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Abstract Silicalite-1 and HZSM-5 zeolites were used as

the adsorbents for selective adsorption of p-nitrotoluene

(p-NT) from simulated wastewater containing p-NT and

o-nitrotoluene (o-NT). Results showed that adsorption

behaviors of p-NT in the zeolites were different from o-NT.

The maximum adsorption amounts of p-NT in the zeolites

were found to be approximately 4 molecules per unit cell

(mol./u.c.), irrespective of adsorption temperatures inves-

tigated, which were markedly higher than those of o-NT. In

addition, the presence of acid sites led to an enhanced

affinity of p-NT adsorption and to suppressed adsorption of

o-NT in HZSM-5 zeolite compared with silicalite-1.

Adsorption kinetic results showed that rate constants of

p-NT were markedly higher than those of o-NT in silica-

lite-1 and HZSM-5 zeolite. For the separation of p-NT,

enhanced selectivity of HZSM-5 zeolite for p-NT adsorp-

tion was observed compared with silicalite-1. Under our

optimized conditions, p-NT with purity of 98.2 % could be

recovered with HZSM-5 zeolite, which was ascribed to the

marked differences in adsorption amounts and rate con-

stants between p-NT and o-NT in the zeolite.

Keywords p-nitrotoluene � HZSM-5 zeolite � Silicalite-1

zeolite � Selective adsorption

1 Introduction

Pollution from chemical industry is believed to be one of

the main reasons for the deterioration of aquatic envi-

ronment. In general, most of artificially synthesized

chemicals, which usually present in wastewater from

chemical processes, are resistant to biodegradation. A

variety of studies have demonstrated that the detoxifica-

tion of wastewater containing these recalcitrant chemicals

can be achieved using advanced oxidation processes

(AOPs), such as photo-catalysis (Dunlop et al. 2014;

Zhang et al. 2013a, b), Fenton oxidation (Liu et al. 2014,

Sanchis et al. 2014), ultrasonication (Guo and Feng 2009)

and gamma irradiation (Guo et al. 2012). It should be

emphasized that the decomposition of these chemicals

using AOPs inevitably results in a high treatment cost and

waste of resource. Thus, there is a growing need to

recover valuable chemicals from wastewater from the

viewpoint of cleaner production (Khalili et al. 2014; Xu

et al. 2003). Adsorption using solid adsorbents with

abundant macro-, meso- and micro-pores is considered as

one of appropriate approaches to recover valuable chem-

icals in wastewater from chemical processes. Generally, a

mixture can be recovered if unselective sorbents are

employed because wastewater usually contains raw

materials, intermediates and products. High purity chem-

icals can be obtained by further crystallization or distil-

lation if physicochemical properties of these chemicals are

markedly different. However, the separation becomes

especially difficult if the recovered mixture consists of

chemicals with similar properties, such as isomers.
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Therefore, direct recovery of high purity chemicals from

wastewater using selective sorbents is highly desirable.

MFI type zeolite is a medium-pore aluminosilicate

consisting of a three dimensional interconnected channel

system with 10-membered openings (0.51 9 0.55 and

0.53 9 0.56 nm). Due to similar dimensions of its chan-

nels to dynamic diameter of benzene molecule (0.58 nm),

MFI type zeolite is frequently adopted as selective sorbent

in aromatic compounds involved processes. Our previous

study (Guo et al. 2009) proved that p-chloronitrobenzene

(p-CNB) could be effectively separated from o-chloroni-

trobenzene (o-CNB) using silicalite-1 zeolite. It is note-

worthy that adsorption selectivity might vary with the

properties of the zeolites, such as particle size, Si/Al ratio.

