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ABSTRACT

The as-synthesized MCM-41 and its modified forms were studied as effective adsorbents for the
removal of sodium dodecylbenzene sulfonate (SDBS) from contaminated aqueous solutions.
The structure-directing template molecules of the as-synthesized MCM-41 was partially removed by
treating the sample with an alcoholic ammonium nitrate solution through step by step procedure.
The adsorbents were characterized using standard solid-state techniques such as X-ray diffraction,
Fourier-transform infrared, Brunauer-Emmett-Teller, thermogravimetric analysis, and transmission
electron microscopy. Optimization experiments were carried out as a function of pH, contact time,
and the adsorbent dosage. The kinetics of the adsorption were well-described by the pseudo-second-
order kinetic. The adsorption data were shown to be fitted with the Langmuir isotherm equation.
The maximum adsorption capacities and pseudo-second-order rate constants were calculated. The
efficiency of the adsorbents for removal of SDBS fluctuates with the amount of the template mole-
cules retained in the mesoporous structures. Thermodynamic studies depicted that the adsorption
of the surfactant is an endothermic process and it is controlled by entropy changes. The recycling
of the adsorbent was studied, and the adsorption efficiency is significant even after three cycles

of use. Ability of the adsorbent for removal of SDBS in real samples was also investigated.
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1. Introduction

Surfactants are recognized for their fascinating proper-
ties which makes them suitable as detergents and cleaning
products. Moreover, because of their promising peculiarity,
these synthetic chemicals are significantly used in different
fields including technological aspects and research areas
in pharmacy, textile, cosmetics, agriculture, and biotech-
nology. Anionic surfactants are among the most common
surfactants which were used prior to the others. They are
habitually called the “workhorse” in the world of detergents
because they are found in nearly all cleaners. Therefore,
they are produced in large amounts and most of them
are not costly [1]. Anionic surfactants commonly include

* Corresponding authors.

either ester sulfate or sulfonated groups. These surfac-
tants, owing to their large consumption worldwide in dif-
ferent industries and household uses, are released in large
amounts into aquatic and global environments.

The presence of surfactants in aqueous systems can
affect the biological wastewater cure processes. They cause
difficulties in sewage aeration and treatments due to their
high foaming, lower oxygenation potentials, and killing of
waterborne organisms. They can be harmful to living spe-
cies as well [2]. Therefore, the extent of surfactant species
in wastewaters specifically those from textile and detergent
manufacturers, are required reduced to safe levels prior
to discharging them into the environment. These kinds of
the treatments for wastewater should be taken seriously
to protect public health [3]. A common method for the
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refinement of polluted waters is biodegradation of surfac-
tants. However, certain surfactant species may be stable
to biodegradation or they are non-degradable species in
nature [4]. Consequently, other common methods may be
employed for removal or destruction of anionic surfactants
from wastewaters. There is a variety of methods including
chemical or electrochemical oxidation [5,6], membrane tech-
nology [7], ion exchange [8] adsorption [9], chemical pre-
cipitation [10], photocatalytic degradation [11], coagulation
and flocculation [12,13], various biological methods [14,15],
and aqueous two-phase PEG-salt systems [16].

Adsorption is considerably the most widely applied
method among others. For efficient removal of surfac-
tant, the high capacity of the adsorbent is very important.
Adsorption processes are popular in chemical industries
and environmental applications due to low operational and
energy expenses [17]. One of the main factors for selecting
or preparing an efficient adsorbent is to gain a high capac-
ity of the adsorbent for the adsorbate. Various adsorbents
have been implemented for the removal of anionic surfac-
tants. These adsorbents include multiwalled carbon nano-
tubes [18], zero-valent iron nanoparticles [19], activated
carbon [20], resins [21], metal oxides [22], chitosan [23],
akaganeite [24], montmorillonite [25], organophylic benton-
ite [26], modified zeolite [27], carbonate rock [28], polyvi-
nyl chloride latex [29], and MCM-41 [30]. Among them, the
porous materials such as activated carbon or mesoporous
MCM-41 are distinctive because they provide a very high
capacity due to their large pores and huge surface area.
The MCM-41 contains one-dimensional hexagonal channels
with uniform size and with a pore diameter between 1.5 and
10 nm [31,32]. Due to its high specific surface area (1,000
1,500 m? g) and tunable pore size, MCM-41 is capable of
adsorbing various pollutants in water [32,33]. The ther-
mal stability and low water affinity permit the high recy-
cle potential of these mesoporous materials [33]. Despite
all these advantages, MCM-41 is lacking efficient bind-
ing groups in its structure. A common technique to create
adsorption sites into its structure is to modify its surface with
functional groups [34]. But, performing this method needs
paying for the expensive cost of functionalizing chemicals.
Also, employing extra treatments such as functionalization
usually reduces the structured ordering of MCM-41.

