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 Implication for health policy/practice/research/medical education:
This subject can be useful for styrene control in workplaces as a contaminant. It can be used for researchers who are interested in 
Air Pollution Control using zeolite as a adsorbent. 

model compound for studying the mechanisms of geno-
toxicity (2, 3), lung impact (4), kidney and liver damage, and 
carcinogenicity (3, 5, 6). Styrene polymers and copolymers 
are used in an increasingly wide range of applications in 
many petrochemical and polymer processes in industries, 
and the liquid and gaseous effluents from many units in a 
petrochemical complex contain styrene. The most common 
uses of styrene are in plastics, paints and coatings, latex, PVC 
synthetic rubbers, styrene-alkyd coating, and polyesters. 
Of the top 50 chemicals produced worldwide, styrene was 
ranked twentieth in 1994, with a production of 11270 mil-
lion pounds. Styrene is manufactured as an intermediate 
for the production of polystyrene (68%), styrene-butadiene 
(SBR) elastomers (6%), acrylonitrile-butadiene styrene (ABS) 
resins and styreneacrylonitrile (SAN) (9%), latexes (SBR la-
texes containing < 45% styrene and styrene-butadiene la-
texes containing > 45% styrene) (7%), unsaturated polyester 
resins (7%), and miscellaneous products (5, 7). Recently, the 
use of minerals and inexpensive materials for removing or 

1. Context
Styrene is a volatile organic compound and one of the 

most important monomers in industries. Human expo-
sure to styrene occurs mainly in the reinforced plastics 
industry, particularly in developing countries. Styrene has 
been found to be hepatotoxic and pneumotoxic in humans 
and animals. Albumin and hemoglobin adduction derived 
from styrene oxide, a major reactive metabolite of styrene, 
has been reported in blood samples obtained from styrene-
exposed workers (1). Although the styrene concentrations to 
which workers are exposed have been gradually decreasing 
in the past decade, styrene is still considered an excellent 

Context: Changing the surface characteristics of raw materials has created new pros-
pects for catalysts and adsorption technology. Natural and modified zeolite with tri-
methylchlorosilane (TMSCI) has been used to adsorb styrene.
Evidence Acquisition: Dynamic adsorption tests were performed with a number of stand-
ard characterization techniques and zeolite particles were examined in three sizes: less than 
1 mm, 1–2 mm, and 2–4 mm. The gas concentration was 20 ppm, 40 ppm, and 60 ppm. Three 
flow rates were tested in this study: 0.5 l/min, 0.75 l/min, and 1 l/min. The sorption of Styrene 
depended on the particle diameter size, gas flow rate, and inlet gas concentration. 
Results: The optimum size for adsorption was less than 1 mm, the optimum flow rate 
was 0.5 l/min, and the optimum gas concentration was 20 ppm. The adsorption capacity 
decreased with increasing size, flow rate, and concentration of the pollutant. 
Conclusions: The adsorption by the surface-modified zeolite increased by as much as 
100% compared with natural zeolite. Therefore, the surface-modified natural zeolite may 
be utilized for many adsorption applications. This study shows the importance of chemi-
cal surface modification and confirms similar findings of other studies. 
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Figure 1. 1- Air supplier pump, 2- Humidity adsorbent (Cilicagel), 3 and 7- 
Valves and connections, 4- Styrene supplier, 5- Mixer of air and Styrene, 6- 
Flow meter, 8- Zeolites bed (column), 9- Styrene detector and Flow meter

reducing air pollution has increased. Zeolite is abundant in 
many areas of the world and has favorable physical char-
acteristics. Zeolite is a well-known category of crystalline 
mineral that consists of hydrated aluminosilicates of alka-
line and alkaline earth elements with a typical formula of 
Mx/n [(AlO2)x(SiO2)y] w.H2O. Natural zeolite can be formed 
in active volcanic environments under hydrothermal con-
ditions but can also have sedimentary origins. The use of 
natural zeolite as a sorbent has considerably increased in 
different industries (8, 9). Zeolites are suitable adsorbents 
for different polar and nonpolar molecules such as CO2, SO2, 
NO2, NO, H2S, NH3, H2O, aliphatic hydrocarbons, aromatic 
hydrocarbons, alcohols, ketones, and other similar mol-
ecules. Zeolite with natural porosity and crystal structure in 
windows, cages, and supercages has shown the capability of 
selective ion exchange and can thus be used as a molecular 
sieve to adsorb molecules on its large internal area. Zeolite 
is metastable and stable when it is at a suitable temperature 
and pH. Within this range, it is unaffected by wide swings 
in temperature, pressure, and ionizing radiation. Different 
types of zeolite have windows from 0.3 to 3.0 nanometers 
(3 to 30 angstroms), but any one type has a nominally fixed 
window size. Changing the Si/Al ratio and exchanging ions 
can affect the size of the window (10, 11). Hydrophobic zeo-
lite is currently used to concentrate VOCs before destruction 
(9). Hydrophobic zeolites can be very efficient at adsorbing 
and desorbing VOCs (12). 

