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Abstract HZSM-5 zeolite was modified with Sb,03
powder, and p-selectivity from separation of the mixture
containing p-chloronitrobenzene (p-CNB) and o-chloroni-
trobenzene (0-CNB) in modified HZSM-5 zeolite was
simultaneously studied. It can be observed that Sb,O5; was
mainly dispersed on external surface of HZSM-5 zeolite,
which might finely narrow pore opening of the zeolite. The
maximum adsorption amount of p-CNB in the modified
zeolite was about 4 molecules per unit cell, which was
larger compared to that of o-CNB. In addition, the diffu-
sion coefficient of p-CNB in Sb,03; modified HZSM-5 at
300 K is observed to be about 531 times higher than that of
0-CNB. Compared to 85 % p-CNB purity recovered from
parent HZSM-5 zeolite, the more remarkable differences in
adsorption capacity and diffusivity between p-CNB and o-
CNB in Sb,O3; modified HZSM-5 led to a higher p-CNB
purity of 98.4 %, which indicates that p-selectivity of
HZSM-5 zeolite was significantly enhanced through the
modification with Sb,O5; powder.
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1 Introduction

Chloronitrobenzenes (CNBs) are generally produced by the
nitrification of chlorobenzene, which usually includes two
isomers p-CNB and 0-CNB. Due to high toxicity and sta-
bility, CNBs is expected to be removed before wastewater
discharge (Hong et al. 2002). The biological treatment for
wastewater containing CNBs is time-consuming. Advanced
oxidation processes, such as ozone oxidation (Notario et al.
2013; Pera-Titus et al. 2004), photo-catalysis (Fontaine
et al. 2014; Gaya and Abdullah 2008), Fenton oxidation
(Yetilmezsoy 2012; Pignatello et al.2006), y irradiation
(Guo et al. 2012) and ultrasonication (Guo et al. 2008),
might obtain satisfactory treatment efficiency. While these
techniques might produce high cost as well as resource
waste. In the viewpoint of clean technology, the recovery
of valuable chemicals using adsorbents from the wastew-
ater is superior to degradation techniques. However, the
use of polymeric adsorbents or activated carbon as adsor-
bent is limited due to that the recovered chemicals usually
consist of the mixture of p-chloronitrobenzene (p-CNB)
and o-chloronitrobenzene (o-CNB). Therefore, it is worthy
to investigate how to directly obtain a high purity p- and o-
CNB during wastewater treatment. Thus, selective adsor-
bent is desirable to directly obtain chemicals in high purity
from wastewater.

HZSM-5 zeolite is frequently adopted as a selective
absorbent in aromatic compounds involved processes due
to similar dimensions of the channels to dynamic diameter
of benzene molecule (0.58 nm) (Cundy and Cox 2003).
HZSM-5 crystals with hierarchical or mesoporous structure
have been synthesized and used to improve intracrystalline
diffusivities of aromatics (Chu et al. 2009, 2010; Xu et al.
2011; Martinez et al. 2011; Liu et al. 2012; Guo et al.
2015). Our previous study showed that the purity of p-CNB
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and 0-CNB using parent HZSM-5 zeolite only reached 85.0
and 95.0 %, respectively (Guo et al. 2005). Therefore, the
modification of HZSM-5 zeolite is highly admirable in
order to improve p-selectivity for CNB isomers.

The modifications of zeolite were mainly carried out by
chemical deposition (Zheng et al. 2001) and solid state
reaction (Karge and Beyer 1991). Stephan et al. finely
controlled pore size of HZSM-5 zeolite by using SiO, as
deposition agents, which passivated the surface acidity and
narrowed the pore size of the zeolite (Reitmeier and Gobin
2009). In addition, two kinds of MoO; modified HZSM-5
zeolites were obtained via solid state reaction, which
showed similar benzene selectivity in the conversion of
methanol to hydrocarbons (Ding et al. 2002). In this con-
tribution, we aim to modify HZSM-5 zeolite with Sb,O3
powder, and further study whether to improve selective
adsorption for p-CNB in Sb,03 modified HZSM-5 zeolite
on the basis of the changes in adsorption capacity and
diffusivity of p- and 0-CNB compared to those in parent
zeolite.