Another possibility to get a profit from the enormous
capacity of the ordered mesoporous MCM-41, is the use
of template containing MCM-41. In this condition, the
cationic surfactant molecules, which are present in the
structure, forms micellar phases inside the channels of
the as-synthesized MCM-41. These micelles in the mes-
opore spaces provide the hydrophobic areas which are
proper media for the sorption of organic species [35]. The
studies on the sensor application [36], host-guest interac-
tions [37], extraction behavior [38], and sorption properties
[39] of surfactant-containing MCM-41 have been reported.
In our earlier work, we found that by expelling out part of
the cationic template (CTAB) from the synthesized MCM-
41 through ion-exchange procedure, suitable free spaces
would be created [30]. It was said that by this treatment,
the bilayers of cationic structure-directing surfactant are
formed as admicelles inside the pores. This leads to for-
mation of positive charges on the surface of MCM-41 [30].

Therefore, the anionic contaminant species encounter a
strong electrostatic interaction following the solubilization
into the hydrophobic space of admicelles. On the other
hand, in the as-synthesized sample only a monolayer of
surfactants (called as hemimicelle) is formed on the surface.
In this condition, the hemimicelles are responsible for the
hydrophobic interactions between the organic pollutant and
the surface. Thus, in both of the as-synthesized and the mod-
ified MCM-41 potential adsorbing sites are developed. But,
there is an advantage for the modified forms, which in these
samples the hydrophobic and electrostatic interactions are
combined. This causes the adsorption capacity for the partial
template-containing MCM-41 to be significantly enhanced.

Linear alkylbenzene sulfonates (LAS) are highly water
soluble anionic surfactants and are widely used in synthetic
laundry detergent formulations and household cleaning
products. At present, LAS is considered to be a primary con-
stituent in many liquid and powdered detergents. It is not
expensive and its performance is approved so that makes
LAS ideal for detergent applications. LAS have gained
the alkyl chain from C-10 to C-14. After use and discharg-
ing into waterways these compounds can be source of sig-
nificant environmental pollution. Their biodegradation
includes the consumption of bio-available oxygen (BOD)
which results in an increase in chemical oxygen demand
(COD). So, these surfactants can greatly affect the aquatic
environment and change the physiological properties of
water [40]. The sodium dodecylbenzene sulfonate (SDBS)
which is shown as the C-12 type of LAS is the subject of the
present study. Its structure and features is demonstrated
in Table 1.

This work is an extension of our earlier work carried
out in our laboratory so far for removal of sodium dodecyl
sulfate (SDS) [30]. From a chemical perspective, there is a
significant diversity between the alkylsulfates and the alkyl-
sulfonates. In the alkylsulfates, the sulfur atom is linked
to the carbon chain via an oxygen atom. However, in the
alkylsulfonates, the sulfur atom is directly bonded to carbon
atom. The C-S bond weakens the tendency of sulfonates for
hydrolysis. Also, from a surface activity viewpoint SDBS
has lower CMC level than SDS. However, the important
point is that SDBS is more harmful than SDS based on the
LD,, value. The environmental and public health regula-
tory organizations have defined strict limits for anionic sur-
factants as 0.5 mg L for drinking water and 1.0 mg L™ for

Table 1
Structure and other chemical features of SDBS

Chemical structure

Q,
N
e e =

C,H,,NaO,5

187729
Sodium dodecylbenzene

Chemical formula

Full chemical name

sulfonate
Molecular weight (g mol™)  348.48
CMC (mM) 1.6
LD,, 23 mgL?

CMC: critical micelle concentration; LD, lethal dose, 50%.
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other purposes [22]. Due to all these reasons, elimination and
removal of SDBS from aqueous systems is very important.
The main purpose of this study is to explore the adsorp-
tion characteristics and performance of the as-synthesized
and template-containing MCM-41 adsorbents for the removal
of SDBS from aqueous solutions. We used ethanolic ammo-
nium nitrate solution for expelling out parts of the tem-
plate molecules that were used for synthesizing MCM-41.
Also, the influences of determinant factors including pH,
contact time, initial concentration of the surfactant, and
adsorbent dose on the adsorption efficiency were per-
formed on our best template-containing MCM-41. The kinet-
ics, isotherms, and thermodynamics of the adsorption and
regeneration of the adsorbents have also been studied.

2. Materials and methods
2.1. Synthesize and preparation of adsorbents

The silica mesoporous MCM-41 was synthesized by a
room temperature procedure [41]. First, 2.9 g ethylamine
was added to 45 mL distilled water and was mixed for
10 min at room temperature. Then 1.48 g CTAB (Merck,
Germany, 1.02342) as structure-directing template was grad-
ually added to the mixing solution and the stirring was
continued for about 30 min. In the next step, 4.57 mL tet-
raethylorthosilicate (Merck, Germany, 800658) was added
dropwise to the solution. The pH of the solution was about
12. By slow addition of HCI (1 mol L™) pH was decreased
to 8.5 to observe that the white precipitate is forming.
The slow mixing was continued for 2 h. Then, the formed
precipitate was separated by centrifuging. The isolated
solid was washed with warm distilled water several times.
The collected sample was dried at 45°C for 12 h. This sample
was named as MCM-41-AS.

Ion exchange technique was used to remove different
amounts of the template from MCM-41-AS. For this pur-
pose, 0.5 g of MCM-41-AS was dispersed in 75 mL of 60°C
ethanolic ammonium nitrate (0.01 mol L™). The mixture was
stirred for 15 min then the solid was recovered by centrifug-
ing, washed with cold ethanol, and dried at 45°C overnight.
This sample was designated as MCM-41-E1. This procedure
was repeated for the second and third times. The samples
obtained from these two steps were named as MCM-41-E2
and MCM-41-E3, respectively. Supposing the complete
removal of template, 0.5 g of MCM-41-AS was heated at
550°C for 10 h under a programmed rising temperature
(1°C min™). This sample is named as MCM-41-C [30].

