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ABSTRACT

Modification of natural zeolite (NZ; mordenite) surface by a surfactant, dodecyltrimethylam-
monium bromide (DTAB), was characterized and employed for the removal of humic acid
(HA) from water using a fixed bed column. The optimum loading of surfactant was later
utilized in adsorption studies. X-ray diffraction spectrum (XRD), Fourier-transform infrared
spectrometry (FTIR), nitrogen adsorption-desorption isotherms and Brunauer-Emmett-
Teller specific surface area, field emission scanning electron microscopy, and thermographic
analysis and derivative thermographic analysis (TGA-DTA) were used to study the surface
properties of the NZ and surfactant-modified zeolite (SMZ-DTAB). The effects of a variety
of experimental conditions, such as the flow rate (Q), initial HA concentration (C), and bed
depth (Z), were studied. Optimization studies demonstrated that the SMZ bed with DTAB
loading of 150% of ECEC (SMZ-DTAB-150%) exhibited enhanced adsorption performance
compared to NZ. An insight of the adsorption mechanism of SMZ-DTAB-150% proved that
a monolayer formation is the main viable packing that allows maximum removal of HA.
HA adsorption on SMZ-DTAB surfaces is largely a result of the hydrophobic interaction
and hydrogen bonding. The adsorption data were utilized on two well-established fixed
bed adsorption models, namely Thomas and Adam-Bohart. The results fitted well for
Thomas model for the description of whole breakthrough curve with correlation coefficient,
R?>0.87 and low error function value less than 13.
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1. Introduction

Humic acids (HA) are one of the main components
of humic substances (HS) which occur by biological
decomposition of natural organic matter (NOM) from
plants and other organisms [1,2]. The HA is not
directly toxic in water but have undesirable effects on
the appearance, which changes the color of the waters
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from yellow to brown, taste of water, and pose hazard
in water treatment processes [3]. Since the early 1970s,
water quality and treatment issues related to NOM
have been reported [4]. These substances in natural
water facilitate bacteria reproduction during drinking
water distribution, produce harmful disinfection
byproducts during chlorination process, reduce the
effectiveness of water purification by interfering with
various oxidants, and increase the solubility of heavy
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metals due to complexation with metals and adsorbed
organic pollutants [4].

Structural wise, HA are a heterogeneous class of
moderate molecular weight, yellow-colored biomole-
cules existing commonly in all soils, sediments, and
natural waters. HA are also the most diffusive natural
compounds with complicated and varying structures
and are usually resistant to microbial degradation. HA
may produce disinfection by products, such as trihalo-
methanes (THMs) in the process of chlorination. It
was known that HA have an effect on the fate of
microorganic pollutants (e.g. intake, accumulation,
movement, degradation, toxicity, etc.). Recent discov-
ery of HA as a probable cause of Kaschin-Beck and
other diseases has brought new light to the removal of
HA in the water [5,6].

THMs are frequently found in water treatment
systems, existing mainly as chloroform (CHCly),
dichlorobromomethane (CHBrCl,), dibromochlorome-
thane (CHBr,Cl), and bromoform (CHBr;). There are
many studies on THM as potentially carcinogenic
chlorination byproduct that causes health problems
such as bladder cancer, spontaneous abortions, and
birth defects [7-9]. Therefore, the removal of HA from
water is essential and numerous methods have
been developed such as chemical coagulation, mem-
brane separation, advanced oxidation, and adsorption.
Among these techniques, adsorption is usually
regarded as an optimistic technique and has been
extensively studied for removal of HS [10].

Natural zeolites (NZs) are crystalline microporous
aluminosilicates with very well distinct structures that
consist of a framework shaped by tetrahedrons of S5iO,4
and AlO,4. They have permanent negative charge in
their crystal structures that can be balanced by
exchangeable cations such as Ca**, Mg**, K*, and Na*.
Thus, NZs typically can exchange cations but not
anions, which make them suitable for surface modifi-
cation using cationic surfactants. Previously used
surfactants, such as hexadecyltrimethylammonium
bromide (HDTMA), n-cetylpyridinium (CPD), ben-
zyltetradecyl ammonium (BDTDA), stearyldimethylb-
enzylammonium (SDBAC) [11], have been utilized for
removal of HS. Wide studies on the use of HDTMA-
modified zeolite in removing anionic and organic
contaminants and the intercalation of HDTMA into
zeolite to remove HS have been conducted [10].
However, there are only a few reports on the use of
dodecyltrimethylammonium bromide (DTAB) as sur-
factant of NZ to afford an adsorbent for enhanced
removal of HA from water. This study was designed
to investigate the fixed bed column performance of
SMZ as an adsorbent for the removal of HA from
water in a continuous flow system. The optimum
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loading of DTAB was applied in characterization,
adsorption, and kinetic studies.

