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ABSTRACT

The emission of volatile organic compounds (VOCs) poses significant risks to public health and environmental 
safety. Adsorption has been recognized as a highly efficient technique for VOC abatement. However, the practical 
application of pristine ZSM-5 molecular sieves in VOC adsorption is substantially constrained by their inherent 
hydrophilic nature, which results in limited adsorption capacity. In this paper, ZSM-5 molecular sieve was mod-
ified by combination modification methods and evaluated by competitive adsorption breakthrough test. The 
modifications were monitored by XRD, SEM, FTIR, BET and ICP. Compared with the raw ZSM-5 molecular sieve, 
the engineered ZSM-5 demonstrated exceptional superhydrophobic characteristics, exhibiting an 80.7% reduc-
tion in water vapor adsorption capacity (decreasing from 7.87% to 1.52%). Concurrently, its toluene adsorption 
capacity exhibited a remarkable 438.9% enhancement, increasing from 1.87% to 10.24% under identical oper-
ational conditions. More importantly, the hydrophobicity, specific surface area, pore size and pore distribution 
were the critical factors affecting the VOCs adsorption of the ZSM-5 molecular sieve. Besides, DFT calculations 
were also performed to unveil the interaction mechanism of VOCs adsorption onto the surface of ZSM-5.
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Introduction 
Volatile organic compounds (VOCs) as a class of carbon-based 

organic chemicals can easily evaporate under the environmental 
conditions, which are discharged into the environment from various 
industrial, commercial and domestic practices [1-3]. As the major 
pollutants in the air, VOCs are responsible for the atmospheric pho-
tochemical reaction, photochemical smog and stratospheric ozone 
depletion etc [4,5]. Even at low concentrations, they can cause great 
harm to human health and ecological environment [6,7]. Therefore, 
strict control of VOCs emissions is necessary. Generally speaking, 
VOCs emissions have the following characteristics, such as large air 
volume, low VOCs concentrations and water containing [8-10]. Ad-
sorption has been considered as an effective method to remove VOCs 

because of its high removal efficiency, low energy and low operation 
cost [11-13]. The core of the adsorption technology is the adsorbent. 
Activated carbons and molecular sieve are the most widely used ad-
sorbent for VOCs [14]. Activated carbons have excellent performance 
in VOCs adsorption because of its multistage pore structure and large 
specific surface area. However, its irregular pore structure and poor 
thermal stability make its regeneration process complicated, difficult 
and dangerous [15,16]. Compared with the activated carbon, the mo-
lecular sieves are the commonly used adsorbents in the process of 
removing VOCs due to their high adsorption capacity, high thermal 
stability, low cost and easy recycling.

ZSM-5 is a promising option for VOCs adsorption. However, the 
presence of moisture in the VOCs gas can greatly decrease the ad-
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sorption capacity of the adsorbent because a part of the adsorbed 
VOCs will be replaced by water molecules [17-19]. Actually, the ZSM-
5 molecular sieve with high Si/Al ratio and even pure silicate does 
have a high hydrophobicity [20]. However, its high price limits its use 
because existing synthetic method often required adding crystals, 
surfactants and expensive organic templates [21,22]. The ZSM-5 mo-
lecular sieve with low Si/Al ratio is highly hydrophilic, which is NOT 
an ideal adsorbent for VOCs control and needs to be modified.  Gen-
erally, there were several modification methods to improve the water 
resistance of molecular sieve, which were acid de-alumination, si-
lanization, impregnation and cation modification [23-26]. Traditional 
researches had always focused on separate modification methods, 
and its adsorption capacity increase is very limited. With an aim to 
improve the adsorption capacity of VOCs and reduce the adsorption 
capacity of water, ZSM-5 molecular sieve could be tailored by com-
bination modification methods. In this paper, toluene was used as a 
model of VOCs, and the ZSM-5 molecular sieve (Si/Al = 36) was se-
lected as the raw material. The ZSM-5 molecular sieve was modified 
by combination modification methods, and its adsorption properties 
and mechanism were studied.