2.2. Characterization

A Panalytical Xpert PRO (The Netherlands) X-ray diffrac-
tion instrument was used to give low angle XRD pattern of
the adsorbents within a range of 20 of 1°-10°. The textural
parameters for the adsorbents were obtained using porosity
analyzer PHS-1020 (PHSCHINA, China). A Nickolet FTIR
instrument, Thermo Fisher Scientific (USA), was used to
record the FTIR spectra of the bare and modified MCM-41
samples. Thermo-gravimetric analysis (TGA) was performed
by a SDT Q600 V20.9 Build 20 instrument Artisan Technology
Group (USA), the range of 25°-600°C and with a 10 min™ tem-
perature ramp were used. Transmission electron microscopy

(TEM) was performed using a Philips CM120 instrument
(The Netherlands) with an accelerating voltage of 100 kV.

2.3. Determination of SDBS in aqueous solutions

A stock standard solution of SDBS (purchased from
Sigma Aldrich) was prepared by dissolving an accu-
rately weighed amount of SDBS in distilled water to yield
a concentration of 1,000 mg L™ of the surfactant. Various
concentrations of SDBS (1.0-1.5 mg L) were prepared
by subsequent dilution of the stock solution. A common
and sensitive spectrophotometric method based on the
formation of ion-pair between SDBS and methylene blue
(MB) in an aqueous medium was used for the measure-
ment of SDBS. In the practical procedure, extraction of the
ion pair (MB'DBS") by chloroform and measuring of the
absorbance of the extract at 654 nm (as A__ ) was used for
the determination of SDBS [42]. A Perkin Elmer lambda25
spectrophotometer was employed for the spectrophoto-
metric determination of SDBS. The calibration curve was
prepared as absorbance vs. SDBS concentrations.

2.4. Adsorption experiments

Batch adsorption experiments were performed by dis-
persing of a known weight of the adsorbents in a 100 mL
solution of SDBS with a known concentration. This solution
was stirred at a known pH and contact time to reach equi-
librium. In order to acquire maximum adsorption, factors
such as pH, contact time, the initial concentration of SDBS,
and adsorbent dose were optimized. When the adsorption
process reached equilibrium, a part of the supernatant
solution was removed and centrifuged. The concentration
of SDBS in the centrifuged solution was measured as men-
tioned in section 2.3 (Determination of SDBS in aqueous
solutions).

The adsorption capacity (g,) and removal percentage of
surfactant from aqueous solutions was calculated from the
difference between the initial and final concentrations of
SDBS in the solutions as indicated below:

ﬁxv 1)

9. =
w

%Removal = (1 - g“ Jx 100 ()

0

In these equations, C, and C, (mg L) are concentra-
tions of SDBS at the initial and the equilibrium state, respec-
tively; w (g) is the weight of adsorbent; V (L) is the volume
of the suspension; and g, (mg g) is the amount of SDBS
adsorbed on the adsorbent.

3. Results and discussion
3.1. Characterization of the adsorbents
3.1.1. Structural analysis

The prepared samples were characterized through
low angle XRD measurement. As illustrated in Fig. 1 the
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Fig. 1. Low-angle XRD patterns of adsorbents.

XRD patterns of all samples show a strong peak about 2°
known as Miller plane 100 which confirms the MCM-41
hexagonal arranged channels [31]. Generally, by decreas-
ing the template content, 20 values related to the main
peak (the most intense one which appears at 2.67° for
MCM-41-AS) is shifted to higher values and d,,, spacing is
decreased [43]. Numerical values of 20 and d,, related to the
main peak are given in Table 2 for all the samples.

3.1.2. Textural analysis

The textural data in Table 2 imply that the specific
surface area are increased by removal of CTAB from
the channels of MCM-41. The table shows that MCM-
41-C (thermally-treated sample) has the highest value
(1,238 m? g') while the MCM-AS with the maximum tem-
plate content, has the lowest value (54.5 m? g™').

3.1.3. Spectral analysis

FTIR measurement was performed to verify the cat-
ionic template diminution in the mesoporous adsorbents
structures. A pressed disc of the dispersed sample in KBr
powder with a 1:100 ratio was prepared and then the IR
spectrum was recorded. According to Fig. 2 two strong
peaks around 2,900 cm™ (2,920 and 2,851 cm™) and the
medium peak about 1,480 cm™ are assigned to symmetric
and asymmetric stretching mode of -CH, group and bend-
ing of -CN group of CTAB in MCM-41-AS, respectively.
The reduction of the intensity of these peaks is correlated
to decreasing of CTAB content in the modified samples.

Table 2
Structural and textural data of adsorbents

The peaks are very weak in MCM-41-E3 and it would disap-
pear completely in the MCM-41-C due to complete degrada-
tion and escaping of the template molecules from the pores.