2. Materials and methods
2.1. Chemicals and material

The NZ used in the experiments was provided in
Malaysia via Chan Chun Chan Enterprise Company.
Based on reported methods [12,13], the cation
exchange capacity (CEC) of NZ was determined to be
1083 meq 100g ' and the ECEC is 0.456 meqg '
determined based on the procedure of Childs. HA
was purchased from Tokyo Chemical Industry Co.,
Japan and purified using the following procedure:
0.4 g of HA was added to 2 L of 4 M NaOH solution
volumetric flask producing a 200 ppm stock solution
with pH 11. The 100 ppm standard solution was then
diluted to the desirable concentrations for spectro-
scopic analysis. The pH of HA solution was 7.00 +
0.10 which was adjusted to a given value by adding
either 0.1 M HCl or 0.1 M NaOH.

2.2. Preparation of SMZ-DTAB

NZ of 10 g was mixed with varying amounts of
DTAB aqueous solutions with 200 mL distilled water
in a 400 mL flask. The mixture was then shaken at
150 rpm for 8 h. Surfactant-loading levels ranged from
0 to 200% of ECEC of zeolite (SMZ-DTAB-0% to SMZ-
DTAB-200%). The samples were then filtered, washed
with distilled water, and dried at 70°C in an oven for
12 h. Subsequently, the dried SMZ-DTAB was then
crushed by passing it through standard ASTM sieves,
yielding samples with particle size distribution of
<0.425 mm [14].

2.3. Characterization

NZ and SMZ-DTAB were subjected to several
instrumental characterizations. The X-ray diffraction
spectra (XRD) were recorded with a CuKa radiation (A
= 1.5418) at 30 kV and 20 mA ranging from 26=5" to
80° and scanning speed of 0.05° per second using a
Siemens D5000 X-ray Diffractometer (Karlsruhe,
Germany). Fourier-transform infrared spectra (FTIR) of
NZ and SMZ were recorded between 400 and
4,000 cm™! using a Perkin-Elmer Spectrum TM 400
model FTIR spectrometer (Waltham, MA USA). The
Brunauer-Emmett-Teller (BET) method, Barret—
Joyner-Halenda (BJH) method, and the single point sur-
face area were used to determine the surface area and
the pore diameter distribution of NZ and SMZ using a
Micromeritics Model 3Flex Surface Characterization
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Analyzer (Atlanta, USA). The samples were degassed
by heating up the samples under continuous N, purg-
ing. The samples were heated up to 90°C for 1 h fol-
lowed by 350°C for 48 h. N, adsorptions were measured
at different target pressures under the liquid nitrogen
bath, and isotherms were obtained for adsorption/
desorption. The surface morphologies of NZ and
SMZ-DTAB were examined by field emission scanning
electron microscopy (FESEM) and EDX experiments
using a Carl Zeiss Model Supra 35-VP FESEM (Oberko-
chen, Germany). Thermogravimetric analysis (TGA)
and derivative thermogravimetric analysis (DTA) of
NZ and SMZ-DTAB samples were conducted using a
Pyris Diamond Perkin-Elmer (Yokohamo-shi, Japan).
The samples were heated from 50 to 1,000°C at a heating
rate of 10°Cmin' under a N, flow rate of
100 mL min".

