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Abstract- The removal of Total organic carbon (TOC) from liquid solution using Na-bentonite (Na-B) and anionic sodium dodecyl sulfate
surfactant modified bentonite (SDS-B) was investigated. B atch studies were carried out to investigate the effect of experimental
parameters including the initial solution pH, contact time, temperature, and adsorbent dose upon the adsorption process. The experimental
data was well represented by a second order kinetics model for both types of bentonite. However, the process was found to involve some
degree of intra-particle diffusion for SDS-B adsorption and intraparticle plus pore diffusion for Na-B. Based upon the kinetic modeling, the
calculated energies of activation for the process was - 49.06 kJ/mol and -22.41 kJ/mol for Na-B and SDS-B, respectively. The data also
indicated that the process of adsorption onto both materials was better fitted to the Freundlich model. The thermodynamic parameters
(AH°, AS° and AG°) were calculated and they indicated that the process was exothermic and spontaneous and in the forward direction for
SDS-bentonite and was spontaneous in the reverse direction for Na-bentonite. .

Index Terms: TOC reduction, anionic surfactant modified bentonite, adsorption, thermodynamics.

1 INTRODUCTION

OM is a complex mixture of organic compounds that

exists in all natural waters as a result of the interactions

between the hydrological cycle with the biosphere and
geo-sphere [1],[2]. The amount, character and properties of
NOM differ considerably in waters of different origins and
depend on the biogeochemical cycles of the surrounding envi-
ronments [3]. In effect, while NOM is responsible for the col-
or; taste and odor problems associated with water sources, it
may also be a carrier of metals and hydrophobic organic
chemicals [2]. As well, it may have a corrosive effect and act
as a substrate for bacterial growth in the water distribution
system if not controlled.

Generally and in a water treatment plant, the presence of
NOM affects the performances of the unit processes, the appli-
cation of water treatment chemicals as well as the biological
stability of water before and after treatment [2],[4]. However,
it is that change in quantity and quality of NOM in natural
waters that has a significant influence upon the selection, de-
sign and operation of water treatment processes [2]. Effective-
ly, while the majority of coagulants added and disinfectants
used target the removal of NOM from these waters, the sea-
sonal variability and increase in NOM imposes serious chal-
lenges to water treatment facilities in terms of operational op-
timization and proper process control [5]. As well, NOM has a
tendency to interfere with the removal of other contaminants.
Health-wise, both the hydrophobic and hydrophilic compo-
nents of NOM were reported to be the major contributors to-
wards the formation of disinfection by-products, that have
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been recently associated with serious health effects [2], [4], [5].

Total organic carbon (TOC) - the sum of the particulate and
dissolved organic carbon (DOC) - is the most convenient pa-
rameter used to attest the efficiency of a treatment processes
and its effects on NOM removal (Kristiana et al., 2011). This is
because it was reported that the hydrophobic high molecular
weight content (the largest fraction) of NOM which is the most
important pre-cursors for DBP formation constituted almost
50% of raw water TOC [5], [6]. In other words, a significant
reduction in the total organic carbon (TOC) of the treated wa-
ters is considered a viable indicator for NOM removal.

However, with the increasingly stringent DBP regulations
being adopted, there is a need for advanced precursor removal
technologies that lead to maximum NOM removal. Generally,
the most common and economically feasible processes used
for the removal of NOM are coagulation and flocculation fol-
lowed by sedimentation/flotation and sand filtration [7]. Most
of the NOM in natural waters were reported to be removed by
coagulation with inorganic aluminum and iron salts [6] or en-
hanced coagulation under different TOC and alkalinity levels
(Xiao et al., 2010). However, the effectiveness of coagulation to
remove NOM and particles depends on several factors. These
include the coagulant type and dosage, mixing conditions, pH,
temperature, particle and NOM properties (such as size, func-
tionality, charge and hydrophobicity), as well as the presence
of divalent cations and concentrations of destabilizing anions
(bicarbonate, chloride, and sulfate). Nonetheless, one of the
disadvantages of using these chemicals is the potential for ap-
plication of high coagulant dosages which may not be effective
for the removal and may increase water turbidity. Therefore,
new developed inorganic polymer flocculants (IPFs) based on
inorganic salts were being introduced within the past few
years. As well, other alternatives for NOM removal were re-
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cently being explored that included ion exchange and mem-
brane filtration (microfiltration, nanofiltration, reverse osmo-

sis) [4], [9].

From an environmental point of view, adsorption offers
significant advantages over traditional treatment methods as it
may provide for better and safer removal of organic contami-
nants from wastewater [10], [11]. Of all the sorbents tested,
activated carbon (granular activated carbon and powdered
activated carbon (PAQC)), is the best and most widely used due
to its porous nature and large internal surface area [9], [11].
However, of the disadvantages of the application of activated
carbons is its high price and that there is not possibility of re-
use or regeneration [10], [12].

On the other hand, there has been a recent and increasing
interest for the utilization of natural clay materials in the re-
moval of toxic metals and some organic pollutants from aque-
ous solutions [13]. One type of these clay minerals is benton-
ite, which exists as discrete deposits in most continents of the
world. Bentonite is a rich clay mineral that consists of layers
made up of an octahedral alumina sheet sandwiched between
two tetrahedral silica sheets [13]. The wide use of bentonite as
a low cost sorbent may be attributed to its high surface area,
high chemical and mechanical stability and to a variety of sur-
face and structural properties [13], [14]. However, natural
bentonite weakly adsorbs anionic pollutants because of the
repulsion between the anion and the negative charge on the
edge of the bentonite sheet [15]. As well, and because of its
hydrophilicity, the contaminant uptake by this type of clay is
rather low [7]. Thus, modification of bentonite surface proper-
ties has been considered in order to improve upon its cation
and anion adsorption capacity.