2 Materials and methods
2.1 Materials

p-CNB and o0-CNB were purchased from Shanghai
Chemicals Factory. Sb,O3; was obtained from Shanghai
No. 4 Reagent & Chemical Co. Ltd. HZSM-5 sample was
received from Kailida Power Industry CO. Ltd., with a Si/
Al ratio of 48 and average particle diameter of 5 pum.

2.2 Modification of HZSM-5 zeolite

HZSM-5 zeolite and Sb,O5; powder were mixed with mass
ratio of 4:1 and then grinded uniformly. The mixture was
heated to 773 K with a speed of 10 min k™', and preserved
about 2 h before cooling to obtain Sb,O; modified HZSM-
5 zeolite.

2.3 Characterization of zeolite

Powder X-ray diffraction (XRD) of modified HZSM-5 was
recorded on a Rigaku D/max-RA powder diffraction-meter by
using Cu Ko radiation. N, adsorption- desorption isotherms
for specific surface area and pore distribution of zeolite were
conducted on a Micrometrics ASAP 2010 apparatus.

2.4 Adsorption isotherms of CNBs in modified
HZSM-5 zeolite

50 mL 100 mg L™' p-CNB solution was introduced into
the flasks containing Sb,O3; modified HZSM-5 zeolite with
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the mass varying from 10 to 300 mg; or 50 mL
100 mg L™ 0-CNB solution was transferred into the
modified zeolites with different mass from 100 to 1500 mg.
After adsorption for 48 h, the zeolite particles were
removed by fast filtration and equilibrium concentrations
of CNBs in solution were determined spectrophotometri-
cally. The detecting wavelength of p-CNB and o-CNB was
at 285 and 270 nm, respectively.

2.5 Adsorption kinetics of CNBs in modified
HZSM-5 zeolite

20 mL distilled water was firstly mixed with 500 mg
modified zeolite, 380 mL 53 mgL~' p-CNB or
80 mg L' 0-CNB solution was then added into the flasks
and shaken at the temperature of 278 and 300 K, respec-
tively. Samples were filtered at preset time intervals and
residual concentrations of CNBs were measured
spectrophotometrically.

2.6 Selective adsorption for p-CNB in modified
HZSM-5 zeolite

Selective adsorptions for p-CNB were conducted in Sb,O3
modified HZSM-5 zeolite at 300 and 278 K, respectively.
Typically, 20 mL water was mixed with 200 mg Sb,0;
modified zeolite at 300 K, 380 mL solution containing
26 mg L™' p-CNB and 26 mgL™' 0-CNB was then
introduced in the flask at stirring speed of 200 r min~".
After adsorption, p-CNB and 0-CNB concentrations were
measured by HPLC. Chromatographic conditions were as
follows: injection volume 5 pL, flow velocity 1 mL min~!,
mobile phase consisted of methanol and water with volume
ratio of 70:30, detecting temperature 301 K and detection

wavelengths 270 nm.

3 Results and discussion

3.1 Characterization of Sb,O; modified HZSM-5
zeolite

The XRD patterns of HZSM-5 zeolite before and after
modification are compared in Fig. 1. It is noted that after
calcinations of zeolite and Sb,O; powder at 773 K,
diffraction peaks assigned to Sb,Os; disappeared, while
diffraction peaks for HZSM-5 zeolite still remained, sug-
gesting that solid state reaction of Sb,O; with HZSM-5
zeolite presented no influences on HZSM-5 crystalline.
Semi-quantitative analysis of HZSM-5 and Sb,O3 mix-
ture before and after calcination was conducted, respec-
tively. It can be found that the content of Sb,O; before
calcination was 20 %, while in the modified zeolite that
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Fig. 1 XRD patterns of HZSM-5 zeolite before and after

modification

was only 5.04 %. It indicates that the content of Sb,O3
decreased markedly during the calcination at 773 K.