2.4. Adsorption studies

Schematic of experimental fixed bed reactor is
shown in Fig. 1. A cylindrical glass column (80 cm in
length and 3 cm in diameter) was used with an upward
flow of influent. In order to study the effect of flow rate
(Q) on the performance of the adsorbent column, flow
rates of 12, 18, and 22 mL min ' with linear velocities
(F) of 4, 4.5, 5 cm min !, constant HA concentration of
50mg L', and constant bed depth of 40 cm were
applied. The effect of bed depth (Z) on the performance
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rate 18 mL min}, and in order to study the effect of
initial concentration (Cp) of HA on performance of the
adsorbent column, concentrations 30, 50, and 70 mg
L™ with constant bed depth 15 cm and constant flow
rate 18 mL min~' were used. Effluent samples from the
column were collected at specified time intervals, and
remaining HA concentrations in the solution were mea-
sured by a UV/vis spectrophotometer at a wavelength
of 254 nm. In all experiments, the temperature value
was controlled to 25+0.5°C. The pH of HA solution
was 7.00+0.10 adjusted to a given value by adding
either 0.1 M HCl or 0.1 M NaOH to study the effect of
pH of HA solution.

2.5. Mathematical column models

The loading performance of SMZ-DTAB to adsorb
HA from water in a fixed bed reactor was expressed
in terms of C./Cy as a function of time of the effluent
for a given bed depth, thus the breakthrough curves
(BTC) were obtained [15-18]. The maximum column
capacity, grotal (Mmg), for a given feed concentration and
flow rate (Q, mL min}) is equal to the area under the
plot of the adsorbed HA concentration (C,q, mg L")
versus effluent time (f, min) and is calculated from

Egs. (D-(3):

t=tiotal

. . . =— Caqdt 1
of the adsorbent column was studied using heights 10, Froul 1,000 fi—o u M
15, and 25 cm (equivalent to 25, 40, and 55 g) with con-
stant HA concentration 50 mg L™ and constant flow Ca = Co — C 2
3 cm
~  Glass wool
I
—
Peristaltic
Valve pump
80 cm =S
l Glass column
and glass rod
packed with | |} Effluent
Flowmeter SMZ-DTAB
éﬁt
HA solution

Fig. 1. The schematic diagram of fixed-bed reactor.
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t=tiotal

Ftotal = 1,000 /t:()

where Q is volumetric flow rate (mL min '), C, is
influent HA concentration (mg LY, C, is effluent HA
concentration (mg LY, t is effluent time (min), and
tiotal is total flow time (min). The equilibrium uptake
is the weight of HA adsorbed per g of adsorbent from
experiment (fe(exp), Mgg ) is calculated from the
following Eq. (4) [15-18]:

(Co — Cy)dt 3

e(exp) = Qt)o(tal 4)

where X is total dry weight of adsorbent in column
(g). The total amount of HA delivered to column
(Miota, mg) is given as in Eq. (5) [15-18]:

CO Q tlotal

Mtotal = 1.000

%)

The total HA removal efficiency (Y, %) is the
relation between the maximum capacity of the column

to the total amount of HA sent to column as in Eq. (6)
[15-18]:

v = Jou 100 6)

total

For the effective design of a column adsorption
process, it is significant to predict the BTC for the
effluent. Different kinetics models have been devel-
oped to predict the dynamic performance of the fixed
bed column.

2.5.1. Thomas model

The Thomas model is often used to estimate the
maximum adsorption capacity and adsorbent and
predict the BTC. The expression of Thomas model for
an adsorption column is given in a linearized form in
Eq. (7) as follows [15-19]:

Co > KTh‘]cX
Inf ——-1) =———=— Kn,Cot )
<(:t Q Th-0

where Ky, is the rate constant of Thomas model,
(mL min~" mg™"), g. is the equilibrium HA uptake per
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g of the adsorbent (mgg™"), and t is effluent time,
(min). The values of Ky, and g. can be determined
from a plot of In (Cy/C,— 1) against t{ using linear
regression analysis.

2.5.2. Adams—Bohart model

The Adams-Bohart model is applied for the expla-
nation of the initial part of the BTC. As shown in Eq.
(8), the linearized form is as follows [15-19].

C Z
In <C—;> = KABCOt — KABNO f (8)

where K p is kinetic constant of Adams—Bohart model
(L min"' mg™"), Ny is maximum adsorption capacity
of the adsorbents in terms of saturation concentration
from Adams-Bohart model (mgL™"), Z is bed depth
of column (cm), and F is linear velocity (cm min b).
From this equation, values describing the characteris-
tic operational parameters of the fixed bed column can
be calculated from a plot of In(C;/Cy) against t using
linear regression analysis.