In effect, surfactants modified bentonites were reported to
be efficient in treatment of various pollutants [14]. A number
of studies have shown that these organo-bentonite were a
promising emerging class of sorbents that was effective in the
removal of organic contaminants from some wastewaters [11],
[16], [17]. This change in adsorbing properties of bentonite
was attributed to the intercalation of surfactant between the
clay layers as the addition of surfactants to the suspension of
bentonite was found to enhance its rheological properties [16],
[17], [18]. Surfactant adsorption onto clay also causes struc-
tural changes on adsorbents clay minerals which do affect the
pore structure, surface properties, and adsorptive behavior of
surfactant modified adsorbents [11], [16], [17], [19]. Thus, by
partition onto the organic phase created by the intercalated
surfactant, organic contaminants may be removed effectively
by modified bentonite. However, this ability of surfactant to
adsorb at the solid/liquid interface was controlled by chemical
nature of the components of the system: the solid, the surfac-
tant, and the medium [14].

With no literature available concerning the use of anionic
surfactant modified bentonite for TOC reduction in drinking
waters, this work aims at studying the adsorptive capabilities
of sodium dodecyl sulfate modified bentonite (SDS-B) upon

TOC removal form aqueous solutions. The change in adsor-
bent structure of this modified bentonite was characterized
relative to Na-B and the capacities for adsorption of both ma-
terials for the removal of TOC from solution were evaluated.
The effect of different operating parameters on these adsorp-
tion processes, such as dose of adsorbent, the initial pH value,
temperature and the contact/shacking time were studied in
batch process and the data was used to elucidate the kinetics,
thermodynamics and adsorption isotherm parameters of the
studied process.

2 MATERALS AND METHODS

2.1 Preparation of Na-Bentonite (Na-B):

Na-bentonite was prepared according to the method described
by Al-Asheh et al. [13]. Powder pure bentonite (Ferro Chemi-
cals, Egypt) was soaked in 1M NaCl solution (Sigma Aldrich,
USA) and then washed several times with distilled water until
it was chloride free. The process was checked by the addition
of AgNOssolution (Sigma Aldrich, USA) to the resulting water
to make sure that no precipitate was formed. This chemical
treatment was intended to offset the charge unbalance on the
clay before use. The solid particles were separated from solu-
tion by filtration, dried at 70 °C, and stored until further use.
This bentonite was designated as Na-bentonite (Na-B) and was
used for further adsorption tests.

2.2 Preparation of Anionic Surfactant Modified
Bentonite (SDS-B):

The prepared Na-bentonite was treated with an anionic sur-
factant for the purpose of surface enhancement. Sodium do-
decyl sulfate [SDS; CH3(CH2)10:CH2-0S0O.ONa] (Sigma Aldrich,
USA) was used to prepare the SDS modified bentonite accord-
ing to the method described by Al-Asheh et al. [13]. 200 mL of
4% of SDS solution were prepared by dissolving of an appro-
priate weight in distilled water. 20 g of the prepared Na-
bentonite was added to the solution and the mixture was me-
chanically stirred for 48 h. The anionic surfactant modified
bentonite (SDS-B) was separated from the solution by filtra-
tion, washed twice with distilled water, dried at 70 °C, and
stored for further use in the adsorption tests. Table 1 shows
the chemical characteristics of both the Na-Bentonite and SDS-
bentonite prepared as well as the XRD and FTIR analysis of
both sorbent materials are shown in Figs 1 and 2, respectively.

2.3 TOC Sample Preparation:

Total Organic Carbon (TOC) measurements are typically used
to quantify NOM concentrations water samples [20]. Anhy-
drous potassium biphtalate (CsHsKO.4) (Panreac Quimica,
Spain) was used to simulate the TOC concentration of the test-
ed waters [21]. A stock standard solution of potassium biphta-
late was prepared in carbon free water and was used to obtain
TOC concentrations of 10-12 mg/L, which is comparable to the
monthly range TOC values obtained for raw Nile waters dur-
ing a full year survey from August 2012- July 2013. TOC solu-
tions prepared within this concentration range were used for
the optimization and removal studies.
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TABLE 1
CHEMICAL ANALYSIS OF NA-B AND SDS-B (%WT/wWT)

Characteristic Na-Bentonite SDS-Bentonite
(% wiw) (ow/w)
5102 55.50 37.8
AlOs 13.90 9.00
Fe20s 420 2.56
Ca0 3.20 270
MgO 5.03 322
50; 0.10 8.30
C1 0.073 0.80
Na:0 2,10 0.50
K0 1.22 0.95
LOI 13.90 32.86

2.4 Kinetics and equilibrium experiments:

Batch adsorption experiments were carried out in a thermo-
stated water bath/shaker at a constant temperature. The effect
of contact time, solution pH, adsorbent dose and temperature
were studied for each adsorbent. 50 mL of TOC solution of
known concentration (10-12 mg/L) were shaken with different
weights of adsorbent material (0.125-1.0 g) at different tem-
peratures (25 - 60°C) for various mixing time (1-240 min) and
throughout the pH range of (5-12). Separation of the solid
phase from liquid was achieved by centrifuging for 15 min
(3500 rpm) followed by filtration. The filtrates were analyzed
for the residual TOC concentration using TOC analyzer (GE,
Sievers, model n0.5310C, USA) according to APHA [21]. The
% of TOC uptake was calculated as follows:

...% TOC uptake — [Cy - C, /Cy] » 100 @)

where Co and C: are the initial and final concentration of TOC
in solution (mg/L), respectively. The amount of TOC accumu-
lated per unit mass of adsorbent was evaluated using the fol-
lowing equation [22]:

B — (Ci-CV/m 2

where m is the weight of sorbent used (g) and V is the volume of
TOC solution (L). At equilibrium contact time t., Ct becomes C. and
the amount of TOC sorbed (qy) is equivalent to amount at equilibrium

().