Experimental Section
Preparation of Modified ZSM-5   

Modification of ZSM-5 molecular sieve was conducted by acid 
de-alumination followed by silanization. Firstly, 3 g ZSM-5 molecu-
lar sieve was mixed with HCl (different concentration) at some ratio 
[27,28]. The reaction was conducted at 373 K and stirred under re-
flux for several hours. After the reaction, the product was aspirated, 
washed with deionized water, and centrifuged several times until the 

solution pH was 7. The resulting ZSM-5 molecular sieve was dried at 
393 K for 12 h. Secondly, acid treated ZSM-5 molecular sieve 1.5 g was 
used for the silanization modification [29-31]. Silanization was con-
ducted with different amounts of TMCS using toluene as a dispersant. 
The experiment was conducted at different temperatures with reflux 
for 5 h. After the reaction, the experiment was extracted and filtered 
with C2H5OH, and then filtered and dried in a 373 K vacuum drying 
chamber for 1h. Thirdly, the modified ZSM-5 molecular sieves were 
calcined at 823 K for 4 h in a tubular furnace. All adsorbent materials 
were tableted and kept isolated in a desiccator.

Competitive Adsorption Breakthrough Experiments

The competitive adsorption breakthrough experiments were car-
ried out with a fixed bed, as listed in Figure 1. Gaseous toluene and 
water vapor were generated by two micro-injection pumps, and N2 
was used as the carrier gas controlled by a mass flow controller (S48-
32, HORIBA Precision Instruments). The concentrations of water 
vapor and toluene were quantified using the dew point meter (HQ-
FTD-2DAC, Beijing Qinghong Co. Ltd) and the fixed gas PID detector 
(APEG-TH2S-G-2N, Shenzhen Anpaer Co. Ltd.). Approximately 1 g 
tablet adsorbent was put into a quartz tube with an inner diameter 
of 8 mm and a length of 25 mm. Adsorption was conducted at ambi-
ent pressure and 308 K, which was controlled by an electric furnace 
temperature controller. In the competitive adsorption breakthrough 
experiment, the zero-time was determined by the blank test. The 
breakthrough point was respectively determined at the concentration 
of adsorbent in outlet gas reached 5 % of the each component in the 
feed. The tail gas was discharged outside after treatment. Regener-
ation was carried out with N2 as the regeneration gas. The relative 
error of the competitive adsorption experiment was lower than ± 5 %.

Figure 1: Schematic diagram of toluene/moisture competitive adsorption/desorption.
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Results and Discussions
 XRD Results

The XRD patterns showed the structures of the ZSM-5 molecular 
sieve before and after modification, as listed in Figure 2. For either the 
raw ZSM-5 molecular sieve or the modified ZSM-5 molecular sieve, all 
samples had characteristic peaks at 7.9°, 8.8°, 23.1° and 23.9°, corre-
sponding to (101), (200), (501), (151) and (303), indicating that all 
samples presented a typical MFI structure and good crystallinity, even 
after HCl dealumination and silanization [32,33]. Figure 2a illustrated 
the effect of HCl concentration on structures of the ZSM-5 molecular 
sieve. In contrast to the raw ZSM-5 molecular sieve, the peak strength 

increased after HCl de-alumination. In this modification, part of Al 
was successfully removed from the ZSM-5 molecular sieve, and Si/
Al ratio increased accordingly. Different HCl concentration had dif-
ferent effect on ZSM-5 structures. When HCl concentration was 2.0 
mol/L, some Al on non-skeleton of ZSM-5 molecular sieve was gently 
removed, and the modified skeleton structure was preserved well. As 
listed in Figure 2a, the characteristic peak intensity of the modified 
ZSM-5 molecular sieve increased obviously, and the modified ZSM-5 
molecular sieve had better relative crystallinity. When HCl concen-
tration increased to 4.0 mol/L and 6.0 mol/L, the remove of Al from 
ZSM-5 molecular sieve became violently. Not only Al on non-skeleton 
was removed from ZSM-5 molecular sieve, but also Al on skeleton was 
removed too.