Meanwhile, specific surface area and pore distribution of
parent and modified HZSM-5 zeolites were determined,
respectively. BET surface area and pore volume were
290 m* g~' and 0.101 cm® g~' for parent zeolite (Guo
et al. 2005), and 285 m* g~ ' and 0.097 cm® g~ for Sb,0;
modified zeolite. It can be observed that specific surface
area and pore volume of HZSM-5 presented a slight change
after modification, which suggests that Sb,O3; powder was
highly dispersed on external surface and pore mouth of
HZSM-5 zeolite.

3.2 Adsorption isotherms

The dependencies of adsorption amounts of p-CNB and o-
CNB in Sb,O3; modified HZSM-5 zeolites are described at
Figs. 2 and 3. In parent and modified zeolites, similar
adsorption isotherms for p-CNB or o-CNB were observed.
Based on p-CNB adsorption isotherms, two steps occurred
at adsorption amounts of about 60 mg g~' (2 mol./u.c.)
and 120 mg g~' (4 mol./u.c.), respectively. In contrast,
only one step was found in 0-CNB adsorption isotherms.
Step occurrence in adsorption isotherm is usually ascribed
to heterogeneous surface of adsorbents or crystalline phase
transition caused by the increasing adsorption amount in
zeolite (Gregg and Sing 1982). The adsorption isotherms of
p-CNB and 0-CNB in Sb,O; modified HZSM-5 zeolites
were well fitted the modified bimodal Langmuir adsorption
model (Eqgs. 1, 2) and Langmuir—Friendlich adsorption
model (Eq. 3), respectively (the smooth curves in Figs. 2,
3). The corresponding parameters of p- and o-CNB are
listed in Tables 1 and 2.
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Fig. 2 Adsorption isotherms of p-CNB in Sb,O; modified HZSM-5
zeolite at different temperatures
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Fig. 3 Adsorption isotherms of 0-CNB in Sb,O; modified HZSM-5
zeolite at different temperatures

Qe = lelce/(l +blce)
+ 02b,(C, — Cy) /(1 +by(C. — C5)) C.>C (2)

where O, was p-CNB adsorption amount (mg g~ ') at
equilibrium concentration C, (mg L™'); Cs was equilib-
rium concentration at which the first step ended (mg L™");
Q; and Q, were p-CNB maximum adsorption amounts in
different parts of adsorption isotherms (mg g~ '); by and b,
were adsorption parameters.

Q. = QobCl /(1 +bCY) (3)

where O, was 0-CNB adsorption amount (mg g~ ') at
equilibrium concentration C, (mg L_l); Qp was maximum
adsorption amount (mg g '); b and n were adsorption
parameters.

According to Table 1, maximum adsorption amount of
p-CNB in Sb,05 modified HZSM-5 zeolite was 125 mg g~
(4.3 mol./u.c.), which was approximately equal to that in
parent zeolite. Considering four intersections per unit cell in
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Table 1 Regression parameters of p-CNB adsorption isotherms in
Sb,05; modified HZSM-5 zeolite

Adsorption temperature (K)

278 300 320

Qi

Adsorption amount (mg g~ ") 64.5 61.3 64.1

Molecular loading (mol./u.c.) 2.2 2.1 2.2
Q

Adsorption amount (mg g~ ") 60.8 64.5 61.2

Molecular loading (mol./u.c.) 2.1 2.2 2.1
Q +Q

Adsorption amount (mg g~')  125.3 125.8 125.3

Molecular loading (mol./u.c.) 4.3 4.3 4.3
b, 6.7 6.5 1.4
b, 0.22 0.1 0.08
Cs (mg L™ 7.5 16 49.5
. 0.9481 0.9524 0.9763

Table 2 Regression parameters of 0-CNB adsorption isotherms in
Sb,05; modified HZSM-5 zeolite

Adsorption temperature (K)