To a series of 150 mL capacity tubes containing the desired
amount of TOC solution of known concentrations, a prede-
termined amount of each adsorbent was added and the mix-
ture was agitated in a thermostated water bath-shaker. At set
time intervals, the solutions were filtered and the TOC concen-
tration was determined. Thermodynamic parameters (AHe,
AGe and ASe) were calculated from the adsorption results. The
optimal weight of each adsorbent material/L was added to a
solution of known TOC concentration at pH 5 and was shaken
for 50 minutes (SDS-bentonite) and 100 minutes (Na-
bentonite) at different temperatures.

3 RESULTS AND DISCUSSION

3.1 Characterization of Na-Bentonite and SDS-
Bentonite

FTIR spectroscopy is an important technique used in identify-
ing characteristic surface functional groups on the adsorbent,
which in some cases may be responsible for the binding of the
adsorbate molecules [12]. The surface functional groups of
Na-B and SDS-B were detected by FTIR and the spectra was
recorded from 4000 to 400 cm-t. The FTIR obtained for Na-
bentonite and SDS- bentonite is shown in Figs 1(a) and (b).
For Na-bentonite, the peak at 3627 cm! was reported to indi-
cate AI-AI-OH stretching vibration typical of smectites with
high amount of Al in the octahedral layer [18]. In addition,
this peak was reported to be associated with the stretching
vibration of the structural group of —OH of bentonite [23]. The
peaks at 3460 and 1642 cm indicate the O—H stretching and
bending vibrations for the adsorbed water, respectively [23].
Sharp peak at 1028 cm- was attributed to the Si—O stretching
frequency as well as the bands at 516 and 455 cm- correspond
to AI-O-Si and Si—-O-Si bending vibrations as well as the tet-
rahedral bending mode for Si—O—All.

(a)

Fig. 1. FTIR spectra of (a) Na-Bentonite and (b) SDS-Bentonite

It was reported that surfactant adsorption onto clay miner-
als may cause structural changes in its interlayer arrangement
that affects the pore structure, surface properties, and adsorp-
tive behavior of surfactant modified adsorbents [19]. FTIR of
the prepared SDS-Bentonite shown in Fig. 1(b) indicates that
the O-H stretching or bending bands recorded for Na-
bentonite at 3627, 3460 and 1642 cm were shifted to 3626,
3471 and 1644 cmt for SDS-bentonite, which is in agreement
with the results obtained by Tung et al. [18]. These bands were
indicative of the O-H stretching or bending bands of the Na-
bentonite-SDS system. In addition, the new bands that ap-
peared at 2918, 2850 and 1469 cm-t were reported to be due to
the interaction of the clay with the anionic surfactant as well
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the stretching vibrations of C-H of pure anionic surfactant. In
addition, the sharp peak obtained at 1028 cm representing
the Si—O stretching in Na-bentonite was shifted to 1018 cm-t
after surfactant modification of the clay’s surface. The peaks at
2851 and 2917 cm may be assigned to the aliphatic C-H
stretching vibration [23]. A band at 633 cm! was assigned to
the out-of-plane vibrations of coupled AI-O and Si-O. A
number of bands that appeared within the SDS-B spectrum
include the asymmetric (CHs) stretching vibrational band at
2956 cm, the asymmetric and symmetric CH: stretching vi-
brational frequencies at 2918 and 2850 cm-, and the (CH-2)
band at 1469 cm-t which is a characteristic of partially ordered
chains [24] or of the deformation of the bands of the methyl
and methylene groups [25]. It was reported that when the
vsym(CH2) band had values lower than 2852 cm-?, it was a good
indication of the more ordered crystalline structure, while val-
ues higher than that were representative of micelles and liquid
crystals. As well, the spectrum showed no shoulder at 2860
cmt which indicates the absence of non crystallized SDS or
hydrated crystalline SDS within the prepared SDS-bentonite
[24], [25]. In addition, the overlapping of the bands at 1221
and 1249 cm may be due to S—O stretching and the separa-
tion between these two peaks may be indicative of the change
in the conformational structure, which is in agreement with
the results reported by Viana et al. [24]. Conclusively, the
above data indicate that the interaction of SDS with Na-
bentonite was achieved through the formation of hydrogen
bonding between the clay particles and the surfactant mole-
cules [18].