3.1.4. Thermal analysis

Three distinct regions of weight loss are recognizable
in the thermogram of MCM-41-AS (Fig. 3). The first region
of weight loss (50°C-150°C) is attributed to the loss of water
molecules that were adsorbed physically on the surface of
the mesoporous. The weight loss between 150°C and 350°C
(the second region) is due to template desorption and
decomposition. Finally, the third region (350°C-550°C) is
related to the exclusion of water formed due to condensa-
tion of adjacent silanol groups. According to the recorded
TGA data, the values of the weight losses were calcu-
lated for all the adsorbents and are shown in Table 3. It is
observed from the thermograms (Fig. 3) that the amount
of the template persisted into MCM-41 after the exchange
treatment become lower from MCM-41-E1 to MCM-41-E3.
These reductive weight losses are quantitatively 37.51%,
14.12%, and 6.59% for MCM-41-E1, MCM-41-E2, and MCM-
41-E3, respectively (Table 3).

Our further studies for evaluating the adsorption effi-
ciency of the as-synthesized, the calcined, and all the
modified samples showed that MCM-41-E1 is the most
effective adsorbent for SDBS. Therefore, the complemen-
tary characterization, optimizing the adsorption conditions,
and thermodynamic studies were performed solely on
MCM-41-E1.

3.1.5. Particle analysis

Fig. 4 illustrates TEM micrographs of MCM-41-E1 at
two enlargements. In Fig. 4, partial filling of the channel
of MCM-41-E1 could be observed. The darker spots indi-
cate the presence of the template molecules remained in
the channels of MCM-41-E1. The different intensity of the
darkness for the observed particles may imply that the
amounts of the persisted template molecules in the chan-
nels are a little different from each other. However, our TGA
studies above gives the amount of the persisted template
as an average value.

3.2. Adsorption studies

According to the TGA data, MCM-41-E1 has lots of
persisted template. These are the surfactant molecules that
are confined as micelles in the channels of MCM-41 following the

Parameters MCM-41-AS MCM-41-E1 MCM-41-E2 MCM-41-E3 MCM-41-C
20 (degree) 2.67 2.79 291 297 3.05

XRD d,, spacing (A) 33.06 31.64 30.34 29.72 28.94
Specific surface area (m? g™') 54.5 482.3 919.1 1,112.1 1,238

Pore volume (cm® g™) 0.238 0.597 0.811 0.945 0.528
Average pore diameter (nm) 1.26 1.64 1.71 1.71 1.37
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Fig. 3. TGA thermograms for adsorbents.

ion exchange treatment. MCM-41-E1 contains less micelles
than MCM-41-AS because of expelling out some of the sur-
factant molecules via ion exchange. We found MCM-41-E1
as the most efficient adsorbent for SDBS and we studied it
further for finding out the optimal conditions which affect
the adsorption capacity.

3.2.1. Effect of pH

The pH of the solution affects several interactional
properties in adsorbate-adsorbent scheme including the
surface charge of the adsorbent. Fig. 5 illustrates the effect
of initial pH on the adsorption capacity of SDBS onto MCM-
41-E1. The adsorption capacity is significantly dependent
on pH of the medium. The capacity decreases when pH of
the system changes from 5.1 to higher values. Therefore,
acidic range was the best region for the adsorption stud-
ies. The observed variation in the adsorption capacity
with respect to the pH of the initial solution can be clari-
fied based on the structure of SDBS molecule and point
of zero charge of adsorbent. The point of zero charge for

MCM-41-E1 is estimated to be about 5.0 [30]. Above this
pH, especially at high pH, the adsorbent gets a negative
charge. Therefore, the electrostatic repulsion between DBS~
anions and negative surface of the mesoporous causes a
decrease in the adsorption capacity.

3.2.2. Effect of contact time and initial concentrations

Contact time affects the adsorption capacity of MCM-
41-E1 at different initial SDBS concentrations. Three dif-
ferent initial concentrations of 200, 300, and 400 mg L*
were used. SDBS adsorption was rapid in the first 20 min
and then progressed at a slower rate and finally reached
equilibrium after 30 min. The adsorption is higher in the
beginning because of the greater number of sites available
for the adsorption of SDBS. This is a common feature in
heterogeneous reactions taking place between the adsorb-
ing species in liquid phase and adsorbent sites of the solid.
From Fig. 6, it is evident that the adsorption increases
clearly with initial concentration of SDBS [44].

3.2.3. Effect of adsorbent weight

Adsorption performance of SDBS solutions contain-
ing various amounts of MCM-41-E1 (10, 20, 35, 50, 70, 100,
150, and 200 mg) were studied at optimum conditions.
According to Fig. 7, adsorption capacity (q,) decreases when
adsorbent dose increases [44]. The decrease of the adsorbed
SDBS per unit weight of adsorbent was most probably due
to the concentration gradient between the adsorbate and
adsorbent described by Nandi et al. [45]. The decreasing
in the effective adsorption with increasing adsorbent dose
may be due to the formation of aggregates [46]. In contrary,
SDBS removal percentage obviously increases with respect
to increasing adsorbents particles until it reaches a maxi-
mum value (94%) at 100 mg (0.1 g) and then remains almost
constant [22]. When the weight of adsorbent increases,
the available sites on the adsorbent are in higher amounts
and provides more active sites to adsorb SDBS which
results in increasing adsorption [47].
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Table 3
TGA data for adsorbents
Thermal Weight loss (%)
region (°C) MCM-41-AS MCM-41-E1 MCM-41-E2 MCM-41-E3 MCM-41-C
50-150 2.93 2.22 2.69 3.60 4.20
150-350 43.26 37.51 14.12 6.59 1.56
350-550 8.57 8.03 440 3.15 1.41
a 100 nm b 75 nm
Fig. 4 Transmission electron microscopy of MCM-41-E1 at two enlargements; (a) 100 nm and (b) 75 nm.
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Fig. 5. Influence of pH on the adsorption of SDBS. Volume and
concentration of SDBS: 100 mL and 300 mg L™, respectively.
Weight of MCM-41-E1: 0.1 g at room temperature.