2.5.3. Error analysis

The error analysis is used to confirm which model
was suitable by applying an error function (SS) as
shown in Eq. (9) [18]:

ssz\/zw )

where y is the experimental data, y, is the predicted
(calculated) data, and 7 is the number of experimental
data points. In order to select the best appropriate iso-
therm for the adsorption system, it is essential to ana-
lyze the data using SS, combined with the values of
the obtained correlation coefficient (R?).

3. Results and discussion
3.1. Determination of optimum loading of SMZ-DTAB

The removal of HA by NZ and SMZ-DTAB
samples at 0-200% surfactant loading (DTAB) were
studied wusing initial HA concentration (Cy) of
50 mg L™" as in Table 1. The results indicated that all
surfactant-modified zeolites (SMZ-DTAB) showed
great enhanced adsorption capacity of HA compared
to NZ. The concentration of HA adsorbed onto SMZ is
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Table 1
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Comparison of adsorption capacities of HA and Zeta potential of samples analyzed

Sample Caa (mgL™ Jiora (M) ofexp) (M g h T (%) Zeta-potential (mV)
NZ-DTAB-0% 38.45 69.21 1.73 76.90 —46.5
SMZ-DTAB-50% 45.75 82.35 2.14 91.50 -31.7
SMZ-DTAB-75% 45.40 81.72 2.05 90.80 —23.4
SMZ-DTAB-100% 46.25 83.25 2.09 92.50 -17.6
SMZ-DTAB-125% 47.65 85.77 2.15 95.30 -9.2
SMZ-DTAB-150% 48.06 86.51 2.16 96.12 0.32
SMZ-DTAB-200% 46.90 84.42 2.11 93.38 13.1

directly related to the percentage loading of DTAB
adsorbed on zeolite. The optimum loading of SMZ by
DTAB occurred at 150% ECEC which have been used
previously in characterization and was used later in
kinetic and modeling studies of SMZ-DTAB-150%.

The SMZ-DTAB-150% exhibited the highest uptake
(9e(exp)) ©f HA than other loading samples. This may
be attributed to two reasons. The higher amount of
DTAB adsorbed on NZ leads to the formation of a
monolayer of DTAB which covered the zeolite surface,
thus, allowing an increase in the adsorption capacity
of zeolite. Furthermore, DTAB molecules have a car-
boxyl group (tail) which facilitates the uptake of HA.
Hence, the adsorption of HA on zeolite is dependent
upon the presence and the nature of surfactant mole-
cules on the zeolite surface [20-23]. Table 1 also shows
that the Zeta potential (ZC-3000) increases with
increasing loading of DTAB. The zero point of charge
(zpc) was achieved for SMZ-DTAB at 150% ECEC
[14]. Above the DTAB loading level of 150% of ECEC,
effective volume was reduced leading to a lower
adsorption due to the large molecules of HA [24].

This adsorption pattern may reveal why the great-
est performance occurred when the DTAB loading
was equal to 150% of the ECEC. Based on Table 1, the
removal efficiency (y, %) and adsorption capacity
(qe(exp), mg g_l) of SMZ-DTAB are highest for SMZ-
DTAB-150% i.e. almost 96.12% and 2.16 mg g_l,
respectively, higher than that of NZ (76.90% and
1.73mg g ). It was also found that the adsorption
capacity is approximately 20% higher than that of NZ.

3.2. Characterization of NZ and SMZ-DTAB
3.2.1. Structural characterization by XRD technique

The X-ray diffractograms of NZ and SMZ at differ-
ent loadings of DTAB are presented in Fig. 2. The
mineralogical composition of NZ was found to com-
prise primarily of mordenite and additionally of
quartz, montmorillonite, and feldspar by means of

¢ Quartz; *Mordenite
SMZ-DTAB-200%

| SMZ-DTAB-150%
|

e -'u\n—l" ;._.AJ B i e e B S A
*] SMZ-DTAB-50%
HE e

o x *’Ww,,, e .
NZ-DTAB-0%

Intensity (a.u.)

5 10 15 20 25 30 35 40 45 S0 55 60 65 70 75 80

2Theta (Degree)

Fig. 2. XRD patterns of NZ and SMZ.