Figure 2: XRD results of ZSM-5 with and without modification.
a.	 Effect of HCl concentration on ZSM-5 structure
b.	 Effect of HCl de-alumination time on ZSM-5 structure
c.	 Effect of modification on ZSM-5 structure
d.	 Effect of combined modification on ZSM-5 structure.
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Compared with the ZSM-5 molecular sieve modified by 2.0 mol/L 
HCl, the crystal structure of the ZSM-5 molecular sieve modified by 
4.0 mol/L or 6.0 mol/L HCl became a little worse. Compared with the 
raw ZSM-5 molecular sieve, there was no obvious amorphous peaks 
found in XRD patterns of the modified the ZSM-5 molecular sieve 
samples even after 6 mol/L HCl de-alumination, indicating that the 
ZSM-5 molecular sieve structure was stable. Figure 2b showed the ef-
fect of HCl de-alumination time on the structure of the ZSM-5 molecu-
lar sieve. With the longer de-alumination time, 2 mol/L HCl removed 
Al on non-skeleton gently and continuously from the surface to the 
inner part of ZSM-5 molecular sieve, leading to the modified ZSM-5 
molecular sieve showed a better crystal form, and the characteristic 
peaks intensity at 7.9°, 8.8°, 23.1° and 23.9° gradually increased. Fig-
ure 2b showed the framework structure was orderly and the topolo-
gy was continuous. Moreover, with the extension of de-aluminization 
time, self-adjustment maybe occurred inside the ZSM-5 molecular 
sieve, which made the crystal more regular. Figure 2c listed the effect 
of modification on ZSM-5 structure. Compared with ZSM-5 de-alumi-
nated by 2.0 mol/L HCl for 4 h separately, ZSM-5 modified by com-
bination methods showed good crystallinity too. Furthermore, with 
the increase of Si/Al ratio, the characteristic peak intensity at 7.93° 
(101) and 8.79° (020) increased obviously, while the other character-
istic peak intensity was unchanged. The result was in good agreement 
with Zhang, et al. [34], they ascribed the strong peak at 7.93° to that 
the ZSM-5 particles have more morphology, and ascribed the strong 
diffraction peak at 8.79° to the presence of (020) crystal surface. Fig-
ure 2d recorded the effect of combined modification on ZSM-5 struc-
ture. Compared with raw ZSM-5 and high silicon ZSM-5, the ZSM-5 
modified by combined methods showed relative better crystallinity.

FTIR Results

The FTIR spectra of the ZSM-5 molecular sieves before and after 
modification were shown in Figure 3. The absorption peak at 3429-
3450 cm-1 is the stretching vibration of O-H, and the absorption peak 
at 1640 cm-1 is the bending vibration of O-H. The absorption peak at 
1090 cm-1 belongs to the asymmetric stretching vibration of T-O-T (T 
refers to Si or Al), the absorption peak at 801 cm-1 is the symmetric 
stretching vibration of T-O bond, and the absorption peak at 459 cm-1 
refers to the bending vibration of T-O bond. These three absorption 
peaks belong to the vibration band of inner tetrahedron [35,36]. It is 
generally believed that the absorption fingerprint peak at 556 cm-1 
is closely related to the structural unit characterized in the molecular 

sieve skeleton, and can be attributed to the chain structures caused by 
SiO4 and AlO4 [37]. The absorption peak near 1229 cm-1 is slightly 
increased with the increasing wave of the Si/Al ratio and the peak 
becomes weaker. This is due to the fact that the Al-O bond (0.175 nm) 
is longer than the Si-O bond (0.161 nm), leading to a smaller chemical 
bond force constant than the Si-O bond. As the Si/Al ratio increased, 
the stretching vibration absorption peak of the T-O-T structure de-
creased. For either the raw ZSM-5 molecular sieve or the modified 
ZSM-5 molecular sieve, the absorption peak at 556 cm-1 is attributed 
to the chain structures caused by SiO4 and AlO4, and the results were 
in good agreement with the XRD results.