3.2.4. Adsorption performance, proposed
mechanism, and isotherms

The equilibrium adsorption of SDBS solutions (concen-
tration range: 100-1,000 mg L™) onto the prepared samples
was studied at optimum conditions. Fig. 8 shows varia-
tion of g, with the initial concentration of SDBS. Maximum
performance belongs to MCM-41-E1. The presence of
CTAB within the channels of template-containing samples
changes the surface chemistry of MCM-41. In MCM-41-AS,
hydrophobic interactions between hydrocarbon tails of

time (min)

Fig. 6. Adsorption capacity of MCM-41-E1 for SDBS with regard
to contact time. Three different 200, 300, and 400 mg L initial
concentrations of SDBS were used. Weight of MCM-41-E1: 0.1 g
and pH =5.0.

SDBS and CTAB in monolayers of surfactants (hemimicelles)
are responsible for adsorption. But in MCM-41-E1, combi-
nation of hydrophobic and electrostatic interactions are
driving forces for SDBS adsorption [30]. As mentioned pre-
viously, in MCM-41-E1 a free space was created by expelling
out part of the template. The formation of bilayers of CTAB
(admicelles) which cause enrichment of positive charge on
the surface of mesoporous are due to the template removal.
According to this new condition, SDBS molecules which
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Fig. 7. Effect of MCM-41-E1 weight on its adsorption effi-
ciency. 100 mL of SDBS 400 mg L at pH 5.0 and contact
time 30 min.

are solubilized into the hydrophobic space of admicelles
found further interactions (electrostatic types) between
DBS™ and the template positive species (CTMA®).

Figs. 9a and b illustrate the proposed interactions
between SDBS and CTMA* in monolayers (hydrophobic
interaction) and bilayers (hydrophobic and electrostatic
interaction) formed inside of the channels of MCM-41-E1,
respectively [30]. In MCM-41-E2, it seems that the electro-
static type interaction between SDBS and MCM-41-E2 is
not likely because the expelling out of most of the template
species does not lead to formation of bilayers and there-
fore the formation of additional positive charges based on
the admicelles is improbable. In this situation, the inter-
action is restricted to hydrophobic interactions only, and
(hemimicelles are dominant). Finally MCM-41-E3 and
MCM-41-C, both show little adsorption tendency toward
SDBS. These later mesoporous adsorbents contain very low
amount of template (based on TGA results) and therefore
the adsorption of SDBS due to the template would be low.

The fitness of obtained adsorption data for the three
types of isotherm models including Langmuir, Freundlich,
and Temkin were tested. The Langmuir model assumes that
there are a certain number of active sites that are homoge-
nously dispersed over the surface of the adsorbent. There is
no interaction between the adsorbed molecule. The exper-
imental data are conventionally fitted to the linear form
of the Langmuir equation as below:

3)
KL i

where g, (ng g™) is the amount of SDBS adsorbed, C, (mg L™)
is the equilibrium concentration of the adsorbate, g, (mg g™)
and K, (L mg'), are Langmuir constants related to the
maximum adsorption capacity and energy of adsorption,
respectively. A plot of C /g, vs. C_ would result in a straight
line with a slope of 1/q, and intercept of 1/K-q, as can be
seen in Fig. 10a.

The affinity between the SDBS and mesoporous adsor-
bents can be calculated by the dimensionless separation
factor, R, which is determined by the following equation:

1000

e \CM-41-A5 ol CM-41-E1 g WCM-41-E2

—— MCM-41-E3
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q.(mgg?)

200

Fig. 8. Adsorption isotherms of prepared adsorbents at room
temperature at optimal conditions (pH 5.0, contact time 30 min,
and adsorbent weight 0.1 g).

a

Fig. 9. Illustrations of the proposed mechanism based on the
interactions between SDBS and CTMA" inside of the channels
of MCM-41-E1. (a) Hydrophobic interaction in monolayers and
(b) hydrophobic and electrostatic interactions in bilayers.

~ 1
RL_(1+KL-CO) @

The relation between R, and C; for the adsorption of
SDBS onto all the samples is shown in Fig. 10b. The calcu-
lated values of R, which located between 0 and 1 (0 <R, >1)
indicate that the adsorption of SDBS on the adsorbents
is favorable and it is more favorable at higher initial con-
centrations of SDBS.