278 300 320
Qo
Adsorption amount (mg g~ ') 53 12.2 18.2
Molecular loading (mol./u.c.) 0.18 0.43 0.63
b 3.1 0.6 0.45
n 0.25 0.45 0.2
. 0.9715 0.9618 0.9981

modified HZSM-5 zeolite, we concluded that p-CNB
molecules were mainly located at the intersections of mod-
ified zeolite channels (Guo et al. 2005; Randall et al. 1993,
Koeningsveld et al. 1989). The results suggested that solid
state reaction between Sb,0O3 and HZSM-5 zeolite could not
basically interfere with p-CNB movement to adsorption sites
in the zeolite despite that pore size of modified zeolite was
finely narrowed. On the contrary, it is noted from Table 2
that maximum adsorption amounts of 0-CNB in modified
zeolite were 5.3, 12.2 and 18.2 mg g_1 at 278, 300 and
320 K, respectively, which were lower than those of o-CNB
in the parent zeolite (14.6,21.6 and 24.8 mg g~ ') (Guo et al.
2005). This indicated that Sb,O5; modification for HZSM-5
zeolite resulted in a significant restraint on 0-CNB dispersion
to the adsorption sites, which was mainly ascribed to the
surface resistances of Sb,Oz modification on external surface
of HZSM-5 zeolite (Tzoulaki et al. 2008a, b). Thus, the
decrease in 0-CNB adsorption enlarged the difference of
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maximum adsorption amount between p- and 0-CNB in
Sb,05 modified HZSM-5 zeolite.

The dependence of adsorption heat on adsorption
amount was further studied to make clear the thermody-
namic properties of p-CNB in Sb,O3; modified HZSM-5
zeolite. Based on adsorption isotherms of p-CNB, the
equivalent adsorption heat of p-CNB in the modified zeo-
lite was obtained by Clausius—Clapeyron equation as fol-
low (Olson and Reichman 1996):

AHadS = dln(Ce)/d(l/T)Q:mnst (4)

where H,; was adsorption heat, C, was p-CNB equilib-
rium concentration at constant adsorption amount Q, T was
the adsorption temperature.

It is noteworthy from Fig. 4 that adsorption heat of p-
CNB at adsorption amount less than 2 mol./u.c. was about
12.5 kJ molfl, which was lower than that in parent zeolite
(15 kJ molfl). It might be ascribed to the enhanced
hydrophobicity of zeolite surface and the weakened elec-
trostatic force inside the pores of Sb,O; modified zeolite.
In addition, solid state reaction between Sb,O3 powder and
zeolite slightly narrowed the pore size of zeolite and
enhanced the resistance on the inner wall of pore channels,
which also led to a decrease in adsorption heat. At p-CNB
adsorption amount about 2 mol./u.c., adsorption heat in
modified zeolite increased to 30 kJ molfl, however, it was
still lower than that in the parent zeolites (32 kJ molfl).
The sharp increase of adsorption heat was attributed to
enhanced repulsive force between the adsorbed p-CNB
molecules. At adsorption amount about 4 mol./u.c., some
p-CNB molecules were adsorbed in zeolite channels, and
the increased repulsive force between the adsorbed mole-
cules and the zeolite framework played as the driving
force. The whole adsorption system needed more energy to
overcome the energy barrier in the pore channels. Addi-
tionally, at adsorption loading above 4 mol./u.c., p-CNB is
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Fig. 4 Dependence of adsorption heats on p-CNB loading in Sb,O3
modified zeolites
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Fig. 5 Diffusion of p-CNB in Sb,O; modified HZSM-5 zeolite at
different temperatures

expected to be adsorbed on external surface of zeolite,
which resulted in a significant decrease in adsorption heat.

3.3 Adsorption kinetics

The diffusion curves of p- and 0-CNB in Sb,O3; modified
HZSM-5 zeolites at different temperatures are shown in
Figs. 5 and 6, respectively. The diffusion of p-CNB in MFI
type zeolite was usually controlled by internal diffusion
process (Farrell et al. 2003). Consequently, the diffusion
process of CNB molecules in Sb,O; modified HZSM-5
zeolite might be described by using homogeneous solid
diffusion model (Eq. 5)(Cavalcante and Ruthven 1995).