XRD [15,25]. Quartz was detected as a major compo-
nent in the NZ with 78.13%, while mordenite gave
only 21.86% based on the percentage of intensity
peaks at ;g (intensity at 100) for mordenite and I
for quartz (Fig. 2). The XRD pattern of the SMZ-DTAB
is very close to that of the corresponding parent NZ,
which indicates that the crystalline nature of the zeo-
lite is kept intact after modification by DTAB mole-
cules (Table 2). The relative intensity (I,o) of X-ray
peaks corresponding to some typical crystallographic
planes of the NZ and SMZ at different loadings of
DTAB are also shown in Table 2. The increased values
of I for SMZ are as a result of cation-exchange reac-
tion which takes place in NZs when modified by
DTAB.

3.2.2. FTIR spectroscopy

Fig. 3 shows the FTIR spectra of NZ, DTAB, and
SMZ. The FTIR spectrum of NZ composed of the
peaks of sorbed water and the vibrations of zeolite
framework T-O (T= Si or Al). The positions of the five
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Fig. 3. FTIR spectrum of NZ, DTAB, and SMZ.

main adsorption bands for the NZ were registered at:
3,439, 1,642, 1,038, 532, and 469 cm ™ '. The vibrations at
the 3,439 and 1,642 cm™" are assigned to the presence
of hydroxyl group of zeolitic water [15,26]. The band
at 1,038 cm ™' is attributed to a strong T-O stretching
vibration. Band at 532 cm ™! is assigned for double six
rings for Si-O-T bonds of zeolite framework, while
band at 469 cm™' is assigned for bending mode of
T-O [27]. The main adsorption bands for the DTAB
were assigned as follows: 2918 and 2,849 (-CH
stretching vibration), 1,487 and 1,407 (-CH scissoring
vibration), 911 and 825 cm ™! (C-O skeletal vibration).
The presence of additional peaks at 2,918 and
2,841 cm ™' are due to C-H stretching of hydrocarbon
originating from the DTAB which is present on
the SMZ structure. The frequencies and widths of the
CH, stretching modes depend highly on the
conformation and the packing density of CH, chains.
Broadening of bands in SMZ-containing DTAB mole-
cules implied a disordered zeolite structure compared
to the NZ [20].

3.2.3. Surface area and pore analysis

The adsorption characteristics of zeolites are the
products of increased adsorption potential inside the
small cavities, and this consists of van der Waals and
electrostatic forces. The adsorption potential in addi-
tion to the pore structure is the most significant
features controlling the adsorption characteristics of
zeolite [28]. The pore sizes, especially small ones, were
major factors in obtaining high removal efficiency of

HA [29-30]. Table 3 shows the surface area and poros-
ity for NZ and loading of higher adsorption capacity,
SMZ-DTAB-150%.

Surface area measurements were obtained using
three methods, Single point surface area at P/Po = 0.30,
BET and Langmuir, and porosity details all of which
proved that NZ is significantly different from
SMZ-DTAB-150%. In order to obtain surface area and
porosity details of NZ and SMZ-DTAB-150%, the N,
adsorption—desorption isotherms and the BJH pore
diameter distributions studies were first acquired. The
N, adsorption—desorption isotherm plots and BJH pore
diameter distributions of NZ and SMZ-DTAB-150%
are presented in Figs. 4 and 5. The NZ and SMZ-
DTAB-150% showed a type IV N, adsorption isotherm
shape with an obvious hysteresis loop, signifying the
presence of mesopores in all samples [26,31]. Further-
more, it can be seen that the hysteresis loop shifts
approach relative pressure (P/Pp)=1, to denote the
presence of macropores in NZ and SMZ-DTAB-150%.
Otherwise, the adsorption process on mesoporous
solids is often accompanied via adsorption-desorption
hysteresis [31]. Therefore, the isotherms demonstrated
a type H4 loops characteristic for parallel and roughly
horizontal branches and their appearance has been
attributed to adsorption—desorption in thin slit-like
pores. The Type H4 loop indicated that the zeolite
particles have internal voids of uneven shape and wide
size distribution. The hysteresis of type H4 also exhib-
ited hollow spheres with walls composed of ordered
mesoporous silica. This would propose that H4 hyster-
esis loops may only occur from the existence of large
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Fig. 4. N, adsorption—-desorption isotherms (a) and BJH pore diameter distributions (b) of NZ.
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Fig. 5. N adsorption—-desorption isotherms (a) and BJH pore diameter distributions (b) of SMZ-DTAB-150%.