Freundlich isotherm model considers a heterogeneous
surface containing irregular available adsorption sites with
a different energy. The model is described by the following
linear relation:

log g, =log K, + 1log C, )
n
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Fig. 10. Langmuir isotherm plots for adsorption of SDBS on pre-
pared adsorbents at optimal conditions (pH 5.0, contact time
30 min, and adsorbent weight 0.1 g) (a) and plots of R, vs. C, (b).

where g, is the amount of adsorbed (mg g™), C, is the
equilibrium concentration of adsorbate (mg L™'). The K, and
n (mg’-¥m g L) are constant and are related to adsorp-
tion capacity and desorption intensity, respectively. Fig. 11a
shows a plot of logg, vs. logC, in which Freundlich con-
stants for the adsorption systems can be calculated from
the intercept and slope.

In the Temkin model, it is assumed that the heat of
adsorption (AH?,) of all molecules decreases linearly with
increasing coverage layer of adsorbate. The adsorption
is considered by a uniform distribution of binding ener-
gies. Temkin isotherm is described by the following linear
equation:

q,=BInA, +BInC, (6)
RT
(s @

where g, is the amount of adsorbate (mg g™) and C, is the
equilibrium concentration of adsorbate (mg L™). The A, is
Temkin binding constant resembling the maximum bind-
ing energy (L g™) and B is a constant related to the heat of
sorption (J] mol™) which is associate to b Temkin isotherm
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Fig. 11. Freundlich (a) and Temkin (b) isotherm plots of adsorp-
tion of SDBS on prepared samples at optimal conditions
(pH 5.0, contact time 30 min, and adsorbent weight 0.1 g).

constant. The constants A and B are found from the inter-
cept and slope of the plot g, vs. InC,, respectively, as shown
in Fig. 11b.

The parameters and correlation coefficients (R?) obtained
from linear equations of all the three isotherm models
are given in Table 4. However, it seems that Freundlich
isotherm is more appropriate to describe the adsorption
of the SDBS onto MCM-41-E3 and MCM-41-C. This com-
monly suggests a heterogeneous distribution of sites on the
surface of these adsorbents [30].

According to adsorption isotherm data MCM-41-E1 is
more favorite adsorbent for removal of SDBS. Therefore,
kinetics and thermodynamic studies of adsorption of SDBS
onto this mesoporous was studied.

3.2.5. Adsorption kinetics

Kinetic studies are frequently essential to provide infor-
mation about the mechanism of the adsorption and predict
whether the adsorbent/adsorbate interaction is physisorp-
tion or chemisorption. Different reaction models such as
pseudo-first-order, pseudo-second-order, and intra-particle
diffusion were applied to study adsorption rate of SDBS
(at different concentration of 200, 300, and 400 mg L) onto
MCM-41-E1. The Lagergren’s first-order-rate equation is
used at first step:
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Table 4
Isotherm parameters for SDBS adsorption onto prepared adsorbents
Isotherm Adsorbents
MCM-41-AS MCM-41-E1 MCM-41-E2 MCM-41-E3 MCM-41-C
R? 0.9942 0.9945 0.9990 0.9774 0.9847
g, (mgg™) 398.3 874.7 203.9 95.1 69.0
. K, (Lmg™) 0.0145 0.0158 0.0102 0.0033 0.0034
Langmuir
. 040<R,>0.06  039<R,>0.041 049<R, >0.11 0.86<R >030 0.85<R,>0.29
R? 0.8864 0.9026 0.9506 0.9930 0.9903
. 1/n 0.412 0.402 0.379 0.606 0.600
Freundlich
K, (mg/m gt Ty 30.28 74.85 17.17 1.37 1.061
R? 0.9662 0.9737 0.9646 0.9650 0.9744
Temkin A (Lg™ 7.5x10* 0.020 1.07 x 10-¢ 6.28 x 10 1.25x 10718
B (J mol™) 82.74 175.5 43.30 19.59 14.44
1 —q,)=Ing, -k, xt —-AH’* k i
n(q,—q,)=Ing, —k,x ® | [K)_AH |k AS 10)
T RT h R

In this linear equation, g, (mg g) is the adsorption
amount at equilibrium, ¢ (min) is the contact time, and k,
(min™) is the rate constant. As shown in Fig. 12a, they are
obtained from the linear plot of In(q, — q,) vs. t which makes
possible the calculation of g, and k, from the slope and inter-
cept of the line.

The kinetics of a second-order-rate expression could be
given as a linearized form as below:

LR S )
9 kg, 4.

where g, (mg g™) and g, (mg g') are the adsorption amount
at equilibrium and time ¢, respectively, ¢ (min) is the con-
tact time, and k, (g mg” min™) is the rate constant for a
second-order-rate of adsorption. The g, and k, are calcu-
lated from the slope and intercept of the plot of t/g, against
t, respectively. Fig. 12b illustrates the straight line plots
of t/q, vs. t for the adsorption of SDBS onto MCM-41-E1.
Table 5 gives all the values of k, k, and g, and also their
corresponding regression coefficient values (R?). For the
pseudo-second-order kinetics values of R? are close to unity
suggesting that the adsorption of SDBS onto MCM-41-El1 is
well-described by a pseudo-second-order model.

