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Abstract
Trihalomethanes (THMs) are formed during the water chlorination process through the reaction between chlorine and 
the organic materials. In this research, montmorillonite (MMT) and its modified form were used to remove the THMs 
from the water. The optimum conditions for the best adsorption capacity were evaluated using the Taguchi design of 
experiments. The result of comparing MMT with its modified sulfonated form (SMMT) indicated that SMMT is a more 
effective adsorbent than MMT. The evaluations showed that the optimum conditions for the THMs removal occur at  
20 °C, 10 mg of adsorbent, 1 mg/L of THMs concentration, and 120 min for the adsorption time. The maximum adsorp-
tion capacity of CHCl3, CHBrCl2, CHBr2Cl, and CHBr3 was achieved: 0.49, 0.45, 0.43, and 0.38 mg/g at C0 = 0.10 mg/L; 
1.71, 1.62, 1.56, and 1.45 mg/g at C0 = 0.50 mg/L; and 4.43, 4.35, 4.23, and 3.67 mg/g for C0 = 5.00 mg/L, respectively. 
The THMs adsorption was compared between SMMT, powdered activated carbon (PAC), and granular activated carbon 
(GAC) and the results showed that SMMT is as effective as PAC and better than GAC and its production cost is lower 
than for the activated carbon.

Keywords: Acivated carbon; adsorption; clay; isotherm; langmuir; modification; montmorillonite; taguchi; trihalometh-
anes

1.Introduction

Trihalomethanes (THMs) are a group of chemicals 
which are the product of substituting the halogen atoms (F, 
Cl, Br, I) with three hydrogen atoms of methane. Studies 
have confirmed that in certain conditions, the water chlo-
rination process creates the four well-known components 
including the chloroform (trichloromethane; CHCl3), bro-
modichloromethane (CHBrCl2), dibromochloromethane 
(CHBr2Cl), and bromoform (tribromomethane; CHBr3).1

The humic substances are the organic materials, 
which are widely spread in the aquatic environment. They 
are the major components of the natural organic matter 
and one of the important precursors of the THMs, most of 
which cannot be removed by the usual treatment process-
es. Because these materials produce the mutagenic and 
carcinogenic organic halogenated compounds during the 
chlorination of water, the THMs’ removal from the drink-
ing water is a critical undertaking.2 

Researches have shown that the chloroform influ-
ences the respiratory system and it can trigger some respi-
ratory allergies. Considering the other known side-effects 
of THMs such as liver and kidney damages, their effect on 
the reproduction, and their damaging effects on the ner-
vous system and blood circulation,3 there is no doubt 
about the health risk of THMs. THMs were categorized as 
class A carcinogen by the United States Environmental 
Protection Agency (USEPA) and the World Health Orga-
nization (WHO) in 1975. Both organizations emphasized 
on the necessity of removing these compounds from the 
drinking water. The USEPA guideline for the total THMs 
is 80 µg/L, while the guideline of WHO is 560 µg/L.3,4,5

Since 1980 ample research has been conducted on 
the removal of THMs and its precursors, and the THMs 
removal through the adsorption has been changed to an 
interesting subject. The powdered activated carbon (PAC) 
and the granular activated carbon (GAC) are widely em-
ployed as the industrial adsorbents of the THMs.6,7,8 Ad-
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sorbents such as activated carbon fibre,9 modified synthet-
ic carbon,

10 carbon nanotubes,11 and nano-TiO2
12 have 

also been studied.
The removal of the hazardous material by clays has 

been considered during the last 20 years, due to their low 
cost and high efficacy. Like the clay, the montmorillonite 
(MMT) could be an appropriate adsorbent for removing 
cations, heavy metals, and organic matter because of its 
special adsorption properties, the modification abilities, 
the low price, and availability. MMT is a set of dense layers 
with few nanometres close to each other and also the sodi-
um or calcium cations as the interlayer ions. The structure 
of each layer of MMT consists of two types of octagonal 
and tetrahedral structural sheets. Each layer consists of an 
octahedral sheet located between two tetrahedral sheets. 
Water molecules, calcium, or sodium ions are between the 
two layers.13 The modification of MMT changes its effi-
ciency, and the acid modification is one of the improved 
methods to increase its adsorption capacity and catalytic 
properties. MMT is cheap, its modification process with 
acid has low cost and the price of the sulfonated montmo-
rillonite (SMMT) is lower than the activated carbon. Rav-
ichandran and Sivasankar used hydrochloride acid-acti-
vated MMT as a catalyst for the isopropylation of 
benzene.14 The modification of montmorillonite clay with 
the 2-mercaptobenzimidazole and the investigation of 
their antimicrobial properties,15 the sorption of naphtha-
lene onto the modified MMT,16 and the sorption of heavy 
metals from the automobile effluent17 are examples of the 
acid-modified MMT applications.