Figures 3a & 3b illustrated the effect of HCl concentration on 
structures of the modified ZSM-5 molecular sieves. For the raw ZSM-5 
molecular sieve, the stretching vibration of O-H at 3429-3450 cm-1 
showed an intense band, indicating there were many O-H in raw ZSM-
5 molecular sieve, which was in good agreement with its hydrophilic-
ity. After HCl de-alumination, the stretching vibration peak of O-H 
at 3429-3450 cm-1 and bending vibration peak of O-H at 1640cm-1 
showed a lower intense band, indicating there were few O-H in mod-
ified ZSM-5 molecular sieve. The decrease of O-H led to its hydropho-
bic. After HCl de-alumination, as expected, Al on ZSM-5 molecular 
sieve decreased. As the Si/Al ratio increased, the modified ZSM-5 mo-
lecular sieve showed hydrophobic, which in good agreement with the 
previous report [38]. Figure 3c illustrated the effect of de-aluminat-
ed time on FTIR spectra of ZSM-5 molecular sieve. For 2 mol/L HCl, 
as the de-aluminated time increased, Al on non-skeleton decreased 
gently and continuously, leading to Si/Al ratio increased continuously, 
and the O-H decreased continuously. The result matched well with the 
XRD results. While for 4 mol/L HCl and 6 mol/L HCl, as the de-alu-
minated time increased, Al on non-skeleton and Al on skeleton de-
creased, but the O-H sometimes decreased relatively smaller.

Figure 3d listed the effect of different modified methods on struc-
tures of ZSM-5 molecular sieves. It was clear that the stretching vibra-
tion peak of O-H changed dramatically. Compared with the raw ZSM-5 
molecular sieve, the stretching vibration peak of O-H at 3429-3450 
cm-1 and the bending vibration peak of O-H at 1640 cm-1 decreased 
obviously after HCl de-alumination. After HCl de-alumination fol-
lowed by silanization, the stretching vibration peak of O-H decreased 
further. From Figure 4d, as the Si/Al ratio increased, the stretching 
vibration peak at near 1229 cm-1 became weaker, which belonged to 
T-O-T structure and had relationship with Si/Al ratio.
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Figure 4:
a.	 N2 adsorption-desorption equilibrium isotherms of ZSM-5 before and after modification
b.	 Pore size distribution of ZSM-5 before and after modification.

Figure 3: FTIR spectra of modified ZSM-5 molecular sieve.
a.	 de-aluminated with different concentration of HCl for 2 h
b.	 de-aluminated with different concentration of HCl for 4 h
c.	 ZSM-5 molecular sieve de-aluminated for different time
d.	 ZSM-5 molecular sieve modified by different methods.
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SEM Results

Figure 5 showed the SEM images of ZSM-5 before and after modi-
fication. As illustrated in Figure 5a, the raw ZSM-5 molecular sieve had 
a prismatic structure and a smooth surface, indicating that raw ZSM-5 
molecular sieve had a good crystallinity. Figures 5b-5e showed the 
SEM images of ZSM-5 modified by HCl. When HCl concentration was 
relatively low, the structure of the modified ZSM-5 still maintained 
the prismatic and smooth surface, either for 2 h or for 4 h modifica-
tion. As HCl concentration increased, the surface of the modified ZSM-

5 became rough, and even there were some cracks appeared on the 
surface. The modification by different HCl concentration could affect 
the pore size and specific surface area of the modified ZSM-5 molec-
ular sieve, which was in good agreement with the BET results. Figure 
5f showed the SEM image of ZSM-5 after 2 mol/L HCl de-alumination 
for 4 h followed by silanization. It was clear that the surface was still 
smooth and crystallinity maintained well. From Figure 5f, it was also 
found that the ZSM-5 molecular sieve particles had more morphology, 
which made the XRD diffraction peak increased at 8.79°.

