium adsorption
capacity of CA-T for dieldrin was found to be larger than that of GAC.
All these studies have proved that this kind of adsorbents, that with
triolein embedded, is promising for removing hydrophobic organic
chemicals from aqueous solution.

3.4. Nitrobenzene adsorption isotherms

The correlation of equilibrium data using either theoretical
or empirical equations is essential for the design of adsorption
systems. The adsorption isotherms of nitrobenzene onto LAM at
temperatures of 293, 303 and 313K, fitted with the Linear, Lang-
muir and Freundlich adsorption isotherms, are shown in Fig. 3. The
adsorption isotherms on GAC are not shown.

The isotherm parameters and linear regression statistics
obtained from the fitting of the sorption data to the Linear, Lang-
muir and Freundlich isotherms for both LAM and GAC are given in
Table 1. Most R? values for LAM exceed 0.95 for both the Linear
and the Freundlich models, suggesting that both models closely
describe the experimental results. However, the Linear model was
more suitable than Freundlich model to describe the adsorption
isotherm, as reflected by the correlation coefficients. The R? val-
ues for GAC exceed 0.95 for all the Linear, Langmuir and Freundlich
models. However, the most suitable model to describe the adsorp-
tion isotherm for GAC was Freundlich isotherm.

The values of k;; for LAM were 38.795,29.733 and 16.613 Lmg !
at 293, 303 and 313K, respectively. Based on these results, kj;
decreased with the increase in the temperatures, as did the
kr values for GAC. This reveals that the adsorption capacity of
nitrobenzene on LAM and GAC decreased with increasing tem-
peratures. These results indicate that the rise in temperature and
excess energy supply promotes desorption, which is in accordance
with previous studies [6,7]. There is virtually universal accord that
sorption processes play an important role in the fate and trans-
port of organic chemicals, and the sorption partitioning model has
been widely accepted. Two types of adsorption, i.e., linear and non-
linear, have been defined to describe the nature of the function
which predominantly controls the adsorption process. The sorp-
tion of the non-polar organic chemicals by soil/sediment occurs
essentially by partition [37], and the linear sorption isotherms are
associated with this model. The sorption of the polar organic chem-
icals by soil/sediment occurs mainly by sorption, and non-linear
isotherms are associated with this model. Non-linear isotherms
are typically described by the Freundlich isotherms. The Freundlich
sorption coefficients kr and n are empirical constants, representing
the extent of sorption and the degree of non-linearity of sorp-
tion respectively. If the constant n has a value of 1, the Freundlich
isotherm is identical to the linear isotherm [37]. If the n is below
one, the adsorption is a chemical process; otherwise, the adsorp-
tion is physical process [34]. The values of n in this experiment
suggest that the adsorption of nitrobenzene on both LAM and GAC

was a physical process. The study also showed that the adsorp-
tion of nitrobenzene on the LAM was correlated well with the
Linear isotherm, indicating that the sorption of nitrobenzene by
LAM resulted mainly from the partition function, which may be
attributed to the existence of the triolein nucleolus. Linear con-
stants were used in Egs. (10)-(13) to calculate thermodynamic
parameters.

3.5. Adsorption kinetic study

3.5.1. Pseudo-first-order kinetic model

The values of In(ge — q;) at different Cy for LAM were calculated
from the experimental data. The plots of In(ge — q;) against t at
303 K are shown in Fig. 4. The kinetics parameters of nitrobenzene
adsorption onto LAM according to the pseudo-first-order model
(Eq. (4)) at different Cy are tabulated in Table 2. The results showed
that the pseudo-first-order model fits the experimental data quite
well, as most of the R? values were greater than 0.94 (except for the
one at Cy =200 pgl~1, which is 0.8548). This indicates the applica-
bility of the first-order kinetic model to describe the adsorption
process of nitrobenzene onto LAM.