Also, MMT and its modified forms were used to ad-
sorb the sulfamethoxazole and tetracycline,18 chromi-
um(IV) retention,19 cationic dyes,20 tetracycline antibiot-
ics,21 acid Red 17,22 calcium ion and bisphenol A,23 
bisphenol A,24 rhodamine and hexavalent chromium,25 
thiabendazole,26 and soil humic acid.27

In this study, the effects of MMT and its modified 
forms with the chlorosulfonic acid (SMMT) were evaluat-
ed for the adsorption of the THMs. Finally, the important 
factors such as the temperature, contact time, adsorbent 
amount, and the initial THMs concentrations were opti-
mized by the Taguchi design of experiments.28 Further-
more, the adsorption of THMs on the MMT and SMMT 
were compared for the powdered and granular activated 
carbon. The adsorption mechanism and the adsorption 
isotherms were also studied.

2. Experimental
2. 1. �Preparation of SMMT and THMs 

Solutions

Chlorosulfonic acid (Merck KGaA, Darmstadt, Ger-
many) was used for the sulfonation of MMT (calcium form) 
with the dimensions of 1–2 nm (Sigma-Aldrich, St. Louis, 

Missouri, United States) through the modification of the 
method developed by Shirini, Mamaghani and Atghia.29 

100 mL beaker was filled with 1 g MMT, and 0.3 g chloro-
sulfonic acid was added slowly over a period of 30 min and 
the mixture was agitated by a glass rod. The beaker was put 
in an ice bath during the sulfonating period. After the sul-
fonating step, the product was dried for 3 h at 90 °C and 
then it was kept in a desiccator for the subsequent uses.

Based on the theory, there are 2.14 mmol sulfonic 
groups per 1 g SMMT. To determine the SMMT acidity, 50 
ml of NaOH (0.1 M) was added to a 250 ml flask and the 
reaction product of 1 g MMT and 0.3 g sulfonic acid was 
added to the solution. The flask was placed on a shaker at 
150 RPM for 2 h, and the solution was titrated with 0.1 M 
hydrochloric acid. Assuming that all the chlorosulfonic 
acid reacts with the MMT and the acidity belongs to the 
sulfonic groups, there is 2.00 mmol of sulfonic groups per 
gram of SMMT.

Scanning electron microscopy (SEM) (S-4160, Hita-
chi, Japan) was performed to determine the surface char-
acterisation of MMT and SMMT. A very thin coating of 
gold was placed on the samples by sputtering at an acceler-
ating voltage of 15 kV. The Fourier Transform Infrared 
(FTIR) spectra in the ATR mode were recorded using 
Magna-IR 560, Nicolet Ltd., England, in the range of 2000 
to 650 cm–1 with 8 scans and a resolution of 2 cm.

X-ray diffraction (XRD) analysis was performed us-
ing XRD (INEL, Equinox 3000, France) diffractometer 
with Cu-Kα radiation.

The required solutions with different concentrations 
were prepared by diluting 2000 µg/mL standard solution 
of the THMs (Supelco Inc. Bellefonte, PA, USA). The con-
centrations of CHCl3, CHBrCl2, CHBr2Cl, and CHBr3 
were equal and the deionized water with a conductivity of 
less than 0.5 µΩ/cm was used for the dilution.