Figure 5: SEM images of ZSM-5 before and after modification.
a.	 Fresh ZSM-5
b.	 ZSM-5 2 mol/L HCl de-alumination for 2 h
c.	 ZSM-5 treated in 2 mol/L HCl de-alumination for 4 h
d.	 ZSM-5 treated in 4 mol/L HCl de-alumination for 4 h
e.	 ZSM-5 treated in 6 mol/L HCl de-alumination for 4 h
f.	 ZSM-5 treated in 2 mol/L HCl de-alumination for 4 h followed by silanization.

BET Results

To further understand the effect of combined modification on 
structures of ZSM-5 molecular sieve, BET analysis was performed and 
the results were illustrated in Figure 4. Figures 4a & 4b demonstrated 
the N2 adsorption/desorption equilibrium isotherms (BET) and pore 
size distribution of ZSM-5 molecular sieves before and after modifi-
cation. According to IUPAC, all the adsorption/desorption isotherms 
of N2 on the adsorbents were of type І, indicating that the adsorbents 
were rich in micro-pores, and mono-layers adsorption were formed 
on the surface of the adsorbents [39,40]. For the raw ZSM-5 molecu-
lar sieve, the surface area was as high as 96 m3/g and the micropore 

diameter was about 0.6 nm. Compared with the raw ZSM-5 molecu-
lar sieve, after HCl de-alumination, the surface area increased to 108 
m3/g, the micropore decreased dramatically, while the mesopores 
with different pore size increased obviously. This result was due to 
the effect of HCl on the pore expanding. As for combined modified 
ZSM-5 molecular sieve, after HCl de-alumination followed by silaniza-
tion, the surface area maintained at about 108 m3/g. As for the pores 
of the ZSM-5 modified by the combined methods, in addition to main-
taining the small amount of mesopores with different pore sizes, a lot 
of micropores reappeared due to the silanization of ZSM-5, and the 
pore size decreased to the size of the original molecular sieve.
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The traditional molecular sieve only had microporous channels, 
which led to the long path for toluene diffusion in the molecular sieve 
and low adsorption rate. The realization of pore multistage could 
shorten the mass transfer path through the introduction of medium/
micro pore, increased the specific surface area and pore capacity, 
improved the VOC adsorption rate and increased the adsorption ca-
pacity. In summary, the introduction of multistage pores not only re-
duced diffusional resistances, resulting in rapid adsorption, but also 
increased the surface area, resulting in the high adsorption capacity. 
The BET surface area, the pore volume and the average pore size of 
the ZSM-5 molecular sieve before and after modification were sum-
marized in Table 1. Compared with the raw ZSM-5 molecular sieve, 
after HCl de-alumination, the surface area increased apparently from 
333.7 m2/g to 355.3 m2/g, and the average pore diameter increased 
from 3.34 nm to 3.75 nm. HCl de-alumination not only improved the 
Si/Al ratio of ZSM-5 molecular sieve, but also changed the pore size 
and pore distribution. The increase of Si/Al ratio improved the hy-
drophobicity. The optimal pore distribution could enhance the mass 
transfer in the adsorbent and improve the adsorption amount. After 
HCl de-alumination followed by silanization, the average surface area 
showed no remarkable loss.

Table 1: Physical adsorption parameters of ZSM-5 molecular sieve 
before and after modifications.

Adsorbents
Surface 

area 
(m2/g)

Pore 
volume 
(cm³/g)

Pore 
size 
(nm)