The XRD obtained for both adsorbent materials is shown in
Figs 2 (A) and (B). For Na-bentonite, the basal spacing ob-
tained was 13.42 A compared which varied from the reported
value for natural bentonite (12.12 A) indicating the saturation
of the clay with Na*. As well, there was an increase in the ba-
sal spacing for SDS-bentonite from 13.42 to 20.78 A relative to
Na- bentonite. This increase may be attributed to the interca-
lation of the SDS into the bentonite which caused the bentonite
to swell [26], [27], [28]. This intercalation of SDS into bentonite
was revealed in Fig. 2 (b) as new peaks indicative of the pres-
ence of sodium lauryl sulfate bound to bentonite appeared in
the difractogram. As well, the diffusion of surfactant mole-
cules through the interlayer sheets of bentonite may have
weaken the attraction forces between binding silicate sheets in
the crystalline structure as the hydrophobic tails of SDS mole-
cules attached itself to the positive edges of clay particles to
disallow its interaction with one another [26]. Subsequently,
this increases the surface area of bentonite as well as the spac-
ing between the bentonite/clay sheets [13], [14], [26]. Accord-
ingly, the obtained increase in basal spacing of bentonite after
SDS modification may be indicative of the fact that more sites
were made accessible for adsorption.

The results for particle size distribution for both Na-
bentonite and SDS-bentonite are shown in Figs 3(a) and 3(b).
The figures indicate that Na-bentonite had a particle size of
735.3 nm while that for SDS-bentonite; the particle size distri-
bution was 142.6 nm (90%), which reflect a higher surface area

for SDS-bentonite over Na-bentonite. This is accordance with
the findings of Omar et al. [29] and Akl et al. [30] who indicat-
ed that organic /surfactant modified bentonite varied from the
unmodified in particle size as well as in the relative surface
area. As well, this reduction in particle size may be attributed
to the fact that the addition of anionic surfactants to clay min-
erals caused a decrease in the electrostatic attraction between
clay particles which lead to a steric push between the SDS
covered clay particles [26], [31].
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Fig. 3. Particle Size distribution for (A) Na-Bentonite and (B) SDS-
Bentonite
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3.2 Effect of varying adsorbent dose:

The effect of varying the Na-bentonite and SDS-bentonite dose
upon the TOC reduction in solution is shown in Fig 4. The
results indicate that a maximum TOC reduction of 7.96% and
97.87% was achieved using Na-bentonite and SDS-bentonite, re-
spectively. However, it was observed that 5 g/L SDS-bentonite
achieved an initial TOC reduction of 93.93%, which provided for a
maximum adsorbent capacity of 2.37 mg/g. Alternatively, ata 5 g/L
Na-bentonite dose, the maximum adsorbent capacity obtained was
1.39 x 10™ mg/g as well as it required a 20 g/L dose to achieve an
overall 8.0% TOC reduction. Similar trends of adsorption efficien-
cy/ capacity for modified and unmodified bentonite in the removal of
organic and inorganic pollutant were reported by Al-Asheh et al.
[13], Anirudhan and Ramachandran [16] and Omar et al. [29]. It was
indicated that the relatively higher removal efficiencies achieved by
the modified bentonite was due to its ability to surround the pollutant
molecules thus allowing them to be better attached to the clay sur-
face [13], [14]. As well, the increase in SDS-B TOC removal %
from solution may be attributed to the hydrophobic nature and high
surface area of the modified bentonite relative to the Na-B [16]. In
addition, it was speculated that the increase in interlayer spacing
values -indicated here by XRD data- for the modified bentonite in-
creased the sorbent surface accessibility for pollutant removal. On
the other hand, in their study of the removal of humic acid (measured
as BOD) from wastewaters, Anirudhan and Ramachandran [16] re-
ported that maximum removals of 78.9% and 99.6% required the use
of 17 g/L of Na-bentonite and 30g/L of (HDTMA) cationic surfac-
tant modified bentonite, respectively. Nonetheless, in the current
study, the optimal dose was 5 g/L of SDS-B and 20 g/L Na-B, which
was used in further experimental work. This low dose of SDS-B,
apart from being effective, may not pose any further health risks or
cause foaming to hinder TOC removal from solution or add to its
organic pollutant load.
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Fig. 4. The effect of varying of Na-B and SDS-B dose upon TOC%
reduction in solution (pH 5, t na.s =100 min, t sps.g =50 min,T= 25 °C,
vol= 50 mL and TOC o= 12.612 mg/l)

3.3 The effect of contact /shaking time:

The effect of varying the contact time (0- 240 min) upon the
TOC % uptake using Na-B and SDS-B was studied as a batch
process and the results are shown in Fig. 5. It was observed that
Na-bentonite showed a slight increase in TOC removal from 2.35%
to 8.45% over the entire time range. However, SDS-bentonite
achieved an initial maximum 96.35% TOC reduction after the initial
30 minutes; a value that remained constant thereafter indicating that

equilibrium was reached. A similar equilibrium time of 40 min was
obtained by Ozcan et al. [10] during their study of the removal of
synthetic reactive dyes using cationic modified bentonite. Nonethe-
less, in the current study, the data revealed that the equilibrium ca-
pacity for Na-B was 1.48 x 102 mg/g meanwhile that for SDS-B
reached 2.43 mg/g. The lower value for g, for Na-B may be indica-
tive of the weak adsorption of TOC onto the material [27]. As well,
it may indicate that the unmodified clay had a high hydrophobicity
which impacted its uptake capacity towards organic contaminants
[7]. The results also indicated that the adsorption of TOC onto SDS-
bentonite was rapid at the first stage, which may suggest that the
adsorption occurred mainly at the surface of the solid sorbent until
surface saturation was reached [12], [32]. Al-Asheh et al. [13] and
Ghazy et al. [32] postulated that this fast adsorption stage was fol-
lowed by a slower stage which involved intraparticle diffusion to
reach an equilibrium stage. As well, the current results indicate that
the time required to reach equilibrium for TOC adsorption onto SDS-
B was relatively shorter than that for Na-B. This relatively long con-
tact time required by Na-B may be associated with mass transport
and a slow diffusion mechanism of TOC molecules inside the mi-
croporous structure of Na-B [16].
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o ’ e N 3-B
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a2y
30
20 ”
10 - 5 -
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contact time (min)