Chemical treatment is a common procedure for the pu-
rification of raw materials and the modification of sur-
face properties for various purposes. The properties of 
zeolites can be changed by surface modification. This ap-
proach to zeolite surface modification has been studied 
extensively for the effective removal of some materials 
and hydrocarbons. Chlorosilanes are effective for the tun-
ing of physical and chemical properties of organic and 
inorganic materials (13, 14), and for increasing catalytic 
properties (15). Zeolite modified with chlorosilan has al-
ready been used for the adsorption of different elements 
and substances such as hydrocarbons from water and 
wastewater (14, 16). Iranian natural zeolite (clinoptilolite) 
already been used for the adsorption of different sub-
stances (8, 17). The abundance of natural zeolite resources 
in many part of Iran could permit its development as a 
resource. The adsorption characteristics of modified zeo-
lite for nonpolar hydrocarbons have been confirmed in 
some studies (14, 16, 18). The aims of this study were to 
surface-modify natural zeolite and to develop a surface 
adsorption rate suitable for adsorbing and degrading 
styrene as a VOC contaminant from the air.

2. Evidence Acquisition
2.1. Materials

The chemicals that were tested in this study were natu-
ral zeolite (clinoptilolite) obtained from the Semnan area 
in the center of Iran. Styrene was from Merck, purity: ≥ 

99%. Trimethylchlorosilane was also from Merck, purity: 
≥ 99%. The other materials used were toluene (Merck, pu-
rity: 99.7%), acetone (BDH-LTd England, purity: 99%) and 
hydrochloric acid (Merck, 37%–38%).

2.2. Physical and Chemical Methods

Representing natural zeolite, a clinoptilolite rich tuff 
was collected from Semnan (center of Iran). The collected 
samples of zeolite were ground and sieved to separate 
fractions with size ranges of 0.45–1 mm, 1–2 mm, and 2–4 
mm. These particles were selected for this study and all of 
the sorption experiments were performed on a dynamic 
system. Flow rates were examined in 3 ranges: 0.5 l/mm, 
0.75 L/min, and 1 L/min. The natural zeolite was dried in 
an oven at 105°C for 24 h. The zeolite was then kept in 
glass container for adsorption tests. Dried material (5 g) 
was placed into a glass tube. The glass tube had a height 
of 10 cm height and an internal diameter of 10 mm. Ad-
sorption tests were conducted under atmospheric pres-
sure and at 23–25°C. Each experiment was performed at 
least three times. The flow rate and gas concentration 
were measured and controlled before and after each ex-
amination. The inlet stream feed and flow rate were con-
stant. The real-time device was a VOC Phochek 5000 (Eng-
land). The chlorosilane used was trimethylchlorosilane 
(TMSCl) (14, 16, 19). Before modification with chlorosilane, 
the zeolite was treated with 2M hydrochloric acid for 1 
hour at 70°C and then washed with distilled water until 
it reached natural pH (pH = 7). A typical modification pro-
cedure was applied as follows: 5g of the modified zeolite 
particles with hydrochloric acid were dispersed in 50 ml 
of toluene and trimethlchlrosilane in a tow-necked glass 
flask. The liquid-to-solid ratio in the flask was 50ml/1gr, 
and the materials were stirred at room temperature for 
4 h. This mixture was refluxed under hydrogen at atmo-
spheric pressure, and the whole experimental setup was 
designed to ensure anhydrous conditions to prevent the 
hydrolysis of the chlorosilane. After a reaction time of 
4h, the solution was filtered and washed several times 
with toluene and acetone (10 cm³). The obtained particles 
were subsequently dried in an oven at 110°C for 5h to re-
move the residual solvent (14, 19). A simple schematic rep-
resentation of the designed system is shown in Figure 1. 
The adsorption of styrene was performed in a fixed bed, 
and the adsorption column was charged with the two dif-
ferent adsorbents prepared.
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3. Results
The adsorption capacities were determined by calcu-

lating the areas from the breakthrough and saturation 
curves. Results at identical flow rates with increasing ad-
sorbent size showed a reduction in adsorption capacity. 
The optimum particle size for adsorption was less than 1 
mm, i.e., U.S. standard mesh numbers of 20 and 30 (0.84 
and 0.589 mm), and the optimum flow rate was 0.5 L/
min. The adsorption breakthrough curves for clinoptilo-
lite natural zeolite and modified zeolite at 0.5 L/min and 
a gas concentration of 20 ppm are shown in Figure2 and 
Figure 3 and Figure 4.