2. 2. �Design of the Experiments to Determine 
the Optimum Conditions using the 
Taguchi Design
The Taguchi design is a designed experiment that 

lets one choose a product or process that functions more 
consistently in the operating environment. The Taguchi 
design recognizes that all factors that cause variability 
could not be controlled. These uncontrollable factors are 
called the noise factors. The Taguchi design tries to identi-
fy the controllable factors (control factors) that minimize 
the effect of the noise factors. During the experimentation, 
one manipulates the noise factors to force the variability to 
occur and then identify the optimal control factor settings 
that make the process or product robust, or resistant to 
variation from the noise factors. A process that has been 
designed with this goal would produce more consistent 
output and would deliver more consistent performance re-
gardless of the environment in which it is used.30 Using the 
Minitab software (Minitab Inc., PA, USA) and the design of 
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experiments based on the Taguchi design, a number of 
tests for the four control factors, i.e., the adsorption tem-
perature, the contact time, the adsorbent amount, and the 
initial concentration of THMs were run at three levels: ad-
sorption temperature (10, 20, and 30 °C), contact time (10, 
60, and 120 min), amount of adsorbent (10, 25, and 50 mg), 
and the total concentration of THMs (0.1, 0.5, and 1 mg/L). 
The effect of pH was not considered and all samples were 
prepared at neutral pH, because the water pH in water 
treatment plants is 6.5 to 7.5 and the pH of the water after 
chlorination was also in the same range.31 Nine tests were 
performed according to the specified factors and levels. 
Each test was repeated three times, and the average of the 
results was used for the next calculations. The water tem-
perature levels were set based on the average water tem-
perature of the treatment plants at different seasons of the 
year in the northern part of Iran. The THMs levels were 
determined based on the USEPA and WHO guidelines.

2. 3. Batch Adsorption Tests
Considering the design of the experiments with the 

Taguchi design, the test conditions were determined in ac-
cordance with Table 1.

200 °C, respectively. Furthermore, the oven temperature 
was set at 90 °C for 3 min and then increased at 10 °C/min 
to 120 °C. Consequently, it remained at this temperature 
for 3 min.32 In all cases, the THMs control solution with-
out adsorbent was used to eliminate the effect of the fac-
tors other than the adsorption.33 GAC (Merck, Darmstadt, 
Germany, with granular size about 1.5  mm, Merck No. 
102514), PAC (Merck, Darmstadt, Germany, with particle 
size under 100 µm, Merck No. 122186), MMT and SMMT 
were used as the adsorbents.

2. 4. Adsorption Isotherms
Two well-known equations, i.e., the Langmuir and 

Freundlich equations describe the adsorption isotherms 
and they could be applied to the solid/liquid system. These 
two isotherms were used to study the THMs adsorption 
onto the SMMT. The Langmuir model is based on the 
monolayer adsorption and it follows the equation (1):

						       (1)

Freundlich isotherm is based on the multilayer ad-
sorption and it follows the equation (2):

						       (2)

In the equation (1), Ce is the concentration of the ad-
sorbate at the equilibrium time, qe is the equilibrium ad-
sorption capacity of the adsorbent, and a and b are the 
Langmuir constants. Moreover, in the equation (2), kf and 
n are the Freundlich constants. To study the THMs ad-
sorption isotherms, the THMs solutions with 8 different 
concentrations (0.10, 0.25, 0.50, 0.75, 1.0, 2.0, 5.0, and 10.0 
mg/L) were prepared and eight 200 mL Erlenmeyer flasks 
were filled with 50 mL of each concentration of the THMs 
solution. The adsorption of THMs was measured after 
keeping for 150 min in the optimum conditions (10 mg 
adsorbent, 20 °C, and neutral pH) and the data were used 
to study the THMs’ adsorption isotherms.

3. Results and Discussion
3. 1. �Adsorption Properties of MMT  

and SMMT 

Given the fact that the modification is a means to in-
crease the adsorption properties of the MMT, the sulfonic 
groups were added to the structure of the MMT by the chlo-
rosulfonic acid. Figures 1 and 2 show the SEM images of 
MMT and SMMT, respectively. The comparison of the fig-
ures indicates that the MMT surface changed after the sul-
fonation. This change in the surface can be due to the sul-
fonation of the surface and the reduction of interlayer water.