Fig. 5. The effect of varying the shaking time (min) upon % TOC reduc-
tion at pH 5, adsorbent dose: 20 g/L Na-B and 5 g/L SDS-B, T= 25 °C,
vol= 50 mL and TOC o= 12.6129 mgl/l)

3.4 The effect of pH:

The pH of the aqueous solutions plays an important role in the whole
adsorption process and particularly on the adsorption capacity [33].
The effect of pH upon TOC reduction in solution using Na-B and
SDS-B was studied by varying the initial pH from 5.0-12.0. The
results depicted in Fig. 6 indicate that the maximum TOC reduction
of 86.99% and 11.18% was obtained at pH= 5 for Na-bentonite and
SDS-bentonite, respectively. The decrease in TOC removal with the
increase in pH may be due to the appearance of the negatively
charged OH which may increase the ionic repulsion between the
TOC molecules as well as compete with the anionic surfactant on
clay [10], [30]. This is accordance with the findings of Syafalni et
al. [34] who reported that the modification of bentonite with anionic
surfactant increased the negative charge on the clay which affected
the adsorption of organic pollutants rather than H" ions in solution.
More specifically, it was reported that un-dissociated molecules that
dominated at low pH were hydrophobic and more absorbable than
the ionized form [16].
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Fig. 6. The effect of varying the pH upon % TOC reduction using the
adsorbent doses of: 20 g/L Na-B and 5 g/L SDS-B, t na.s =60 min, t sps-s
=30 min,T= 25 °C, vol= 50 mL and TOC o= 12.20 mg/L)

3.5 The effect of temperature:

Temperature is one of the parameters that significantly influ-
ence the rate of reaction [22]. The relationship between the
%TOC uptake by SDS-bentonite and Na-bentonite at different
temperatures (25-60°C) was investigated and the results are
illustrated in Fig. 7. It is clear from Fig 7 that SDS-bentonite
achieved higher adsorption rates (over 92%) relative to Na-
bentonite which achieved a maximum of 6.74% at 25°C. Effec-
tively, from the data it was apparent that the % TOC uptake
for both SDS-B and Na-B decreased with the increase of tem-
perature. As well, the adsorption capacity for SDS-bentonite
and Na-bentonite decreased from 2.024 to 1.953 mg/g and
0.035 to 0.027 mg/g going from 25 °C to 60 °C, accordingly.
Similar thermal behavior was reported by Atia et al. [14] and it
was attributed to the fact that anionic surfactants were physi-
cally adsorbed onto the surface of bentonite through ion ex-
change and that the high energy resulting from the increase in
temperature may enhance the removal of surfactant molecules
from the surface. In addition, the decrease in adsorption with
the increase in temperature was attributed to the weakening of
the adsorptive forces between the active sites of the adsorbent
and adsorbate species and also between the adjacent mole-
cules of the adsorbed phase [16].
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Fig. 7. The effect of varying the temperature (°C) upon % TOC reduc-
tion at pH 5, adsorbent dose: 20 g/L Na-B and 5 g/L SDS-B, t na.s =60
min, t sps-s =30 min, vol= 50 mL and TOC,= 10.5 mg/L)

3.6 Adsoprtion Isotherm:

An adsorption isotherm shows the equilibrium relationship
between the concentration in the fluid and onto the adsorbent
at constant temperature [35]. As well, sorption isotherms rep-
resent the relationship between the amount adsorbed by a unit
weight of solid sorbent and the amount of solute remaining in
the solution at equilibrium [36], [37]. Freundlich and Lang-
muir models were used to analyze the adsorption data ob-
tained during the current study. The linear equation for
Freundlich isotherm applied was [22]:

Lopge — lopKe+ L/MI0ACa coevneiieieiieieneeieaeenen ?3)

where K is correlated to the quantity of sorbate associated
with the sorbent, and n is the Freundlich isotherm constant
related to the strength of the sorption. A plot of log ge vs. log
C. for SDS-bentonite and Na-bentonite is provided in Fig. 8
and the results are presented in Table 2. Generally, the Freun-
dlich isotherm model is based upon the assumption that non-
ideal adsorption occurs at heterogeneous surfaces; the latter
arises from the presence of different functional groups on the
surface as well as the various adsorbent-adsorbate interactions
[35]. As well, this isotherm assumes that as the adsorbate con-
centration increases, the concentration of adsorbate onto ad-
sorbent surface also increases and correspondingly, the sorp-
tion energy decreases upon the completion of the sorption
centers of the adsorbent [12].

The two Freundlich constants (Kt and n) relate to the sorption
capacity and adsorption energy distribution or sorption inten-
sity of the sorbent (also known as the heterogeneity factor),
respectively [35], [38]. The values obtained for Kr and n were
reported to affect the adsorption isotherm, as the larger the
values obtained indicate a higher adsorption capacity [39]. In
addition, the magnitude of n gives was reported to give an
indication of the favorability of adsorption where the favora-
ble adsorption occurs when the n value was greater than unity
[22]. Moreover, if n was less than unity, it implies that the ad-
sorption process was chemical, but for n value above unity, the
adsorption may be considered a favorable physical process
[10].