In addition, for di-substituted benzene compounds molec-

ular dynamic diameters of p-isomers are approximately

identical to that of benzene molecule if substituted groups

are smaller than benzene molecule. However, molecular

diameters of o- and m-isomers vary with substituted

groups, which possibly result in different separation effi-

ciency. Therefore, systematical study on the influence of

zeolite properties and dynamic diameters of isomers on

separation efficiency is necessary.

p-nitrotoluene (p-NT) and o-nitrotoluene (o-NT), the

important intermediates used in the production of plastics,

dyes, medicines and pesticides, are produced by toluene

nitrification, in which p- and o-NT with high concentration

present in wastewater from washing and dehydration pro-

cesses. Due to similar kinetic diameter of p-NT (0.58 nm)

to dimensions of MFI zeolite channels, in the present work,

we focused on the recovery of p-NT from aqueous solution

containing p-NT and o-NT using HZSM-5 and silicalite-1

zeolite in order to elucidate the influence of zeolite prop-

erties on selective adsorption.

2 Experimental

2.1 Materials

Silicalite-1 and HZSM-5 (Si/Al = 50) zeolites were

obtained from Kailida Power Industry CO. LTD. China,

with average particle diameters of 3 and 5 lm, respec-

tively. p-NT and o-NT (99.5 %) were purchased from

Shanghai Chemicals Factory. All chemicals were used

without further purification.

2.2 Adsorption isotherms

Adsorption isotherms of p- or o-NT in silicalite-1 or

HZSM-5 zeolite at different temperatures were determined

by batch adsorption experiments. For the determination of

p-NT adsorption isotherms, zeolite particles with mass

varying from 10 mg to 200 mg were charged into the flasks

containing 50 mL of p-NT aqueous solution (100 mg L-1).

For o-NT adsorption, 50 mL of o-NT aqueous solutions

with concentration ranging from 1.25 to 125 mg/L were

mixed with 100 mg zeolite sample in the flasks. Then,

these flasks were sealed and transferred into an incubator,

in which adsorption temperature was controlled at 278, 300

or 320 K. Under continuous shaking, adsorption process

was allowed to keep 72 h to reach adsorption equilibrium.

Zeolite particles were removed by fast filtration and equi-

librium concentrations of p- or o-NT were determined

using a UV–Vis spectrometer (Helios Beta) with detecting

wave-length at 288 nm for p-NT and at 267 nm for o-NT.

Adsorption amount of p- or o-NT in the zeolite was cal-

culated as follows,

Qe ¼ ðC0 � CeÞV=m ð1Þ

where Qe is equilibrium adsorption amount; C0 is initial

concentration; Ce is equilibrium concentration; V is solu-

tion volume and m is mass of the zeolite.

2.3 Adsorption kinetics

Adsorption kinetics of p- and o-NT in the zeolite was

evaluated by determining time-resolved uptakes. Typically,

20 mL of distilled water was first mixed with 0.4 g sili-

calite-1 or HZSM-5 zeolite in a 500 mL flask for 10 min.

380 mL of p-NT solution (60 mg/L) was then introduced

into the flasks. For the measurements of o-NT diffusion,

1.2 g of silicalite-1 or HZSM-5 zeolite was premixed with

20 mL distilled water for 10 min in a 500 mL flask, fol-

lowed by adding 380 mL of o-NT solution (55 mg/L). The

mixture was stirred at 300 K. Samples were taken at preset

time intervals and zeolite particles were removed by fast

filtration. The residual concentration of p- or o-NT was

analyzed spectrophotometrically.

2.4 Selective adsorption

Selective adsorption of p-NT from an artificial wastewater

containing p- and o-NT was conducted at 300 K using the

zeolites. In a 500 mL flask, 440 mg zeolite sample was

suspended in 20 mL distilled water. For selective adsorp-

tion of silicalite-1, a mixture of 250 mL 100 mg/L p-NT,

100 mL 125 mg/L o-NT and 30 mL distilled water was

added into the flask. For the adsorption of HZSM-5 zeolite,

a mixture of 200 mL 100 mg/L p-NT, 160 mL 125 mg/L

o-NT and 20 mL of distilled water was introduced into the

flask. The solution was sampled at different time intervals

and residual concentrations of p- and o-NT in solution were

determined using a high-pressure liquid chromatography

(Agilent-1100). The detecting wave-length was set at

267 nm and detector temperature at 300 K.