3.5.2. Pseudo-second-order kinetic model

The values of t/q; at different Cy for LAM at 303K are plot-
ted against t in Fig. 5. Fitting kinetics parameters of adsorption of
nitrobenzene on LAM according to the pseudo-second-order model
(Eq. (6)) at different Cy are tabulated in Table 2. The rather low
R? and notable variances between the experimental and theoreti-
cal uptakes shown in Table 2 reveal clearly the poor fitting of the

50.5pg I
102.0pg I
185.7ug I
302.9ug 1"

ol 2N I |

In(q,-q)

35| o
1 1 1 1 1 1 1 1
-50 0 50 100 150 200 250 300 350 400
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Fig.4. Plots of In(g. — g¢) versus time (min) for adsorption of nitrobenzene onto LAM
at 303 K. The solid points belong to experimental data while the line is calculated
from nonlinear least square regression of the data according to pseudo-first-order
rate expression (Eq. (4)).
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Table 2

Fitting kinetics parameters of adsorption of nitrobenzene onto LAM according to pseudo-first-order (Eq. (4)), pseudo-second-order (Eq. (6)) at 303 K.

Co (pgl1) Geexp (RgME) Pseudo-first-order model Pseudo-second-order model
Ge,car (ngmME™1) ki (min-T) R? Ge.cal (ngME™!) k> (min~T) R?

50.5 0.2352 0.2366 0.0045 0.9421 0.3804 2.629 0.8533
102.0 0.4662 0.5141 0.0073 0.9732 0.6368 1.2531 0.8976
185.7 0.8755 1.0830 0.0057 0.8548 4.7037 0.2126 0.3248
302.9 1.4481 1.6128 0.0067 0.9477 2.2589 0.4427 0.9687

2200 nitrobenzene for LAM reached 94.3% at 303 K after 8 h contact time
2000 |- m S05ugl’ - when the initial concentrations of nitrobenzene were 200 pgl-1.
® 102.0ue T The adsorption isotherm data of nitrobenzene on LAM fitted the
-Uug = . . s . . .
1800 - A 185 7ug " Linear equation, which indicated that the adsorption of nitroben-
0 3029ugl’ zene by LAM resulted mainly from the partition function due to the
1600 |- M . L .
existence of the triolein nucleolus. The adsorption data was well
1400 | described by the pseudo-first-order kinetics model, which showed

s that the factors which affected the adsorption rate would be either

2 1200 - the nitrobenzene concentration or the character of the adsorbent.
£ 1000 |- [ Based on the negative free energy changes accompanied by a neg-
= - ative entropy changes, the adsorption of nitrobenzene on LAM was
g 800 spontaneous and was an exothermic reaction.
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200 |- . . . . . This work was supported by the special fund of the State Key
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Fig. 5. Plots of t/q; versus time (min) for adsorption of nitrobenzene onto LAM at
303 K. The solid points belong to experimental data while the line is calculated from
nonlinear least square regression of the data according to pseudo-second-order rate
expression (Eq. (6)).

Table 3
Thermodynamic parameters of nitrobenzene adsorption on LAM.
T(K) AG (kfmol-')  AH°(kfmol-') AS° (kJ(molK)"!') E(kjmol')
293 -8.87 —-31.50 -0.077 -31.50
303 —-8.55 —0.076
313 -7.31 -0.077

pseudo-second-order model. Thus the adsorption of nitrobenzene
on LAM is not considered to be a second-order reaction.

3.6. Thermodynamic analysis of nitrobenzene adsorption on LAM

The thermodynamic analysis of nitrobenzene adsorption on
LAM was conducted according to Eqgs. (10)-(13). The values
obtained are shown in Table 3.

The free energy changes (AG°) were negative, indicating that
the reactions were spontaneous. A negative value of the standard
enthalpy change (AH°) indicated that the adsorption of nitroben-
zene on LAM was an exothermic reaction. This finding was also
supported by the decreasing adsorption of nitrobenzene with the
increasing in temperature. The negative entropy changes (AS°)
indicated that the activity of the solute in solution decreased after
adsorption of LAM.

4. Conclusions

Anovel adsorbent, LAM, with a hydrophobic nucleolus (triolein)
and hydrophilic membrane structure (polyamide) was synthesized
and found to be effective for the removal of nitrobenzene from
aqueous solution. The adsorption capacity and removal efficiency of
LAM was higher than that of GAC. The average removal efficiency of

Urban Water Resource and Environment (Harbin Institute of Tech-
nology) (2010DX02) and then National Innovation Team supported
by the National Science Foundation of China (No. 50821002).
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