Raw ZSM-5 333.7 0.1065 3.34

ZSM-5 after HCl dealumination 355.3 0.1100 3.76

ZSM-5 after HCl dealumination fol-
lowed by silanization 352.6 0.1085 3.40

However, the pore diameter decreased down to the size of the raw 
ZSM-5 molecular sieve, the optimal pore distribution could still en-
hance mass transfer in the adsorbents for toluene, which was favour 
to toluene adsorption. In addition, HCl de-alumination was important 
to the following silanization because it enlarged the pore size and pro-
vided much more space for subsequent silanization. As we all known, 
when TMCS was grafting to ZSM-5 molecular sieve, silanization mod-
ification could cause a decrease in pore size and specific surface area, 
and damage part of its pore structure. Thus, the prior HCl de-alumi-
nation before silanization was critical in ZSM-5 modification. Similar 
to the traditional modification, the silanization could act with -OH in 
ZSM-5 molecular sieve to improve the hydrophobicity. As for the si-
lanization of the raw ZSM-5 molecular sieve, the silanization group 
maybe only grafted to the outer surface of the raw ZSM-5 molecular 
sieve, resulting in a limited improvement of hydrophobicity. Alterna-
tively, it was possible that the silanization groups not only grafted to 
the outer surface of the molecular sieve, but also to the inner pores of 
ZSM-5. Unfortunately, the silanization group may block the micropo-
res of the raw ZSM-5, which reduced the adsorption amount of water 

and toluene simultaneously. The solution to the above trouble can be 
the combined methods. The previous HCl de-alumination not only 
increased the specific surface area, but also expanded the pore size. 
Wider pores could reduce diffusional resistances, resulting in rapid 
adsorption.

The latter silanization occured not only on the outer surface, but 
also in the inner hole, and the silanization inside the hole did not 
block the hole. The result was that not only the hydrophobicity was 
improved, but also the adsorption amount of toluene was greatly in-
creased. In addition, HCl de-alumination introduced multistage pores 
to ZSM-5, and the introduction of multistage pores not only greatly 
improved the rate of toluene, but also increased the adsorption capac-
ity of toluene [41-43]. In summary, the increasing toluene adsorption 
amount was explained by increased specific surface area, appearce of 
multistage pores and the higher hydrophobicity, and the higher hy-
drophobicity came from both HCl de-alumination and silanization of 
ZSM-5 molecular sieve [44,45].

ICP Results 

The concentration of Si, Al element in ZSM-5 molecular sieve 
before and after modification was listed in Table 2. Compared with 
the raw ZSM-5 molecular sieve, Si/Al ratio increased from 36.7 to 
51.04 after modification. It is reasonable that the higher Si/Al ratio 
has higher hydrophobiciy. The competitive adsorption experiment 
showed that, the modified ZSM-5 molecular sieve with high Si/Al ra-
tio had unique toluene selective adsorption ability because of its ex-
cellent hydrophobicity. This result is in accordance with the previous 
work [46].

Table 2: ICP of ZSM-5 before and after modification.

Sample Si (mg/kg) Al (mg/kg) Si/Al

Raw ZSM-5 50669.82 1379.04 36.7

Modified ZSM-5 91948.53 1801.47 51.04

Competitive Breakthrough Adsorption 

Water vapour is omnipresent in VOCs and humidity has obvi-
ous impact on the adsorption, so the competitive breakthrough ad-
sorption is carried out to investigate the property of ZSM-5 molec-
ular sieve before and after modification. Figure 6 showed the effect 
of modification on the adsorption performance of ZSM-5 molecular 
sieve. First of all, the raw ZSM-5 molecular sieve showed a high hy-
drophily and a low toluene adsorption capacity. In humid toluene 
stream, the water vapor breakthrough capacity of the raw ZSM-5 
molecular sieve was 7.87 %, while the toluene breakthrough capacity 
was only 1.87 %. High hydrophily always has a negative impact on the 
toluene adsorption capacity of the ZSM-5 molecular sieve, because 
the adsorbed water vapor can occupy the active sites of the molecular 
sieve, reducing the adsorption capacity of the adsorbent for toluene 
[47,48]. Some researchers even found that the “roll over” phenome-
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non occurred in the adsorption process, and moisture could replace 
the adsorbed toluene, which also reduced the adsorption capacity of 
toluene [49,50]. Silylation reactions have been widely used to modify 
the property of molecular sieves. In this paper, trimethyl chlorosilane 

(TMCS) was selected as the silanization reagent and grafted onto the 
ZSM-5 molecular sieve. Unfortunately, only grafting TMCS to ZSM-5 
molecular sieve did not achieve the desired effect.