mesopores entrenched in a matrix with pores of many
smaller sizes. In contrast, The isotherm for NZ and
SMZ-DTAB-150% showed an obvious and light wide
hysteresis loop at relative pressure of 0.45, which is
distinctive for mesoporous zeolite of ink bottle-type
pores with pore necks lesser than 4 nm (Figs. 4(a) and
5(a)). NZ and SMZ-DTAB-150% had a high ratio of
mesoporous volume, which was in good conformity
with the results in Table 3 [32]. These analyses agreed
well with BJH pore diameter distributions of NZ and
SMPZs (Figs. 4(b) and 5(b)), which confirmed that the
NZ and SMZ-DTAB-150% have a wide pore diameter
distribution in mesoporous domains. Bigger pore size
makes wider surface area of the materials thereby
giving more exchange sites and resulted in higher
adsorption capacity [33]. Pure zeolites contain almost
micropores and external surface area, but after sub-
jected to different treatment, a mesoporous structure
could be created [34].

The high surface area for NZ can provide more
sites for cationic surfactants to be adsorbed onto NZ.
The surface area of NZ becomes smaller after modi-
fied using DTAB as a result of a layer of surfactant
surrounded zeolite particles resulting in the larger
pore size. Also, the surface area measurement for
adsorption capacity is important for the HA removal
efficiency. In general, a larger surface area translates
into a greater adsorption capacity. The pore volumes
of NZ also decreased when it was modified with the

cationic surfactants DTAB (Table 3). The pore size
data using BET and BJH revealed that the SMZ-
DTAB-150% are higher than NZ. A probable explana-
tion is that the cationic surfactant blocked in a greater
proportion the smallest pore diameters and so, the
average pore diameter increased [35]. This implies that
adsorption in this zeolite is not a surface process, but
is rather a volume filling.

On the other hand, the results of the density func-
tional theory (DFT) (Table 3) establish the presence of
additional porosity at <10.22 A after modification and
did not exist in the NZ, which arises as a result of the
interstitial voids existing between the nanopores [36].
This also explains the reason for the high absorption
capacity of SMZ-DTAB-150%. Table 3 indicates using
Horvath-Kawazoe pore size that the maximum pore
volume and median pore width of NZ decreased after
modification [37]. The result is in good agreement
with the average results from DFT pore size.

An important aspect in the characterization of
microporous solids is the evaluation of the parameters
that characterize the microporous structure. Dubinin—
Radushkevich (DR), and Dubinin-Astakhov (DA) have
equations for describing the physical adsorption of
gases on microporous solids [38—40]. The results of DR
and DA reflected the role of surfactants to reduce the
micropore surface area of NZ which in turn affects
the adsorption capacity of SMZ (Table 3). Moreover,
the DR and DA data show monolayer capacity and
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limiting micropore volume of NZ have decreased after
modification by cationic surfactant. It indicates that
the nanoporosity and mesoporosity of NZ gradually
decreases due to the cationic surfactant modified [41].

Overall, based on all results of surface area and
porosity details, it was found that the surface area and
pore volume decreased after modification, while pore
size increased by DTAB. This is part of the main
reasons that enabled the SMZ-DTAB-150% to have
enhanced adsorption capacity for HA compared
to NZ.