The chemical treatment of the natural zeolite sample 
used hydrochloric acid to complete the removal of any 
carbonaceous minerals (calcite and aragonite), thereby 
increasing the purity before surface modification. As 
shown in Table.1, the SiO2/ Al2O3 ratio increased from 6.37 
before modification to 9.72 after surface modification.

The empirical formula for trimethylchlorosilane (TM-
SCl) is C3H9ClSi, and the headgroup is:

The basic silanization reaction for zeolite is shown in 
Figure 5.

Components Contents Wt, %

Natural Zeolite Modified Zeolite

SiO2 61.696 80.543

Al2O3 9.678 8.283

Fe2O3 1.229 0.714

TiO2 0.212 O.224

CaO 2.846 2.242

MgO 0.831 0.536

Na2O 2.528 0.198

K2O 4.374 2.647

P2O5 0.034 -

L.O.I 11.86 6.55

SO3 4.284 0.04

CL 0.385 -

Sr 0.026 0.009

Zr 0.016 0.015

Total 99.999 101.77

Table 1. Chemical Composition of the Zeolite Samples by X-Ray Fluorescence

Figure 5. Reaction Scheme for the Surface Modification of Zoelite using 
Chlorosilane (14).

Figure 2. Adsorption Breakthrough Curves for Natural and Modified 
Zeolite at 0.5 l/min Flow rate and 20 ppm Styrene Concentration

Figure 3. Adsorption Breakthrough Curves for Natural and Modified Zeo-
lite at 0.5 l/min Flow Rate and 40 ppm Styrene Concentration

Figure 4. Adsorption Breakthrough Curves for Natural and Modified 
Zeolite at 0.5 l/min Flow Rate and 60 ppm Styrene Concentration

4. Conclusions 

This study aimed to develop a new method to generate 
an adsorbent capable of removing styrene as a contami-
nant from air. Experiments were thus performed to test 
the adsorption capacity of natural (clinoptilolite) and 
modified zeolite (chemically modified with trimethyl-
chlorosilane) for styrene removal. Pre- and post-modifi-
cation XRD and XRF measurements showed an increase 
in the SiO2/Al2O3 ratio, which indicates that the surface 
modification by trimethylchlorosilane was achieved suc-
cessfully. It was also found that by increasing the sorbent 

Surface Modification with Trimethylchlorosilane (TMSCl)
The surface modification of natural zeolite takes place 

through the reaction between zeolite and surface SiOH 
groups as follows:

Si-OH + Cl-Si(CH3)3 → Si-O-Si(CH3)3 + HCl

A monolayer of trimethylchlorosilane (TMSCl) groups is 
thus covalently attached to the pore surface of zeolite (16, 
17). The chemical treatment or surface modification of 
natural zeolite increased the adsorption characteristics 
and also increased the its surface area. To characterize the 
zeolite samples, the X-ray fluorescence method (XRF) was 
used. XRF was used to determine the content of elements, 
and X-ray diffraction spectra (XRD) were obtained for the 
treated and untreated zeolite on oriented samples. The 
results from the chemical analysis of the samples are 
shown in Table 1.
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particle size from a range of 425 μm to 1 mm to a range 
of 1–2 mm and then to 2–4 mm, the adsorption capacity 
and breakthrough time were considerably decreased, al-
though a decrease in the particle size caused an increase 
in the pressure drop of the system. These investigations 
also showed that, in the same conditions, an increase in 
the gas flow rate causes a decrease in the breakthrough 
and saturation time. The investigated Iranian natural 
clinoptilolite zeolites are suitable adsorbents for the re-
moval of styrene from the polluted air streams in some 
industries, especially at lower flow rates, and the present 
results are superior to those of some previous studies 
[20]. The following conclusions can be drawn from the 
experimental investigation. The maximum increase in 
breakthrough capacity was for modified zeolite at an in-
let gas concentration of 20 ppm with a flow rate of 0.5 L/
min and 0.75 L/min. The minimum increase in the break-
through capacity was for modified zeolite at an inlet gas 
concentration of 40 ppm and a flow rate of 0.5 L/min. 
The maximum increase in the saturation capacity was for 
modified zeolite at inlet gas concentrations of 60 ppm 
and 40 ppm and a flow rate of 1 L/min. It can thus be con-