0O, 6 1 n*n*Dt
LRI S 8

72

where Q; (mg g_l) denoted p-CNB adsorption amount at
time 7 (s), O, (mg g_l) was maximum adsorption amount,
r was zeolite radius and D was diffusion coefficient.

The diffusion coefficients of p-CNB in the modified
zeolite were 1.2 x 107'% and 8.5 x 107" m? s™! at 278
and 300 K, with equilibrium adsorption amounts of p-CNB
at 51.2 and 49.5 mg g~ ', respectively. It is indicated that
diffusion coefficient of p-CNB in modified zeolite
increased by seven times with the temperature increasing
from 278 K to 300 K, which was almost identical to that in
parent zeolite (6.5). This suggested that surface resistance
and slight narrowing in pore size of modified zeolite were
insufficient to substantially change diffusion activation
energy of p-CNB  (Egper = 61.3 kI mol™!,  Epeore =
58.6 kJ mol ™', calculated by the Arrhenius equation),
which indicates that p-CNB diffusion inside the zeolite
pores controlled the uptake process.

In addition, the diffusion coefficients of 0-CNB in the
modified zeolite were found to be 4 x 107'® and

/0.
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Fig. 6 Diffusion of 0-CNB in Sb,O3; modified HZSM-5 zeolite at
different temperatures

1.6 x 107" m? s™" at 278 and 300 K, with 0-CNB equi-
librium adsorption amounts at 10.8 and 11 mgg ',
respectively. The enhanced diffusion coefficient with
increasing temperature resulted in an increase in diffusion
activation energy of o-CNB in the modified zeolite
(Bafier = 83.0 kI mol™";  Epefore = 63.5 kJ mol™")  This
implied that more o-CNB diffusion restriction had been
achieved in Sb,O; modified zeolite compared to that in
parent zeolite.

It is noteworthy that the diffusion of p- and 0-CNB in
HZSM-5 zeolite is of configurational diffusion due to that
kinetic diameter of benzene ring (0.58 nm) is close to the
pore size of HZSM-5 zeolite. The small difference in
molecular diameter of p-CNB (0.58 nm) and o-CNB
(0.79 nm), surface barriers as well as the slight change in
pore size of modified zeolite might result in a significant
effect on the diffusivity of CNB molecules (Kirger et al.
2014; Kérger and Ruthven 1992). In this study, the surface
barriers and finely narrowed pore size of HZSM-5 zeolite
caused by Sb,O3; modification as well as the difference of
kinetic diameter between p- and o-CNB molecules led to a
diffusion coefficient of p-CNB 433 times larger compared
to that of o-CNB. Therefore, it can be concluded that
surface barrier as well as the correlation between the
diameter of molecules and pore size of zeolite were the
main factors in controlling CNB diffusion.

3.4 Selective adsorption for p-CNB

The differences in adsorption amount and diffusion coef-
ficient between p-CNB and 0-CNB in the zeolite were
significantly improved by the modification with Sb,03,
which was favorable to selective adsorption for p-CNB.
The adsorption and diffusion behaviors of bicomponent
CNBs in Sb,03 modified HZSM-5 zeolite are presented in
Fig. 7.
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Fig. 7 Time resolved uptakes of p- and 0o-CNB in Sb,O3; modified
HZSM-5 zeolite at different temperatures

It is noted that p-CNB adsorption from CNB mixture in
Sb,O3 modified HZSM-5 at 278 and 300 K reached equi-
librium within 15-20 min, the equilibrium concentration of
which were 1.4 and 1.3 mg L™" with the corresponding
adsorption amounts at 57.1 and 56.3 mg g~ ', respectively.
According to the fitting results of single-component p-CNB
adsorption isotherms, we found that p-CNB adsorption
capacities were 56.5 and 56.7 mg g~ at the concentrations
of 14mgL™" at 278 K and 1.3mgL™"' at 300K,
respectively. This indicated that the presence of o-CNB
basically had no effect on p-CNB adsorption process.
However, the adsorption equilibration time of o-CNB in
mixture in Sb,O3; modified HZSM-5 was much longer than
10 h. The equilibrium concentrations of 0-CNB at 278 and
300 K were 30.5 and 24.2 mg L™, and the corresponding
adsorption amounts were 1.9 and 2.8 mg g~ ', respectively.
Compared to adsorption amounts of single-component o-
CNB (4.7 and 9.0 mg g_l) at 278 and 300 K, adsorption
amounts of 0-CNB in CNB mixture decreased by 60 and
69 %, respectively. It can be concluded that the o-CNB
was at a complete disadvantage in adsorption against p-
CNB for its antagonistic effect on p-CNB.