3.2.4. Surface morphological and elemental analysis

The morphological characteristics of NZ (morde-
nite) and SMZ-DTAB-150% were captured using FE-
SEM. The results are presented in Fig. 6 with a
resolution of 1 um to show the modification of zeolite
by DTAB. Fig. 6(a) exhibited a distinct flowery pattern
with some sheet-like morphology for NZ. Conversely,
the SMZ-DTAB-150% represents an image of an
uneven surface (Fig. 6(b)). These results indicate that
an organic layer was shaped on the surface of NZ
after being modified by DTAB. The results of EDX ele-
mental analysis are obtainable in Table 4. Because
energy dispersive is less sensitive to elements with
atomic numbers less than 20, the weight percents
listed in the related tables in these figures has been
considered on an oxygen-free basis [42]. The cations of
NZ comprise of Na*, K*, and Mg2+ as well as Fe®*
from the heavy metal groups to balance the negative
charge of zeolites framework. The elemental composi-
tion obtained indicates that the elemental weight per-
centages of carbon ions raise from near zero in NZ to
15.05% in SMZ-DTAB-150%, which indicates the
presence of surfactant that interact with NZ surface.
Furthermore, the higher percentage of carbon ions is a
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significant indicator of its existence with a large
amount of alkyl group on zeolite surface and explains
the reason for SMZ-DTAB-150%-enhanced ability to
remove HA compared to other samples.

The elemental weight percentages of magnesium,
potassium, and iron ions resulted from SMZ were
found to vary. The ion exchange occurred for K%,
Mg*", and Fe*" rather than Na* due to zeolite modifi-
cation which in turn affects the surface area, thus pore
size to allow ion exchange. The percentage of Na* in
EDX spectrum of sample NZ is near to zero. After
zeolite modification, the sodium ion percentage
increased with increasing adsorption capacity. Sodium
ions included within the interparallel pore are more
difficult to recover via ion exchange [43]. The larger
pore size of SMZ, as noted previously, provides a
more facile passage for metal ions and increases its
resulting exchange rate compared to NZ.

The chemical and physical properties of the zeolite
depend substantially on the silica to alumina ratio
(SAR) in the framework [44]. The model unit cell for-
mula of mordenite is known as Nag [(Al,O3)4
(Si0,)40].24H,0. This demonstrates a silica/alumina
ratio of 10:1 [45]. The presence of the negative frame-
work and the positive cations encourage strong elec-
trostatic field on the zeolite surface, this affects the
interaction capacities with polar molecules such as
water. SAR of NZ and SMZ-DTAB-150% define the
chemical composition of the zeolite framework struc-
ture, where zeolite with low SAR will include high
amount of Al in the zeolite framework. In this study,
as indicated in Table 4, the present NZ (mordenite)
has a lower SAR (3.47%) compared with other types
of zeolites previously used [44-46], hence leading to
higher load (amount) of surfactant attached to zeolite
surface. The results also showed that the Si element of
deceased  significantly = with

SMZ-DTAB-150%

Fig. 6. SEM micrographs of (a) NZ and (b) SMPZ-DTAB-150% at 10.00 K X modification.
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increasing amount of surfactants. In contrast, percent-
age of Al element has not changed considerably. This
is due to the presence of aluminum in center of frame-
work of zeolite that is less affected by additional sur-
factant, while silicon, inside of framework, is more
affected by cationic surfactants [47,48]. On the other
hand, the deceased of SAR for different SMZ-DTAB-
150% has lead to increasing adsorption of HA from
water. Thus, the modification of NZ by DTAB
decreased SAR as result of the change in electronega-
tivity by reducing Si element and pore size distribu-
tion of the zeolite. Therefore, the SAR has effected the
surface properties and their framework flexibility [49].

3.2.5. Thermal analysis

Thermogravimetric analysis (TGA) is also per-
formed as an important thermal analysis for the study
of hydrated state in porous zeolite and displays the
thermal stability of the materials [26]. The TGA curve
for NZ is shown in Fig. S1. There were two stages of
weight loss observed. The maximum weight loss for
external water was released up to 285°C followed by a
slowed weight loss up to about 980°C. After 285°C, the
NZ started to lose its loosely and tightly bound water
[26,50]. The total weight loss up to 980°C was calcu-
lated as 6.77 %. This value was reported as 7 % in both
studies of Arletti et al. [51] and also Martucci et al.
[52]. The loss shown in the DTG curve is as a result of
water molecules weakly bound to the zeolite surface
for loss below 100°C, and water molecules inside the
channel, contributing to loss at higher temperatures.
Based on the result of DTG analyses, the amount of
water on the surface of the mordenite zeolite corre-
sponds to about 2.50% in weight, whereas the struc-
tural water or hydroxide group accounting for the
residual weight loss represents about 4%. The main
intensive derivative curve peaks due to loss of water
molecules were observed from DTA at below 80°C.