cluded that the modification increased the breakthrough 
capacity for a lower inlet concentration and flow rate and 
increased the saturation capacity for a maximum inlet 
concentration and average flow rate. The modification 
did not increase the time of breakthrough to saturation 
time at lower flow rates, but the maximum gap between 
the breakthrough and saturation capacity was for modi-
fied zeolite at an inlet gas concentration of 40 ppm and 
a flow rate of 1 L/min. The minimum gap between the 
breakthrough and saturation capacity for modified zeo-
lite was observed with the lowest inlet gas concentration 
and average flow rate, i.e., 20 ppm at 0.75 L/min, and that 
for natural zeolite was observed at 20 ppm and 40 ppm 
with a flow rate of 1 L/min. The results of this study show 
that the surface groups of clinoptilolite modified with 
TMSCl have good affinity for styrene as a VOC compound. 
The adsorption results demonstrate that surface-modi-
fied zeolite has a good capability to adsorb organic com-
pounds, with the adsorption improving by as much as 
100% for a lower concentration of gas and decreased flow 
rate. These findings are of particular importance in de-
signing selective adsorbents for environmental applica-

Zeolite
Concentra-
tion, ppm

Gas Flow, 
L/min

Breakthrough 
Time, min

Saturation 
Time, min

Adsorption Capacity to 
Breakthrough Point, mg/g

Adsorption Capacity to 
Saturation Point, mg/g

Natural 20
40
60

0.5
0.5
0.5

55
45
45

70
60
65

0.050
0.041
0.095

0.567
0.996
1.632

Modified 20
40
60

0.5
0.5
0.5

80
70
65

90
85
80

0.240
0.007
0.39

0.729
1.445
2.008

Table 2. Breakthrough and Saturation Points and Adsorption Capacity of Natural Clinoptilolite for STYRENE. (T = 25°C, Amount of Zeolite in Each Column 
5g, Particle Size U.S. Standard Mesh Numbers of 20 and 30 (0.84 and 0.589 mm). Flow Rate, 0.5 L/min

Zeolite
Concentra-
tion, ppm

Gas Flow, 
L/min

Breakthrough 
Time, min

Saturation 
Time, min

Adsorption Capacity to 
Breakthrough Point, mg/g

Adsorption Capacity to 
Saturation Point, mg/g

Natural 20
40
60

1
1
1

45
25
15

50
30
25

0.189
0.105
0.063

0.810
0.996
1.255

Modified 20
40
60

1
1
1

55
45
40

70
65
50

0.044
0.036
0.136

1.134
2.158
2.510

Table 4. Breakthrough and Saturation Points and Adsorption Capacity of Natural Clinoptilolite for STYRENE. (T = 25°C, amount of Zeolite in Each Column 
5g, Particle Size U.S. Standard Mesh Numbers of 20 and 30 (0.84 and 0.589 mm). Flow rate, 1 L/min

Zeolite 
Concentra-
tion , ppm

Gas Flow , 
L/min

Breakthrough 
Time , min

Saturation 
Time , min

Adsorption Capacity to 
Breakthrough Point , mg/g

Adsorption Capacity to 
Saturation Point , mg/g

Natural 20
40
60

0.75
0.75
0.75

50
45
35

65
60
45

0.030
0.027
0.047

0.79
0.549
1.694

Modified 20
40
60

0.75
0.75
0.75

75
65
40

80
75
50

0.146
0.166
0.024

0.972
1.868
1.883

Table 3. Breakthrough and Saturation Points and Adsorption Capacity of Natural Clinoptilolite for STYRENE. (T = 25°C, amount of Zeolite in Each Column 
5g, Particle Size U.S. Standard Mesh Numbers of 20 and 30 (0.84 and 0.589 mm). Flow Rate, 0.75 L/min
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tions, such as the removal of VOCs and styrene in indus-
tries. The surface chemistry of zeolite could be effectively 
modified to be more adsorbent by the chemical attach-
ment of organic species (silylation). The free and germi-
nal silanol groups over zeolite surfaces are responsible 
for such active modifications. Although more research 
is necessary, chlorosilane-modified clinoptilolite is a po-
tential sorbent for aromatic organic compounds with ap-
plications in air pollution control or permeable reactive 
barriers. This study showed good agreement with other 
studies (16, 17). To optimize the conditions of the removal 
process, further studies should be performed for other 
gases in VOC groups.
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