Table 1. Batch adsorption test conditions based on the Taguchi de-
sign of the experiment

Run
	 Adsorbent	 Temperature	 Total THMs	 Time 

	 (mg)	 (°C)	 concentration (mg/L)	 (min)

  1	 10	 10	   0.1	   10
  2	 10	 20	   0.5	   60
  3	 10	 30	 1	 120
  4	 25	 10	   0.5	 120
  5	 25	 20	 1	   10
  6	 25	 30	   0.1	   60
  7	 50	 10	 1	   60
  8	 50	 20	   0.1	 120
  9	 50	 30	   0.5	 10
  

The adsorbent was poured into 200 mL Erlenmeyer 
flask and the THMs solution was added. The flask opening 
was covered with parafilm and it was placed in a refrigera-
tor shaker incubator (NB-205VL, N-BIOTEK, Korea) at 
120 RPM. After the adsorption period, the concentrations 
of the THMs were determined by gas chromatography 
(Younglin, Korea) equipped with the Pulsed Discharge 
Electron Capture Detector (PDECD). Helium as the carri-
er gas with the flow of 6 mL/min, dopant gases (a mixture 
of 3% xenon in helium) with the flow rate of 3 mL/min, 
and a one-meter column of the same type as the main col-
umn (as pre-column to protect the main column) were 
used. Two microliters of the aqueous samples were inject-
ed using a split method with a ratio of one to five. The in-
jector and the detector temperatures were set at 180 °C and 
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Figure 1.  SEM image of MMT Figure 2. SEM image of SMMT

Figure 3. The FT-IR spectrum of MMT and SMMT

Figure 3 shows the FT-IR spectra of MMT and 
SMMT. In the spectrum (a), the peak at 1047 cm–1 is related 
to the stretching vibration of Si-O bond. The peak observed 
at 1640 cm–1 and the broad peak at 3420 cm–1 is the repre-
sentation of crystalline water in MMT lattice. The peak at 
3632 cm–1 could be attributed to the OH units in MMT. In 
the spectrum (b), the symmetric stretching vibration of 
S=O bond appears at 1045 cm–1. The peak at 1058 cm–1 is 
related to the overlap of the asymmetric stretching vibra-
tion of S=O and stretching vibration of Si-O bonds. The 
peaks at 674 and 878 cm–1 are related to the stretching vi-
bration of S-O bond. After the sulfonating, the interlayer 
water decreased and the peak at 1640 cm–1 disappeared 
(spectrum b) and the peak at 3314 cm–1 is related to the OH 
stretching vibration of SO2-OH (sulfonic groups). As a re-
sult, the sulfonation of the MMT is confirmed.

Figure 4 shows the XRD images of MMT and SMMT. 
Based on the XRD image results, the crystalline structure 
appears to have changed after the sulfonating.

To confirm the effect of the sulfonation on the ad-
sorption, the batch adsorption tests on the MMT and the 
SMMT were conducted under the same conditions with 
the Taguchi design (Table 1) and the total THMs adsorp-
tion percentage for MMT and SMMT were calculated. The 
results are demonstrated in Table 2.

To study the significance of the differences between 
each pair of the data that are mutually linked, the Wilcox-
on signed-rank test was run.34 The differences between 
them were significant (p ≤ 0.05).

Since in the seven out of the nine tests, the total 
amount of the THMs adsorption on SMMT were more 
than on the other adsorbent, the sulfonation led to positive 



1076 Acta Chim. Slov. 2020, 67, 1072–1081

Haghighatet and Mohammad-Khah:   Removal of Trihalomethanes   ...

effects and it increased the adsorption and effectiveness of 
MMT. For further confirmation, the batch adsorption tests 
at the same conditions were conducted for the control fac-
tors (adsorbent: 10 mg per 50 mL solution, THMs concen-
tration 1 mg/L, temperature 20 °C, and contact time 120 
min) and for the two adsorbents, and each test was repeat-

ed 5 times. Also, the adsorption amount of THMs on the 
PAC and GAC (the two common adsorbents for the THMs 
removal) was determined and compared with MMT and 
SMMT. The results are shown in Table 3.

The result of the ANOVA (Analysis of Variance) test 
showed that there was a significant difference between the 
means of the two sets of data at p≤ 0.05 level of signifi-
cance. As it was demonstrated in all of the 5 tests by 
SMMT, the total percentage of the THMs removal are 
more than at the other adsorbents, so the sulfonation in-
creases the adsorption efficiency. Also, on average, 87% of 
the total THMs were removed by the sulfonated form 
(SMMT).