The simulation of diffusion curves for p- or 0-CNB in
mixture in Sb,O; modified zeolite showed that diffusion
coefficients of p-CNB at 278 and 300 K were 1.0 x 107"
and 4.0 x 107'> m? s7!, respectively, corresponding to
single-component p-CNB of 1.2 x 107" and 5.2 x 10"
m” s~! at similar adsorption amounts. Meanwhile, the
diffusion coefficients of o-CNB in mixture at 278 and
300K were 1.4 x 107" and 6.3 x 107'® m’*s™,
respectively, while the diffusion coefficient of single-
component 0-CNB was 1.3 x 107" m* s~ " at 300 K. The
results illustrated that the diffusivities of p-CNB in CNBs
mixture in Sb,O3; modified zeolite slightly decreased, but
the diffusion process of o-CNB was restrained. Therefore,
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the presence of p-CNB inhibited 0-CNB diffusion. Also, o-
CNB is expected to slow down the movement of p-CNB in
the modified zeolite (Krishna et al. 2004; Krishna et al.
2008; Titze et al. 2014).

During competitive adsorption of p- and o-CNB, a high
p-selectivity in Sb,O5; modified zeolite was achieved. This
is ascribed to that the relatively small dynamic diameter of
p-CNB led to a faster diffusion rate and a prior access to
channel intersections. However, 0-CNB had no competitive
advantage into zeolite channels due to the pore mouth
blocking of Sb,O5; modified zeolite and the surface barrier
caused by Sb,03 modification. The enlarged differences in
adsorption and diffusivity between p-CNB and o-CNB in
Sb,0O5; modified zeolite were favorable for CNB isomers
separation and thereby enhancing selective adsorption for
p-CNB.

At 300 K, the equilibrium concentrations of p- and o-
CNB in mixture were 1.3 and 24.2 mg L™" and the cor-
responding adsorption amounts in Sb,O3; modified zeolite
were 56.3 and 2.8 mg g~ '. Consequently, 94.9 % p-CNB
and 95.3 % o-CNB could be recovered after subsequent
treatment. Especially, after about 20 min adsorption when
p-CNB just reached equilibrium, p-CNB with the purity of
97.7 % was acquired. Similarly, at 278 K, the equilibrium
concentrations of p- and o- CNB in mixture were 1.4 and
30.5 mg L™, and the corresponding adsorption capacities
were 57.1 and 1.9 mg g~', respectively. As a result,
944 % p-CNB and 95.6 % o-CNB could be obtained.
Under the optimal condition, the purity of p-CNB could
increase up to 98.4 %. The results indicated that Sb,O3
modified HZSM-5 zeolite could obtain higher selectivity
for p-CNB compared to that in the parent zeolite.

4 Conclusions

The modification of HZSM-5 zeolite using Sb,O3 powder
was proved to be an effective method to enhance selective
adsorption for p-CNB. Sb,O3; was highly dispersed on
external surface of HZSM-5 zeolite. Additionally, Sb,O3
covered a portion of externally accessible acid sites, and
led to a slight narrow of pore opening of the zeolite without
significantly affecting its adsorption capacity and diffu-
sivity for p-CNB. However, o-CNB molecules were
markedly restrained during adsorption process. Therefore,
the differences in adsorption and diffusion between p- and
0-CNB in Sb,03; modified zeolites were enlarged. As a
result, the higher selectivity for p-CNB was achieved in
Sb,O3; modified zeolite compared to that in the parent
zeolite.
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