Figure 6: Effect of modification on adsorption performance of ZSM-5.
a.	 Effect of bake on performance of ZSM-5 (silanization)
b.	 Effect of solvent on performance of ZSM-5 (silanization)
c.	 Effect of silylation amount on performance of ZSM-5 (silanization)
d.	 Effect of HCl concentration on performance of ZSM-5 (2 h HCl + silanization)
e.	 Effect of HCl concentration on performance of ZSM-5 (4 h HCl + silanization)
f.	 Effect of HCl dealumination time on performance of ZSM-5 (2 mol/L HCl + silanization).

As listed in Figure 6a, the water absorption and toluene adsorp-
tion of the modified ZSM-5 molecular sieve were significantly reduced 
simultaneously. Therefore, the bake experiment was attempted after 
the silaniazation reaction. Figure 6a showed the effect of bake on 
adsorption performance of ZSM-5 molecular sieve. After silylation 
reaction, the adsorption capacity of unbaked ZSM-5 molecular sieve 
was small, while the adsorption capacity of baked ZSM-5 molecular 
sieve was improved. The reason would be that the silanization group 
grafting to ZSM-5 molecular sieve blocked some pores of the molec-
ular sieve, so either toluene or moisture could NOT penetrate into 
the internal pores of the molecular sieve. After baking, some -CH3 of 
TMCS volatiled from ZSM-5, leading to a little adsorption rebound of 
the moisture and toluene. Figure 6b showed the effect of solvent on 
performance of ZSM-5. In silanizing reaction, when benzene was used 
as the solvent, the performance of ZSM-5 was better than alcohol as 
the solvent. Benzene was preferred as the solvent because benzene 

was a nonpolar solvent.  Figure 6c showed the effect of TMCS amount 
on performance of ZSM-5. As TMCS amount increased, the moisture 
adsorption capacity of the modified ZSM-5 decreased while the tolu-
ene adsorption capacity increased. Comparing the toluene adsorption 
capacity of raw ZSM-5 and modified ZSM-5, it is clear that the hydro-
phobic character play an important role.

At the same time, the above results indicated that the separate 
modification had a very limited effect, and it was necessary to attempt 
the combination modification methods. Due to size exclusion effects 
and diffusion constraints, grafting of TMCS to ZSM-5 molecular sieve 
is confined to the outer surface and pore mouths, and internal func-
tionalization of molecular sieve is limited [51,52]. Before silaniza-
tion modification, HCl de-alumination was carried out to remove Al 
on non-skeleton of ZSM-5 molecular sieve. HCl de-alumination not 
only improved Si/Al ratio, but also broadened the pore size, which 
made it an attractive option for ZSM-5 modification. Figure 6d listed 
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the effect of HCl concentration on performance of ZSM-5 in combina-
tion modification. The results showed that high concentration of HCl 
modified ZSM-5 molecular sieve violently. It could not only remove 
Al on the non-skeleton of ZSM-5 molecular sieve, but also remove Al 
on the skeleton. The result caused a reduced crystallinity of the ZSM-
5 molecular sieve, and even reduced the specific surface area of the 
ZSM-5 molecular sieve. With HCl de-alumination time increase, this 
effect became obvious. On the contrary, the low concentration of HCl 
de-alumination showed a very good modification effect. From the sur-
face to the center of the ZSM-5 molecular sieve, the low concentration 
HCl removed Al on the non-skeleton gently and continuously, which 
not only improved the crystallinity of ZSM-5 molecular sieve, but also 
broadened the pore size of ZSM-5 molecular sieve.