The average adsorption percentage for the PAC and 
GAC were 86.3% and 79.6%, respectively. There was a sig-
nificant difference between the means of the PAC and 
GAC adsorption data at p≤ 0.05 and PAC was a more effec-
tive adsorbent than GAC. However, there was no signifi-
cant difference between the means for SMMT and PAC. 
Therefore, based on experimental conditions, SMMT is as 
effective as PAC and it is better than GAC for the THMs 
removal.

Table 3. Results of the THMs batch adsorption percentage at the same conditions for MMT, SMMT, PAC, and GAC

	 THMs 	 THMs	 THMs	 THMs
	 adsorption% 	 adsorption%	 adsorption% 	 adsorption%
	 on MMT	 on SMMT	 on PAC 	 on GAC

Run 1	 62.7	 85.0	 82.3	 78.0
Run 2	 61.0	 86.5	 85.7	 80.2
Run 3	 63.2	 88.1	 89.4	 79.1 
Run 4	 60.5	 85.7	 88.9	 78.7
Run 5	 65.0	 89.8	 85.3	 76.1
Mean	 62.5	 87.0	 86.3	 78.4
Standard deviation	   1.8	   1.9	   2.9	   1.5

Figure 4. The XRD images of MMT and SMMT

Table 2. Batch adsorption test results based on the Taguchi design 
with the two adsorbents: MMT and SMMT

Run No.	 Total adsorption	 Total adsorption 
	  % for MMT	 % for SMMT

     1	 20.3 ± 0.6	 25.3 ± 0.9
     2	 53.5 ± 2.5	 74.0 ± 1.6 
     3	 75.0 ± 2.4	 64.1 ± 1.8
     4	 58.1 ± 0.8	 64.2 ± 1.5
     5	 28.2 ± 1.3	 56.2 ± 2.7
     6	 73.0 ± 1.5	 69.8 ± 2.8
     7	 62.0 ± 2.5	 80.6 ± 2.1
     8	 69.2 ± 2.9	 84.3 ± 3.1
     9	 39.6 ± 0.8	 41.7 ± 1.4
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3. 2. �The Effect of the Contact Time, 
Adsorption Temperature, Initial 
Concentration of THMs, and the 
Amount of the Adsorbent on the 
Adsorption of THMs
Because of the better performance of the SMMT 

against MMT, SMMT was used in the further experiments. 
After the batch adsorption tests, which were run at the 
same conditions explained in Table 1, the adsorption ca-
pacity was calculated using the following equation (3):

 						       (3)

In this equation, q is the adsorption capacity, C0 is the 
initial THMs concentration, Ct is the THMs concentration 
after the adsorption, M is the adsorbent amount and V is 
the THMs solution volume. All data were entered into the 
Minitab software, and the optimum conditions were calcu-
lated using the “Larger is Better” option by analysing the 
Taguchi design. The results are shown in Figure 5.

mum condition was 14.2. The higher values of the S/N 
identified the best control factor setting and the minimum 
uncontrollable factor.35 Moreover, the effect of the THMs 
contact time was determined via the three solutions with 
the initial and equal THMs concentrations of 0.1, 0.5, and 
a high concentration of 5.0 mg/L (C0) and 10 mg adsor-
bent at 20 °C (the optimum conditions resulted from the 
Taguchi design for the adsorbent amount and tempera-
ture). The results are shown in Figures 6A, 6B and 6C.

Figure 5. The results of the Taguchi design – adsorbent: 1= 10, 2 = 
25, 3 = 50 mg; temperature: 1= 10, 2= 20, 3= 30 °C; the total concen-
tration of THMs 1= 0.1, 2= 0.5 and 3 = 1 mg/L; and adsorption time: 
1=10, 2= 60, 3=120 min. In each case the highest point indicates the 
optimum condition. 

The optimum temperature to remove the THMs was 
20 °C and the minimum adsorption capacity was acquired 
at 30 °C. Since an increase in the temperature over 20 °C 
leads to the decrease in the adsorption, it can be a sign of 
the physical adsorption on the surface of the adsorbent. 