144 Adsorption (2015) 21:143–151

123



3 Results and discussion

3.1 Adsorption isotherms

The dependencies of adsorption amounts of p- and o-NT in

silicalite-1 and HZSM-5 zeolites on equilibrium concen-

trations were described in Figs. 1 and 2. Adsorption iso-

therms of p-NT in silicalite-1 and HZSM-5 zeolites showed

clear steps at different adsorption temperatures and equi-

librium adsorption amounts of p-NT where the first step

occurred were about 57 mg/g and 55 mg/g (about 2 mol./

u.c.), respectively. However, low o-NT uptakes were

observed in o-NT adsorption isotherms, adsorption capac-

ities of o-NT in silicalite-1 and HZSM-5 zeolites were

around 5 and 2 mg/g at 300 K, indicating different

adsorption behaviors of o-NT from that of p-NT in these

two zeolites.

Adsorption isotherms of p-NT in the zeolites can be well

described using a modified bimodal Langmuir adsorption

model:

Qe ¼ Q1b1Ce=ð1þ b1CeÞ Ce�Cs ð2Þ

Qe ¼ Q1b1Ce=ð1þ b1CeÞ
þ Q2b2ðCe � CsÞ=ð1þ b2ðCe � CsÞÞ Ce�Cs

where Qe is adsorption amount at p-NT equilibrium con-

centration Ce; Cs is the concentration where the first step

ends; Q1 and Q2 are the maximum adsorption amounts of

p-NT in different parts of adsorption isotherms; b1 and b2

are adsorption parameters, respectively.

In contrast, o-NT adsorption in the zeolites fits typical

Langmuir- Friendlich adsorption model:

Qe ¼ Q0bCn
e

�
ð1þ bCn

e Þ ð3Þ

where Qe is adsorption amount at o-NT equilibrium con-

centration Ce; Q0 is the maximum adsorption amount;

b and n are adsorption parameters, respectively.

The resulting parameters of adsorption isotherms are

listed in Tables 1 and 2. From Table 1, the maximum

adsorption amounts of p-NT in silicalite-1 and HZSM-5

zeolites were found to be about 120 mg/g (4.4 mol./u.c.)

irrespective of adsorption temperatures. Thamm (1987)

studied gaseous adsorption of aromatic molecules in MFI

type zeolite and concluded that benzene, toluene or

p-xylene was preferentially adsorbed in the intersections of

zeolite. Simulation results also revealed that aromatic

compounds were usually located in the intersections due to

the higher potential energy of p-NT adsorbed in the

channels compared to that in zeolite intersections (Klemm
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Fig. 1 Adsorption isotherms of p-NT in silicalite-1 (a) and HZSM-5

zeolites (b) at different temperatures (symbols: experimental data; full

lines fitting curves using Eq. 2)
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Fig. 2 Adsorption isotherms of o-NT in silicalite-1 (a) and HZSM-5

zeolites (b) at different temperatures (symbols experimental data; full

lines fitting curves using Eq. 3)
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et al. 1998). Considering that there are 4 intersections per

unit cell of MFI type zeolite, which was identical to the

maximum adsorption amounts of p-NT in the zeolites, it

could be concluded that p-NT molecules were located in

the intersections of silicalite-1 or HZSM-5 zeolite.