10
l/. y=0.7972x + 0.5251
050 =
= RE=09354  —gNaB MW SDSB
r L 6:0 T T !

@ 1 0.5 05 1 1.5
g
)

o
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5 R?=0.9552

20
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Fig. 8. Freundlich Isotherm for Na-B and SDS-B
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TABLE 2
ISOTHERM CONSTANTS AND VALUES OF R? FOR SDS-B AND NA-B

Adsorbent Freundlich isotherm Langmuir isotherm
n(Lmg)  K;(Kmgfg) R |q (mg/y)  b(L/mg) Ry R
SDS-B 1254 3350 09354 | 16.556 267x107 263107 0.6201
NaB | 1403x107  8913x107 09552 | -899x107 9987x107  9999x107 08636

The Langmuir model, on the other hand, has been used to de-
scribe monolayer adsorption of the sorbate based on a kinetic
approach and it assumes a uniform surface, single layer of
adsorbed material occurring at a constant temperature [12].
As well, it assumes that all binding sites have the same affinity
for adsorption of a single molecular layer and that there was
no interaction between absorbent molecules [22]. The Lang-
muir isotherm utilized for the sorption equilibrium of SDS-
bentonite and Na-bentonite was:

Cofte =17b Qg | Co Qaerereeeeeeeeeieeeeeeen (4)

where Q, and b are the Langmuir constants related to adsorption
capacity and energy of adsorption, respectively. The Langmuir con-
stant b reflects quantitatively the affinity between the adsorbent and
adsorbate and the higher the value obtained, the higher the affinity
for pollutant adsorption onto the adsorbent material [12]. The favor-
ability of the adsorption process was reported to be dependent on the
obtained value of separation factor (R.) [10]. The dimensionless
constant separation factor for equilibrium parameter, R, is an essen-
tial characteristic of the Langmuir isotherm which is defined as:
Rr = 1/01 1 B e e ()

where b is the Langmuir constant (L/mg) and C,(mg/L) is the initial
TOC concentration. There are 4 probabilities for the value of RL: for
favorable adsorption 0<R,<1; for unfavorable adsorption R, >1; for
linear adsorption R =1 and for irreversible adsorption R =0 [12]. A
plot of C./qe vs. C, for both SDS-bentonite and Na-bentonite (Fig. 9)
resulted in a straight line with a slope of (1/Q,) and an intercept of
1/bQ,. The values for the slope, intercept of this plot and R, con-
stant for each adsorbent are provided in Table 2. The results indicat-
ed the applicability of Langmuir model for adsorption of TOC onto
SDS-bentonite due to the high value of correlation coefficient (R%) as
well as the R value indicated a favored adsorption. Furthermore,
the Langmuir constant Q, obtained showed that SDS-bentonite had a
higher adsorption capacity or a higher estimated monolayer surface
coverage towards TOC than Na-bentonite [22].

Overall, it is clear from the correlation coefficients (R?) ob-
tained for both SDS-B and Na-B that the experimental data
fitted the Freundlich model. As well, it was reported that for
Freundlich isotherm R2? values greater than 0.9 this may be
indicative of a multilayer adsorption with physisorption type
process [40]. However, the value for n obtained for SDS-B re-
flect that the process was moderately difficult while that for
Na-B, a value less than 1 reflects the fact the material had poor
adsorbing characteristics [22].

Moreover, the Langmuir constant b can be used to calculate
the thermodynamic parameters, which are associated with the
adsorption process, on the basis of the following equation [10]:

Ky = ASY/R AHYET o (6)

where Ka is the single point or linear sorption distribution co-
efficient, AS° is standard entropy (J/mol K), AH° the standard
enthalpy (kJ/mol), T is the absolute temperature (K), and R is
the gas constant (8.314 J/mol K).
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Fig. 9. Langmuir Isotherm for Na-B and SDS-B

The dimensionless equilibrium distribution coefficient Ka is
defined as:

Hd = Qw;cﬂ """""""""""""""" (7)

where Q. is the equilibrium adsorbate concentration on the
adsorbent (mg L) and C. is the equilibrium adsorbate concen-
tration in solution (mg L?). A plot of In Ka versus 1/T rendered
a straight line from which the values of AH° and AS® were cal-
culated from the slope and intercept, respectively. The stand-
ard Gibbs free energy (AG°, kJ/mol) was calculated using the
following equation:
AGE = AHY — T AT 8)

The results of the thermodynamic parameters are provided in
Table 3.

TABLE 3
THERMODYNAMIC PARAMTERS FOR THE REMOVAL OF TOC USING
NA-B AND SDS-B

Adsorbent AH" AS® AG®(kJ/mol)
(kJ/mol) | (kJ/mel. K) | 298 °K | 313 °K | 323 °K | 333 °K
SDS-B. -2098 | -5.712x107 | -3.97 -3.10 -2.54 -1.97
Na-B. -7.18 -7.083x10™ | 1393 14.99 15.70 16.41

From the data in Table 3, the negative values of AH° obtained for
both SDS-B and Na-B indicates that the process is an exothermic
process, which is in accordance with the findings of other research-
ers [10], [13], [16]. As well, the small negative value for AH°® for
Na-B suggests that the adsorption is mainly a physical process in-
volving weak forces of attraction [10], [41]. As well, it was reported
that the value of the adsorption enthalpy may be used to distinguish
between chemical and physical adsorption and that the latter ranged
between 0 to 20 kJ/mol [41], such as was the case for Na-B.