The analysis showed that the optimum adsorption 
capacity was obtained using 10 mg SMMT that indicated 
the good performance of the adsorbent. Furthermore, as 
expected, the analysis showed that the optimum contact 
time was 120 min. The Minitab calculation showed that 
the means of the signal to noise ratio (S/N) in the opti-

Figure 6A. Adsorption capacity of THMs over the time at the initial 
concentration of 0.1 mg/L and 10 mg adsorbent at 20 °C

Figure 6B. Adsorption capacity of THMs over the time at the initial 
concentration of 0.5 mg/L and 10 mg adsorbent at 20 °C 

Figure 6C. Adsorption capacity of THMs over the time in the initial 
concentration of 5.0 mg/L and 10 mg adsorbent at 20 °C

The maximum adsorption capacities of SMMT 
(mg/g) for CHCl3, CHBrCl2, CHBr2Cl, and CHBr3 at the 
different initial concentrations of THMs (C0) are shown in 
Table 4. The equilibrium time was 165 min for C0 = 0.1 
mg/L, 155 min for C0 = 0.5 mg/L, and 120 min for C0 = 5 
mg/L. Since the increase of THMs concentration could in-
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crease the diffusion flux through the THMs solution to the 
adsorbent surface, the adsorption occurs more quickly. 
The adsorption of CHCl3 and CHBr3 on SMMT resulted in 
the highest and the lowest capacity. This indicates that 
smaller molecules are adsorbed better than others. Over 
70% of the THMs were adsorbed in 50 min, which shows 
the good adsorption efficiency of the adsorbent.

3. 3. Adsorption Mechanism
 According to the Brunauer–Emmett–Teller (BET) 

analysis of MMT and SMMT, the specific surface area of 
MMT and SMMT were obtained as 180.2 and 138.7 m2/g, 
respectively. The specific surface area decreased after the 
sulfonating of MMT because the sulfonation has changed 
the surface. The SO3 groups cover the surface and the ste-
ric hindrance of the SO3 group could reduce the N2 ad-
sorption on the surface of MMT. The larger group can fur-
ther decrease the surface area.36,37

Several mechanisms could be proposed for adsorb-
ing the organic matter on MMT as follows:

1– Physical adsorption−adsorption due to van der 
Waals’ forces (the summation of the dipole-dipole interac-
tions, the dipole-induced dipole interactions, and the in-
duced dipole-induced dipole interactions).

2– Chemical adsorption
3– Hydrogen bonding
4– Coordination complexes 38

Given the nature of the THMs, the weak polarity of 
these molecules and the presence of the OH groups at the 
surface of MMT, it seems that the physical adsorption on the 
surface is done because of the van der Waals’ forces. By the 
reaction of the surface of MMT with chlorosulfonic acid, the 
SO3 functional groups are replaced with the OH groups, van 
der Waals’ interactions are enhanced and the adsorption is 

increased. Chloroform is more polar than the other THMs 
and this molecule has the highest adsorption. This can be a 
confirmation of the proposed adsorption mechanism. Since 
an increase in the temperature over 20 °C leads to a decrease 
in the adsorption, it could be a sign of the physical adsorp-
tion mechanism on the surface of the adsorbent.

3. 4. THMs Adsorption Isotherms
To determine the compatibility of the Langmuir or 

Freundlich isotherm with the THMs adsorption, the cor-
relation coefficients of both lines were calculated accord-
ing to the equations (1) and (2). The results are shown in 
Table 5.

The results showed that the correlation coefficients 
of the adsorption of the THMs on SMMT matched the 
Langmuir isotherm. All the correlation coefficients for the 
Langmuir isotherm were greater than 0.986. In the Freun-
dlich isotherm, the poorest match was observed with a 
correlation coefficient of 0.9711 for CHCl3. In the other 
THMs, the coefficients gradually became lower. Regarding 
the better match with the Langmuir isotherm, it could be 
stated that the maximum adsorption takes place on the 
surface of SMMT. The adsorption of THMs increases be-
cause the modification by chlorosulfonic acid affects the 
surface layers of MMT and enhances the van der Waals’ 
forces. Considering the Freundlich isotherm, the correla-
tion coefficients decreased from CHCl3 to CHBr3. The 
CHCl3 molecule is the smallest THM, so it diffuses better 
among the layers. For the molecules larger than the CHCl3, 
the multi-layer adsorption has decreased and in the case of 
the CHBr3 it is minimized. The Langmuir isotherm charts 
are shown in Figure 7.