In adsorption isotherms of p-NT, clear steps were

observed at molecular loadings of 2 mol./u.c. Song and

Rees found similar step-like adsorption isotherms of cyclic

hydrocarbon in MFI type zeolites and attributed step-like

isotherms to intermolecular interactions at high molecular

loading (Song and Rees 2000). Therefore, we concluded

that step-like isotherms of p-NT in the zeolite is related to

intermolecular interactions between p-NT molecules due to

the longer length of p-NT molecule (1.10 nm) than the

distance between vicinal intersections of the zeolites

(1.0 nm) (Krishna and Paschek 2001). It should be pointed

out that b1 values of p-NT adsorption in HZSM-5 are

markedly higher compared to those in silicalite-1. How-

ever, b2 values were approximately identical for the zeo-

lites. In principle, b value is characteristic of the affinity of

the sorbent for the sorbate. The identical b2 values were

indicative of similar interaction between p-NT molecules

and zeolite framework. It is noteworthy that Si/Al of

HZSM-5 zeolite was 50, indicative of 2 acid sites per unit

cell of the zeolite. There is general consensus that acid sites

were located in external surface/pore mouth region and the

intersections of HZSM-5 zeolite (Epelde et al. 2014). The

presence of acid sites in the intersections results in two

types of adsorption sites for p-NT molecules. It is therefore

concluded that at molecular loading higher than 2 mol./u.c.

p-NT molecules were adsorbed in HZSM-5 intersections

without acid sites due to the similar interaction to that of

silicalite-1. This suggests that at molecular loading lower

than 2 mol./u.c. p-NT molecules were preferentially loca-

ted in HZSM-5 zeolite intersections with acid sites. The

high b1 values in HZSM-5 zeolite are mainly ascribed to

extra interaction between p-NT molecules and acid sites in

the intersections. The preferential adsorption of aromatic

molecules in the intersection with acid sites was also

observed in gaseous adsorption processes (Thamm 1987;

Zhang et al. 2013a, 2013b). Besides, it is found that Cs

values of p-NT in HZSM-5 zeolite were higher than those

in silicalite-1, which was possibly related to strong inter-

action of p-NT molecules with acid sites.

In order to further clarify the interactions between p-NT

molecules and the zeolites, the dependence of adsorption

heats of p-NT in HZSM-5 zeolite and silicalite-1 on

molecular loadings was obtained using Clausius-Clapeyron

equation according to p-NT adsorption isotherms (Farrell

et al. 2003):

DHads ¼ d lnðCeÞ
.

dð1
.

TÞQ¼const ð4Þ

where DHads is adsorption heat; Ce is equilibrium con-

centration of p-NT at constant adsorption amount Q and

T is adsorption temperature, respectively.

The dependence of p-NT adsorption heats on molecular

loading is described in Fig. 3. Adsorption heats of p-NT in

Table 1 Parameters of p-NT Adsorption Isotherms in silicalite-1 and HZSM-5 Zeolites

Sorbent T (K) Q1 Q2 (Q1 ? Q2) b1 (L/mg) b2 (L/mg) Cs (mg/L) R2

(mg/g) (mol./u.c.) (mg/g) (mol./u.c.) (mg/g) (mol./u.c.)

Silicalite-1 278 56.1 2.2 58.5 2.3 114.6 4.5 2.27 0.95 1.9 0.985

300 57.7 2.3 53.9 2.1 111.6 4.4 1.85 0.78 4.0 0.953

320 55.8 2.2 54.3 2.2 110.1 4.4 1.72 0.29 6.5 0.974

HZSM-5 zeolite 278 54.9 2.2 55.2 2.2 110.1 4.4 16.5 0.95 3.3 0.985

300 55.5 2.2 53.2 2.1 108.7 4.3 7.2 0.8 10.0 0.999

320 54.3 2.2 53.6 2.1 107.9 4.3 4.6 0.21 24.6 0.978

Table 2 Parameters of o-NT

Adsorption Isotherms in

silicalite-1 and HZSM-5

zeolites

Sorbent T (K) Q b [(L/mg)n] n R2

(mg/g) (mol./u.c.)