The negative AS values obtained indicates that randomness
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decreased at the solid-solution interface during the adsorption
of TOC onto both materials, i.e. the molecules in solution had
more freedom relative to those attached to the surface [41]. As
well, the small decrease in entropy may indicate that the
change in enthalpy was not large enough to compensate for
this change in randomness. Overall, obtaining negative AH
and AS values suggests that enthalpy contributes more than
entropy in producing negative AG values [42]. On the other
hand, with AH and AS having negative values, this may indi-
cate that the process was considered spontaneous for T <
AH/AS, in this case less than 100 K.

From the data in Table 3, AG° obtained for SDS-B ranged
had negative values which indicate the feasibility and sponta-
neity of TOC adsorption onto this material [10], [43]. As well,
it was observed that this AG° negative value decreased with
the increase in temperature which may indicate that the ad-
sorption process on SDS-B was more favorable at higher tem-
peratures [44]. Furthermore, the negative AG values imply
that the reaction should proceed in the direction of product
formation [45]. On the other hand, the positive value for AG°
for Na-B adsorption of TOC indicates that the process was not
spontaneous. In addition, the increase in the free energy val-
ues for Na-B going from 25- 60 °C may indicate that the ad-
sorption process was energetically less favorable at higher
temperatures [41].

It was reported that a change in free energy (AG°) between
-20 and 0 kJ mol-t was indicative of a physisorption process
[10], [41], whereas for a chemisorption process, the values
ranged between -80 to 400 kJ mol-t [10]. Concerning the val-
ues of (AG°) obtained for SDS-B, they were within the middle
of physisorption and chemisorption range which may indicate
that the process may be interpreted as a physical adsorption
enhanced by a chemical effect [10]. However, the value for
(AG°) obtained for Na-B may indicate that it is a physisorption
process. Furthermore, the increase in the positive value of AG°
for Na-B with the increase in temperature may indicate that
the adsorption process becomes energetically less favorable at
higher temperatures [41]. It was indicated that irreversible
adsorption occurs with chemical groups’ interaction whereas
with a physical process, it was a reversible [46].

The activation energy for TOC adsorption onto SDS-
bentonite and Na-bentonite was calculated using the Arrheni-
us equation:

Ik =14y Ea/BT oo ©)

where Ao is the Arrhenius constant, regardless of temperature,
Ea the activation energy (kJ/mol) and R is the gas constant
(8.314 J/mol K). A plot of In k vs 1/T for each adsorbent, indi-
cated the activation energy for TOC adsorption onto SDS-
bentonite was -22.41 kJ/mole, while that for Na-bentonite, it
was -49.06kJ/mole. The negative value of activation energy
indicates that the reaction was exothermic and that the rise in
the solution temperature did not favor the sorption process
[47], [48]. As well, negative activation energy indicates the
absence of an energy barrier for the adsorption to occur and
that with the increase in temperature, there was a reduction in

colliding molecules to capture one another [48].

3.7 Adsorption Kinetics:

Four Kinetic models, namely: pseudo-first order, pseudo-
second order, Weber and Morris intraparticle diffusion model
and Bangham’s pore diffusion model were applied to identify
the rate and kinetics of TOC sorption onto SDS-B and Na-B.
The process was studied at (25, 40, 50 and 60 °C) using varia-
ble contact time, pH = 5 and an initial TOC, concentration of
10.5 mg/L. The linear first-order Lagergren rate equation ex-
pression used was [22]:
Togle, — o) =Togly,d— kg /230300 (10)

where ge and gt (mg/g) are the adsorption capacities at equilib-
rium and at time t, respectively. The rate constant ki (min-)
and the process activation energy were obtained from the
slope of the plot of log (qe—qt) vs. t for each adsorbent. This
model assumes that the rate of change of adsorbate uptake
with time is directly proportional to the difference in the satu-
ration concentration and the amount of solid uptake with
time. The pseudo second order model, on the other hand, is
based upon the sorption capacity on the solid phase [35]. The
second-order rate equation applied was:

L e = 1 a2 4 L e (11)

where k2 is the rate constant of second-order adsorption and
the slopes of the plots of t/qt versus t were used to determine
the second order rate constant k2 as well as the process activa-
tion energy. The values for the kinetic parameters calculated
for the pseudo-first and pseudo-second rate of reaction for the
adsorption process are provided in Table 4.

The data in Table 4 revealed that the sorption of TOC onto
both SDS-bentonite and Na-bentonite was best fitted to pseu-
do-second order kinetics rather than the first order model.
The data also indicated that the calculated (ge) values for the
2nd order rate were in accordance with those obtained from the
experimental runs as well as the correlation coefficients (R?)
were close to unity. However, the difference between the ex-
perimental and calculated values for qe for the pseudo-first
order model relative to the second order model may be at-
tributed to a possible time lag caused by a boundary layer or
external resistance that controls the sorption process at the
beginning [35]. The plots for pseudo-second order rate for
both SDB-B and Na-B (not shown here) indicated a best fit
over the whole data range which may indicate that the rate
limiting step was a chemical adsorption process between TOC
and the ogranophilic bentonite and bentonite [27], [35]. As
well, it was observed that for Na-B there was a significant de-
crease in the value of Kz going from 25 °C to 65°C which may
be indicative of an exothermic process [10], [16]. In addition, it
may be indicative of the fact that the increase in temperature
weakened the adsorptive forces between the active sites of the
absorbent and the adsorbate as well as between the adjacent
molecules of the adsorbed species [10], [16].