The effect of temperature on the adsorption kinetics
of SDBS onto MCM-41-E1 was also studied. Three differ-
ent temperatures of 25°C, 35°C, and 45°C were applied.
According to the data given in Table 5, the rate constants
and g, values are slightly increased with temperature raises.
This can be expected for the adsorption systems based on
physisorption. When temperature raises the solution vis-
cosity decreases and subsequently rate of the diffusion of
the molecules across the adsorbent layers increase. To
describe the variation of the rate of a chemical reaction
with temperature Eyring equation could be used. Fig. 13
shows the Eyring plot assuming a second-order-rate con-
stants. The activation parameters can be calculated by
Eyring equation as below:

where k (or k,) is the pseudo-second-order rate constant of
adsorption, k, and h are the Boltzmann and the Plank con-
stants, respectively; R is the universal gas constant, T is tem-
perature, AH is enthalpy, and AS* is entropy. The values for
AH? and AS* can be determined from kinetic data obtained
from a Ink,/T vs. 1/T plot. The equation is a straight line

# #
and an intercept,

— kB

with negative slope, + ln; .

3.2.6. Thermodynamic studies

The adsorption of SDBS onto MCM-41-E1 could be
studied further. To observe the effect of temperature, the
adsorption studies of SDBS (concentrations from 200 to
1,000 mg L) onto MCM-41-E1 were performed at three dif-
ferent temperatures: 25°C, 35°C, and 45°C. Thermodynamic
parameters including enthalpy (AH?, ), the Gibbs free energy
change (AG?,), and entropy change (AS° ) were estimated
by the following equations:

C, .
KO — e,solid (11)
Ce
AG®,, = —RTInk, (12)
AS° AH?
ln KO — Sads _ ads (13)
R RT

where K is the distribution coefficient, C,_, and C, (mL g™)
are equilibrium concentration of adsorbate in solid (adsorbed)
and liquid, respectively, AG?,_ is standard Gibbs free energy
(kJ mol™), AS?,_is standard entropy (J mol™ K™), AH?, is stan-
dard enthalpy (k] mol™), T is the absolute temperature (K),
and R is the gas constant (8.314 ] mol™ K™). A plot of InK
vs. 1/T gives straight line in which its slope and intercepts
would give enthalpy and entropy changes, respectively
(Fig. 14). According to Table 6, K values increased when the
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temperature increased. Therefore, the adsorption is facili-
tated and becomes more favorable at higher temperatures.
Thermodynamic parameters (AH?,, AS°, and AG?)
are also given in Table 6. The positive values of enthalpy
change (AH?,) calculated for the adsorption systems con-
firm the endothermic nature of the adsorption process
and the positive values of AS? indicated the increased
randomness of the adsorbate molecules on the solid sur-
faces than in the solution [48]. Entropy is favorable, so the
adsorption process is governed by entropic rather than
enthalpy changes. On the other hand, the negative free
energy values AG?, of the adsorption process refers that it’s

4.0 a
*
-— 3.0 -
-3
'y ¥ =-0.0318x + 3.0456
= R*=0.7907
=
= 20
1.0 -
0.0 : <
0 20 40 60 g0 100
t (min)
0.4
b
¥ =0.0034x+0.0020
0.3 R? = 0.9999
g
< 02
0.1
0 ‘ ‘ : :
[} 20 40 60 80 100
t (min)
Fig. 12. Pseudo-first-order (a) and pseudo-second-order

(b) kinetic plots for the adsorption of 100 mL of SDBS 300 mg L
onto MCM-41-E1 (pH 5.0, contact time 30 min, and adsorbent
weight 0.1 g).

Table 5
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spontaneous. The value of AG?, increases with temperature,
implying to more favorable reaction at higher temperature.

3.3. Regeneration of adsorbent

From dependency of the adsorption capacity of MCM-
41-E1 to pH it is found that by increasing the pH, desorption

-10.8
-10.9 -
|
11 A y=-0.9845x-7 8721
R =0.9540
% -11.1 -
=
5
-11.2 -
-11.3
3.07 3.14 3.21 3.28 3.35

1000/T

Fig. 13. Eyring plot of pseudo-second-order kinetic for the
adsorption of 100 mL SDBS 300 mg L7 onto MCM-41-E1
(pH 5.0, contact time 30 min, and adsorbent weight 0.1 g).
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Fig. 14. Plots of InK vs. 1/T for the adsorption of various con-
centrations (200 and 1,000 mg L) of SDBS onto MCM-41-E1 at
optimum conditions.

Kinetic parameters and effect of temperature for adsorption of 100 mL SDBS 300 mg L onto MCM-41-E1 (pH 5.0, contact time 30 min,

and adsorbent weight 0.1 g)

Pseudo-second-order parameters

Pseudo-first-order

Temperature (K) k, (g mg min™) q,(mgg™) R? R?