Silicalite-1 278 2.87 0.11 0.43 0.98 0.940

300 5.05 0.20 0.23 0.95 0.955

320 12.33 0.49 0.33 0.95 0.940

HZSM-5 zeolite 278 0.8 0.03 0.07 0.6 0.902

300 2.55 0.10 0.50 0.65 0.918

320 7.27 0.30 0.71 0.72 0.953
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the zeolites were lower than 40 kJ/mol, indicating that p-

NT adsorption in the zeolite was a typical physical

adsorption process. For p-NT adsorption in silicalite-1 and

HZSM-5 zeolite, adsorption heats at p-NT loadings

between 2 and 4 mol./u.c. were found to be higher than

those at p-NT loadings lower than 2 mol./u.c., which was

contributed to the intermolecular interaction (Farrell et al.

2003) at high p-NT loadings. At p-NT loadings higher than

4 mol./u.c., a decreased adsorption heat was observed,

suggesting that p-NT molecules were absorbed in the

channels or external surface of the zeolites after the

intersections were completely occupied.

At p-NT loading lower than 2 mol./u.c., adsorption

heats of p-NT in silicalite-1 and HZSM-5 zeolites were

found to be approximately 10 and 15 kJ/mol, respectively.

The higher adsorption heats in HZSM-5 zeolite resulted

from hydrogen bonding interaction of p-NT molecules with

SiAlOH groups in zeolite intersections (Farrell et al. 2003).

It can be observed from Tables 1 and 2 that the maxi-

mum adsorption amounts of o-NT were markedly lower

compared to those of p-NT. p-NT molecules might diffuse

into the pores of MFI type zeolite and could be easily

adsorbed in the intersections of the zeolite. However, the

kinetic diameter of o-NT molecule is estimated to be

0.79 nm, which was larger than the dimensions of straight

or sinusoidal channels of the zeolite. This might hinder o-

NT molecules from penetrating into the pores of HZSM-5

zeolite, which led to a decrease in o-NT adsorption.

In general, the adsorption of aromatic molecules in MFI

type zeolite was considered as a physical adsorption pro-

cess, which suggested that the adsorption was favorable at

low adsorption temperature. This was supported by the

results of p-NT adsorption in silicalite-1 and HZSM-5

zeolites. However, o-NT adsorption was favored at high

adsorption temperature, which implied that o-NT adsorp-

tion in the zeolite was probably controlled by dynamics due

to its slightly larger diameter compared to the dimensions

of the zeolite channels.

In addition, the higher maximum adsorption amounts of

o-NT in silicalite-1 were observed compared to those in

HZSM-5 zeolite. It is noteworthy that acid sites of MFI

type zeolite located in pore mouth region could be detected

using different approaches. The acid sites located in the

pore mouth region tend to absorb H2O (Kolvenbach et al.

2011), which led to the narrowing of pore openings of

HZSM-5 zeolite and further suppresseed o-NT molecules

from diffusing into the pores.

3.2 Adsorption kinetics

Adsorption kinetics of sorbate molecules in porous mate-

rials can be determined using time-resolved uptake (Zheng

et al. 2003). The time-resolved uptakes of p- and o-NT in

the zeolites, measured at 300 K, are depicted in Figs. 4 and

5. It is noted that p-NT adsorption in silicalite-1 reached

equilibrium at 25 min and o-NT within 1,400 min. In

HZSM-5 zeolite, adsorption of p-NT reached saturation

stage at 20 min and o-NT within 1,200 min.

The adsorption process can be described by pseudo-first-

order or pseudo-second-order kinetics (Smit and Maesen,

2008). For pseudo-first-order kinetics, the Lagergren rate

equation is generally used,
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logðqe � qtÞ ¼ logðqeÞ �
k1

2:303
t ð5Þ

The pseudo-second-order kinetics can be expressed as

the Eq. (6),

t

qt

¼ 1

k2q2
e

þ 1

qe

t ð6Þ

where qe is equilibrium adsorption amount, qt is adsorption

amount at time t, k1 and k2 is pseudo-first-order and

pseudo-second-order rate constant, respectively.