It was reported that the transport of adsorbate from the
liquid phase to the solid phase may occur via different mecha-
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nisms that may be controlled by either pore or film diffusion
and mass action [16], [27], [49]. In many adsorption processes,
the adsorbate species may most probably be transported from
the bulk of the solution into the solid phase through intra-
particle diffusion/transport [27], [49]. Accordingly, the intra-
particle (Weber and Morris) diffusion model was examined as
per the following equation [12]:

where @ is the fraction of pollutant uptake (mg/g) at time t, ki
is the intra-particle-diffusion rate constant (mg/g min°s) and |
is the intercept (mg/g). A plot of g: vs. t°5 provided the values
for ki and intercept | that are listed in Table 4. In general, the
value of the intercept provides some information about the
thickness of the boundary layer and the larger the intercept
the greater the boundary effect [35]. Owverall, for all plots
drawn, no zero intercept was obtained which may be indica-
tive of some degree of boundary layer control and that may be
operating simultaneously with other kinetic models to control
the rate of adsorption [12], [27]. As well, it was observed that
the correlation coefficients (R2) obtained for the intraparticle
diffusion model for both materials were more 0.810, which
reflects that surface adsorption and intraparticle diffusion
were concurrently operating during the adsorption process
[12]. However, the effect of intraparticle diffusion upon TOC
sorption onto Na-B was more as the temperature increased
which indicates the fact that kinetically energetic molecules
were able to be adsorbed onto it.

On the other hand, it was observed that the plot for gt vs.
tosfor Na-B was curved initially which was followed by a line-
ar portion. This noted curvature in the shape of the plot at a
small time limit was reported to be due to mass transfer re-
sistance and bulk diffusion while the linear portion may be
attributed to intra-particle /pore diffusion [12], [27]. In order
to assess the effect of pore diffusion during the process of TOC
sorption onto SDS-B and Na-B, the Bangham’s equation ap-
plied was [50]:

logloglC /10, gemll =loglhym 23037 1o, (13)
where C; the weight of adsorbent used per liter of solution (mg/L), V
(mL) is volume of solution, m (g/L) is the weight of adsorbent per
liter of solution, q; (mg/g) is the amount of adsorbate retained at time
t and o (<1) and k, are constants. Log [C/C; —M qt] was plotted
against log t and the plots obtained were not linear for both SDS-B
and Na-B. This may indicate that the adsorption kinetics was not
limited only by pore diffusion [50]. The values of k, and ¢ along
with the correlation coefficient are presented in Table 4. According
to the obtained correlation coefficients (R%) for TOC adsorption onto
Na-B, it is clear that both film and pore diffusion did contribute sig-
nificantly to the different stages of the sorption mechanism.

TABLE 4
KINETIC PARAMTERS CALCULATED FOR THE REDUCTION OF TOC
USING NA-B AND SDS-B AT DIFFERENT TERMPERATURES (°K),
WHERE R? IS THE CORRELATION COEFFICIENT

Peeude-first-order
K gmgy K
(mint) 10
i
SDSB X8 |36l 8097 0851 18609 29 0997 1740 19154 08488 | 47307 00795 06864

A3 |36l 19k 0858 bV 190 099% B 1787 084% | 3280 01007 0698
W36 18T 08 959 199 09989 200 L7 08305 | 3255 00%% 0678
I |28% 1BI5 091% 994 1% 0989 3030 1759 08175 | B4 0053% 06563
NaB B8 |14 258 09 %5 371x0° 09997 250 1% 0870 1& 0412 0867
BTHL 2240 090 95 353102 0999 340 780 08789 | 731x10* 04727 083%
W% 8B 049 i 343107 0973 30 20 0930 |382x10¢ 06384 0881
W6 0By nn 367x107 09815 30 10 0.98% | 222x10¢ 07385 093

Pseudo-cecond-order Intra-particle Diffusion Bangham model
Kgng'mr) ¢mgy) F |Kogglom® [ B | k a R
x1t AP (mgfy) (mLL'gY)

Adsorbent  Temp (°K)

4 CONCLUSION

In the current work, the adsorption of TOC from liquid solu-
tions onto Na-bentonite and SDS-bentonite was investigated.
The results showed that the experimental data was well repre-
sented by the second order kinetic model for both SDS-
bentonite and Na-bentonite. As well, the data revealed that
the process did involve some intraparticle diffusion for SBS-B.
However, for NA-B, the results indicated that both intraparti-
cle and pore diffusion significantly contributed or were the
rate controlling steps f the overall adsorption process specifi-
cally at higher temperatures. The equilibrium data for both
SDS-bentonite and Na-B were better fitted to Freundlich mod-
el. The apparent activation energies calculated for this process
were -49.06 kiJ/mol and -22.41 kJ/mol for Na-bentonite and
SDS-bentonite, respectively. Thermodynamicaly the process
was exothermic and spontaneous in the forward direction (ir-
reversible) for SDS-bentonite while its was spontaneous in the
backward direction (reversible) for Na-bentonite. The results
also indicated a higher TOC removal using modified SDS-
bentonite was more favored over Na-B due to its organophilic
behavior after modification and smaller particle size.
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