298 44x10° 290.2 0.9998 0.6152

308 5.0x1073 291.4 0.9999 0.7698

318 5.7 %1073 293.5 0.9999 0.7907

Activation parameters AH® (k] mol™) 7.84 AS° (Jmol' K1) -263.78
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might be occurred. On this basis, by using a 0.1 mol L*
sodium hydroxide and changing the pH of the treating
aqueous media to highly alkaline, the used MCM-41-E1
was treated for 30 min. The adsorbed SDBS were desorbed
upon this treatment. Then the adsorbent was separated from
the solution and was recovered by centrifugation. Finally,
the regenerated adsorbent was dried in 45°C overnight.
The recapture adsorbent named R, was used again for the
next batch adsorption system (100 mL SDBS 300 mg L)
at optimum conditions. The performance of R, was 96%
of fresh adsorbent. The recycling processes was repeated.
The adsorbent (R,) preserve 84% of its fresh efficacy.
The result implies good reusability of the adsorbent and
its ability to removal of SDBS even after three cycles used.
The results are shown in Fig. 15.

3.4. Real samples: removal of SDBS from wastewaters

Wastewater samples from a known manufacturing
factory of detergents (dishwashing and laundry) and an
industrial city were collected and were studied. The samples
first were filtered then concentration of SDBS was deter-
mined by the method previously described in this work.
The SDBS concentrations were 715 and 39.4 mg L for the
waste of the factory and the industrial city, respectively.
Batch adsorption tests were performed by treating 100 mL
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the mesoporous adsorbents efficiency for removal of
SDBS from waste (94.0% and 86.2% removal for the
factory and industrial city wastes, respectively).

3.5. Comparison with other adsorbents

Providing a clear judgment for readers, the adsorption
capacity of SDBS onto MCM-41-E1 was compared to some
adsorbents recorded in literatures. According to Table 7,
the adsorption capacity of MCM-41-El is greater than those
previously reported, confirming its high efficiency for
removal of SDBS from contaminated waters.

100
a3

Removal of SDBS %

0

of water samples containing 0.1 g MCM-41-E1 at our opti- cycle 1 cycle 2 cycle 3

mum conditions. Then, concentrations of SDBS in the

supernatants were measured and the results confirmed  Fig. 15. Performance of regenerated adsorbent.

Table 6

Thermodynamics parameters for adsorption of SDBS onto MCM-41-E1
C, (mg L) Ky AG, (K] mol™) AH,, ASg,

298 K 308 K 318K 298 K 308 K 318K (kJ mol™) (J mol™ K7)

200 9.79 17.71 33.84 —5.65 -7.12 -8.73 48.81 182.63
300 8.74 27.71 45.80 -5.37 -8.23 -9.48 65.49 238.60
500 7.97 17.80 20.39 -5.14 -7.13 -7.47 37.27 143.18
600 7.13 14.81 15.53 —4.87 —-6.68 -6.80 30.95 121.07
700 4.64 9.22 11.55 -3.80 -5.50 -6.06 36.09 134.44
800 3.28 6.78 9.00 -2.94 —4.74 -5.44 39.93 144.43
900 2.76 5.35 7.96 -2.51 —4.16 -5.14 41.86 149.22
1,000 2.13 4.04 6.79 -1.87 -3.46 -4.75 45.71 159.80

Table 7

Comparison of SDBS adsorption capacities by other adsorbents
Adsorbent q, (mggm) Reference
Styrene (St)-based crosslinked resin beads (HP20) 57.9 21]
Methyl methacrylate (MMA)-based crosslinked resin beads (HP2MGL) 155
Montmorillonite 140 [25]
High area activated carbon cloth 344 [20]
Styrene-divinyl-benzene polymer resin 864 [49]
Acrylic ester polymer resin 592
Alumina 19.8 [50]
MCM-41-E1 874 Present study
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4. Conclusion

The adsorption of SDBS onto MCM-41 and its mod-
ified samples as adsorbents were investigated under
optimum conditions. The modified MCM-41 samples con-
tained less template inside the structure in comparison
with the as-synthesized one. The kinetic of the adsorption
were fully studied. Different models of adsorption iso-
therm and various kinetic models were used for fitness of
the experimental data. The results show that a modified
MCM-41 with a certain range of template shows the most
efficient adsorbent for the removal of SDBS. The adsorbent
was successfully regenerated and its efficiency remains
significant even after three cycles of use. The adsorbent
has considerable potential for the removal of SDBS from
industrial wastewaters.
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Symbols

q, — Adsorption capacity, mg g™

C,and C, — Concentrations of adsorbate at the
initial and the equilibrium state, mg L™

w — Weight of adsorbent, g

%4 — Volume of the suspension, L

g, — Maximum adsorption capacity, mg g™

K, — Energy of adsorption, L mg™

R, — Separation factor

K.and n — Freundlich constant related to adsorption
capacity, mg@¥m g L and desorption
intensity

B — Constant related to the heat of sorption,
J mol™!

A, — Temkin binding constant resembling
the maximum binding energy, L g™

b — Temkin isotherm constant

k, — Pseudo-first-order rate constant, min!

t — Contact time, min

k, — Pseudo-second rate constant, g mg™ min™

q, — Adsorption amount at time ¢, mg g™

k, — Boltzmann constant

h — Plank constant

R — Universal gas constant, ] mol™ K™

T — Temperature, K

AH*and AS* — Activation enthalpy, k] mol™ and entropy,
J mol™!

K, — Distribution coefficient

o solid — Equilibrium concentration of adsorbate

in solid

ASe, AH?, — Standard entropy, ] mol™ K and standard
enthalpy, k] mol™

AG?, — Standard Gibbs free energy, k] mol™
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