After combined modification, the competitive breakthrough ad-
sorption of toluene and water vapor showed that there was a dra-
matic shift from hydrophilic to hydrophobic properties. As listed in 
Figure 6e, the water vapour adsorption capacity dropped to only 1.52 
%, while toluene breakthrough capacity achieved at 10.24 %. Hence, 
the moisture adsorption capacity decreased by 80.7 % while the tol-
uene capacity increased by 547.6 %, compared with the raw ZSM-5 
molecular sieve. In summary, in ZSM-5 modification, various param-
eters were significant, such as hydrophobic properties, Si/Al ratio, 
pore size and specific surface area, which affected the adsorption 
performance of ZSM-5 molecular sieve comprehensively [53]. Figure 
6f summarized the effect of 2 mol/L HCl de-alumination time on ad-
sorption performance of ZSM-5 molecular sieve. As de-alumination 
time increased, the moisture adsorption capacity decreased continu-

ously, while the toluene adsorption capacity increased continuously. 
Comparing the toluene adsorption capacity of raw ZSM-5 molecular 
sieve and modified ZSM-5 molecular sieve, it was concluded that the 
hydrophobic character, the high Si/Al ratio, the specific surface area 
and even the pore size played an important role, and further investi-
gation was needed.

DFT Calculations for Adsorption Mechanism

To investigate the adsorption mechanism at an atomic level, the 
ZSM-5(1 0 0) crystal plane and its corresponding adsorption config-
uration were constructed (Figures 7a & 7b), followed by structural 
optimization using the CP2K computational package. The calculations 
were performed at the Perdew–Burke–Ernzerhof (PBE) level of the-
ory with the DZVP-MOLOPT-SR-GTH basis set. Frontier molecular or-
bital analysis revealed that the lowest unoccupied molecular orbital 
(LUMO) of the ZSM-5(1 0 0) surface was predominantly localized on 
the upper region (Figure 7c), whereas the highest occupied molecu-
lar orbital (HOMO) was distributed across the lower region (Figure 
7e). This observation suggests that the vacant orbitals on the ZSM-5 
surface exhibit electron-accepting capability, facilitating interactions 
with toluene molecules. For the adsorption system, the unoccupied 
orbitals were concentrated on the adsorbed toluene molecule (Fig-
ure 7d), while the occupied orbitals were primarily associated with 
oxygen and silicon atoms in the zeolite framework (Figure 7f). These 
findings corroborate the electron transfer mechanism from the tol-
uene molecule to the ZSM-5(1 0 0) surface upon coordination, high-
lighting the role of orbital hybridization in stabilizing the adsorption 
complex.

Figure 7: Crystal structure of
a.	 ZSM-5 (1 0 0) crystal plane and
b.	 toluene adsorbed by ZSM-5 (1 0 0) crystal plane
c.	 LUMO and
d.	 LUMO of ZSM-5 (1 0 0) crystal plane
e.	 LUMO and
f.	 LUMO of toluene adsorbed by ZSM-5 (1 0 0) crystal plane. CP2K, PBE // DZVP-MOLOPT-SR-GTH.
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Conclusions
Adsorption is an efficiency method to remove VOCs. The hydro-

philicity of the ZSM-5 molecular sieve limits its application in VOCs 
adsorption. In this paper, ZSM-5 molecular sieve was successfully 
modified by combination modification methods, and the modified 
ZSM-5 exhibited both high toluene adsorption capacity and good 
hydrophobicity. Single desalinization and silanization modification 
had limited effect on ZSM-5, while the combination modification was 
conducted successfully. The combination modification was conduct-
ed by acid de-alumination followed by silanization. The competitive 
adsorption breakthrough experiment found that, compared with the 
raw ZSM-5 molecular sieve, the water adsorption capacity of the mod-
ified ZSM-5 molecular sieve decreased from 7.87 % to 1.52 %, and 
toluene adsorption capacity improved from 1.87 % to 10.24 %. Com-
bination modifications were monitored by XRD, FTIR, BET et al., the 
hydrophobicity, specific surface area, pore size and pore distribution 
were the critical factors affecting the VOCs adsorption of the ZSM-5 
molecular sieve. The modification of ZSM-5 was inexpensive, which 
make it attractive for commercial application.
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