The plots of log (qe - qt) vs t based on pseudo-first-

order kinetics and t/qt vs t based on pseudo-second-order

kinetics in the zeolites are compiled in Fig. 6. It is found

that the plots of log (qe - qt) vs t did not give a linear

relation. However, good linear plots of t/qt vs t suggested

that NTs adsorption in the zeolites followed pseudo-sec-

ond-order kinetic model, and the corresponding simulation

parameters are listed in Table 3. In addition, the calculated

equilibrium adsorption amounts of NTs in the zeolites

according to Eq. (6) in Table 3 were generally identical to

experimental results, which further indicated the adsorption

of NTs in the zeolites fitted pseudo-second-order kinetic

model.

At 300 K, rate constant of p-NT in silicalite-1 was

3.69 9 10-2 g/(g min) at equilibrium concentrations of

1.7 mg/L, and rate constant of o-NT was 1.41 9 10-3

g/(g min) at equilibrium concentrations of 34.1 mg/L. This

indicates that p-NT adsorption was approximately 26 times

faster compared to that of o-NT in the zeolite, which was

mainly ascribed to the difference between kinetic diameters

of p-NT (0.58 nm) and o-NT (0.79 nm). Similar results

were obtained for p- and o-NT adsorption in HZSM-5

zeolite. At 300 K, rate constant of p-NT in HZSM-5 zeolite

was calculated to be 1.31 9 10-1 g/(g min) at equilibrium

concentrations of 0.9 mg/L. In contrast, rate constant of o-

NT was 1.12 9 10-3g/(g min) at equilibrium concentra-

tions of 49.6 mg/L, indicating that rate constant of p-NT

was about 120 times higher than that of o-NT in HZSM-5

zeolite.

It should be pointed out that rate constant of p-NT in

silicalite-1 was lower than that in HZSM-5 zeolite. In fact,

the measured adsorption rate constant varied in different

samples for a given adsorption system (Ruthven 2007; Yu

et al. 2013). In particular, a higher rate constant was always

observed in zeolite with larger crystals due to the presence

of surface barrier in the zeolite with small crystals.

3.3 Selective adsorption

For selective adsorption of p-NT from aqueous solution

containing p- and o-NT, time-resolved uptakes of p- and

o-NT in silicalite-1 and HZSM-5 zeolites are compared in

Figs. 7 and 8. At 300 K, p-NT adsorption in silicalite-1

reached the equilibrium after 30 min with p-NT equilib-

rium concentration at 1.4 mg/L. For o-NT, however, it took

more than 2,000 min to reach adsorption equilibrium with

o-NT concentration at 26.8 mg/L, indicating that p-NT

adsorption was markedly faster compared to that of o-NT

in the mixture. Compared with equilibrium time in single

component adsorption processes under similar equilibrium

concentrations, it can be concluded that the presence of

o-NT in solution had no influence on p-NT adsorption in

the zeolite. In contrast, the adsorption process of o-NT was

restrained in the presence of p-NT. Furthermore, adsorption

amounts of p- and o-NT in the zeolite were found to be

53.9 and 2.4 mg/g at p-NT equilibrium concentration of

1.4 mg/L and o-NT of 26.8 mg/L (see Fig. 7). Under the

same equilibrium concentrations, adsorption amounts of

p- and o-NT in silicalite-1 were 52.9 and 4.7 mg/g in the

single component adsorption processes (see Figs. 1,

Fig. 2), indicating that an identical equilibrium adsorption

amount for p-NT and a decreased adsorption amount for

o-NT were obtained in the zeolite during the separation

process. The enlarged differences in equilibrium adsorption

amounts and adsorption time between p-NT and o-NT in

the separation process could be ascribed to high rate
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constant of p-NT in silicalite-1. This led to the prior

occupation of adsorption sites by p-NT in silicalite-1,

which inevitably lowered o-NT adsorption amount and

lengthened its equilibrium adsorption time in silicalite-1.