4. Conclusions
The World Health Organization and the United 

States Environmental Protection Agency have emphasized 
the necessity of the trihalomethanes’ removal from the 
drinking water, so removing them and their precursors 
from the water sources is essential. Montmorillonite is a 
low-cost adsorbent, and it can remove a large quantity of 
the organic and inorganic contaminants from the water. Its 
performance could be improved by the sulfonic acid mod-

Table 4. The maximum adsorption capacity of SMMT (mg/g) for 
CHCl3, CHBrCl2, CHBr2Cl, and CHBr3 at different initial concen-
trations of THMs (C0). 

	C0 (mg/L)	 CHCl3	 CHBrCl2	 CHBr2Cl	 CHBr3

	 0.1	 0.468	 0.450	 0.431	 0.381
	 0.5	 1.711	 1.623	 1.555	 1.449
	 5	 4.431	 4.354	 4.230	 3.676

Table 5. Constants and correlation coefficients of the Langmuir and Freundlich isotherms

		  Langmuir isotherm			   Freundlich isotherm		
THMs	 Correlation 			   Correlation
 	 coefficient (R2)	

a (mg/g)	 b (L/mg)
	 coefficient (R2)	

kf (mg/g)	 n (L/mg)

CHCl3	 0. 9993	 0.2698	 8.85 × 10–3	 0.9711	 4.41 × 10–3	 1.09
CHBrCl2	 0.9865	 0.2621	 7.51 × 10–3	 0.9654	 3.84 × 10–4	 1.38
CHBr2Cl	 0.9895	 0.2519	 6.07 × 10–3	 0.9593	 3.73 × 10–4	 2.41
CHBr3	 0.9947	 0.2023	 5.50 × 10–3	 0.8546	 3.47 × 10–4	 5.23
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ification. The results of this study showed that the sulfon-
ated montmorillonite is as effective as powdered activated 
carbon and it is better than granular activated carbon for 
removing the trihalomethanes. Also its production cost is 
lower than for activated carbon. It has high adsorption ca-
pacity and short adsorption equilibrium time. Conse-
quently, it is reasonable to use it as an ideal adsorbent to 
remove the trihalomethanes. Moreover, it could be used to 
improve the filtration system for the water treatment 
plants that use chlorine without any changes in the treat-
ment system. The reaction of the chlorine with the organic 
materials in the swimming pools could lead to a high 
probability of the trihalomethanes formation. Using the 
sulfonated montmorillonite in the treatment process of the 
swimming pools could reduce or eliminate the trihalo-
methanes and the organic materials. The results showed 
that the adsorption of the trihalomethanes on the sulfonat-
ed montmorillonite matches the Langmuir isotherm.
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Povzetek
Trihalometani (THM) nastanejo med procesom kloriranja vode v reakciji med klorom in organsko snovjo. V tej raziskavi 
smo uporabili montmorilonit (MMT) in njegovo modificirano obliko za odstranjevanje THM iz vode. Optimalne po-
goje za najboljšo adsorpcijsko kapaciteto smo opredelili s pomočjo Taguchijevega eksperimentalnega načrta. Rezultati 
primerjave MMT z njegovo modificirano sulfonirano obliko (SMMT) so pokazali, da je SMMT bolj učinkovit adsorbent 
kot MMT. Preverjanje pogojev je pokazalo, da so optimalni pogoji za odstranjevanje THM pri 20 °C, 10 mg adsorbenta, 
koncentraciji THM 1 mg/L in adsorpcijskem času 120 min. Dosežena maksimalna adsorpcijska kapaciteta za CHCl3, 
CHBrCl2, CHBr2Cl in CHBr3 je bila: 0,49, 0,45, 0,43 in 0,38 mg/g pri C0=0,10 mg/L; 1,71, 1,62, 1,56 in 1,45 mg/g pri 
C0=0,50 mg/L; ter 4,43, 4,35, 4,23 in 3,67 mg/g pri C0=5,00 mg/L. Adsorpcijo THM smo primerjali med SMMT, uprašen-
im aktivnim ogljem (PAC) in granularnim aktivnim ogljem (GAC). Rezultati so pokazali, da je SMMT enako učinkovit 
kot PAC in boljši kot GAC, stroški njegove proizvodnje pa so nižji kot za aktivno oglje.
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