For selective adsorption in HZSM-5 zeolite at 300 K,

adsorption amounts of p- and o-NT were 44.9 and 1.3 mg/g

at p-NT equilibrium concentration of 0.6 mg/L and o-NT of

49.6 mg/L in the separation process. The equilibrium

adsorption time of p- and o-NT were found to be 20 and

1,500 min, respectively. Compared with the single compo-

nent adsorption processes, equilibrium adsorption time and

adsorption amount of o-NT in HZSM-5 zeolite decreased.
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Fig. 6 Simulation of NTs

adsorption in the zeolites using

a pseudo-first-order kinetics and

b pseudo-second-order kinetics

Adsorption (2015) 21:143–151 149

123



However, equilibrium adsorption time and adsorption

amount of p-NT in HZSM-5 zeolite kept identical.

The larger difference in adsorption amounts and equilib-

rium adsorption time between p-NT and o-NT could result in

higher separation efficiency. The results showed that equi-

librium adsorption amounts of p- and o-NT in silicalite-1

were 53.9 and 2.4 mg/g at 300 K, and residual concentration

of p- and o-NT were 1.4 and 26.8 mg/L, respectively. This

revealed that p-NT with purity of 95.7 % was selectively

adsorbed in silicalite-1 and o-NT with purity of 95.0 % in the

solution under our separation conditions. Furthermore, the

optimum separation for p-NT can be achieved at 30 min

when p-NT reached adsorption equilibrium in silicalite-1.

Our results showed that p-NT purity could increase up to

96.7 %. Similarly, 97.2 % of p-NT and 98.8 % of o-NT

could be obtained in HZSM-5 zeolite at adsorption equilib-

rium stage, and 98.2 % of p-NT and 99.2 % of o-NT could be

recovered under optimum adsorption condition. The

enhanced recovery efficiency in HZSM-5 zeolite was mainly

attributed to the further suppressed adsorption of o-NT due to

the presence of acid sites in the pore mouth of the zeolite.

For the recovery of p-NT, the desorption of p-NT from

the used zeolite was investigated in this study. Results

showed that the desorption efficiency of p-NT was higher

than 99 % at 300 K with ethanol as the eluate, indicating

that p-NT desorption was feasible and the used zeolites

could be easily regenerated.

4 Conclusions

Selective adsorption of p-NT from aqueous solution con-

taining p- and o-NT using silicalite-1 and HZSM-5 zeolites

was investigated. The results revealed that MFI type zeo-

lites were effective adsorbents to separate p-NT from o-NT

in simulated wastewater. For p-NT adsorption, molecules

preferentially occupied channel intersections of the zeo-

lites. The equilibrium adsorption amounts of p-NT were

markedly higher than those of o-NT in silicalite-1 and

HZSM-5 zeolites, and adsorption rate constant of p-NT

was much faster compared to that of o-NT. The significant

differences in adsorption amounts and equilibrium

adsorption time between p-NT and o-NT led to high sep-

aration efficiency. In addition, the presence of acid sites in

the intersections and pore mouth regions of HZSM-5

resulted in an enhanced separation efficiency. Under our

experimental conditions, 95.7 % p-NT and 95.0 % o-NT

could be recovered in silicalite-1, and 97.2 % p-NT and

98.8 % o-NT were obtained in HZSM-5 zeolite.
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Table 3 Pseudo-second-order adsorption rate constants and the calculated and experimental qe values for adsorption of NTs in the zeolites

Zeolite NT Ce (mg/L) K2 [g/(g min)] qe (exp) (mg/g) qe (cal) (mg/g) R2

Silicalite-1 p-NT 1.7 3.69 9 10-2 58.3 59.0 0.99

Silicalite-1 o-NT 34.1 1.41 9 10-3 5.1 5.0 0.99

HZSM-5 p-NT 0.9 1.31 9 10-1 49.3 49.0 1

HZSM-5 o-NT 49.6 1.12 9 10-3 2.5 2.9 0.99
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