In contrast, the TGA curves for SMZs revealed
three stages of weight loss (Fig. 52). At low tempera-
ture, the DTG curve of the SMZ-DTAB-150% and NZ
shows a similar behavior (with a loss around 3% at
100°C). The weight loss between 30 and 200°C for
SMPZ-DTAB-150 % is 2.06. This result suggested that
the DTAB have a great ability to replace external
water molecules due to their small size. This has been
previously observed in the literature [53] which was
also proved by porosity analysis (Table 3) where the
SMZ-DTAB-150% was shown to have a higher pore
size. Moreover, results of TGA show NZ are hydro-
philic materials where the total weight lost due to
water molecules loss are higher (6.77%) compared to
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SMZ-DTAB-150% (5.66%). This was due to the forma-
tion of the monolayer of cationic surfactant that chan-
ged into hydrophobic layer [53].

The weight loss above 200°C, which corresponds to
8.59 mg, can be ascribed to desorption and/or decom-
position of DTAB from zeolite pores at about 600°C.
DTAB existed as residual surfactants on the NZ struc-
ture at 600°C. Based on previous studies [54-56], the
decomposition of cationic surfactant within SMZ usu-
ally take places in two phases; the first phase corre-
sponds to the decomposition of surfactants connected
to their adjacent molecules during hydrophobic inter-
action and the second phase results from the removal
of surfactants connected to the surface of zeolite dur-
ing electrostatic interaction. The occurrence of the
derivative curve peak (DTA) appeared between 200
and 300°C in the SMZ-DTAB-150% DTA curve. This
indicated the presence of DTAB on external zeolite
surface [50,51]. Similar curve was absent in the NZ
DTA curve and confirmed that some cationic surfac-
tants” molecules had been bound to the zeolite surface
via electrostatic interaction after the modification
process [26].

3.2.6. Proposed adsorption mechanisms of HA by SMZ
and effect of surfactants loading levels of DTAB

The removal of HA by SMZ-DTAB occurs by two
major mechanisms, the chemical and physical adsorp-
tion. The chemical adsorption mechanisms have been
proposed as follows: hydrophobic interaction, hydro-
gen bonding, van der Waals interactions, and electro-
static attraction [54,57]. The binding between cationic
surfactant DTAB and HA is caused by electrostatic
and hydrophobic attractions. This indicates that
hydrophobic interaction or electrostatic attraction may
play a significant role in HA adsorption onto DTAB
modified zeolite [14,24]. Also, the configuration of
hydrogen bonds between C or N of DTAB and hydro-
xyl groups and carboxylic groups of HA may be
suitable to HA adsorption onto SMZ-DTAB.

The Zeta potential that varied with different DTAB
loadings (Table 1) reflects the change between mono-
layer and bilayer coverage on the SMZ-DTAB. Pro-
posed surfactant formations of adsorbed surfactant
molecules are illustrated in Fig. S3. The zeolite surface
increasingly loses its negative charge with increasing
DTAB loading and changed from hydrophilic to
hydrophobic [14].

The physical adsorption of HA by SMZ-DTAB
including several phases, at the 0% loading of
DTAB, is relatively insignificant perhaps because of
the strong dipole interaction between NZ and
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water, which prevents the HA adsorption on zeolite
surface [23,26].

The mechanism of HA removal from water have
varied after NZ was modified by DTAB. Fig. S3 (Sup-
plementary data) explains through the stages of pro-
posed schematic diagram of cationic surfactant
molecules (DTAB) on the negative surface of NZ. The
resultant hydrophobic organic monolayer surface
would encourage more contact and interaction with
soluble HA, in order improving the adsorption of HA
by van der Waals interactions (Fig. S3(a)). The high
number of hydrogen bonds between C or N of DTAB
and hydroxyl groups, carboxylic groups, and phenolic
groups of HA guarantees additional effective adsorp-
tion of HA. At the same time, the zpc at submonolay-
er sorption of SMZ-DTAB-50% until 125%, the
distribution, and hence the density of DTAB in the
NZ are controlled by the charge on the zeolite surface.
Because the DTAB is a high molecular weight surfac-
tant, (308.34 g mol ") it cannot penetrate the internal
micropores of NZ channels and therefore are only able
to access the external surface area. The NZ contain
simply micropores and external surface area, but after
modification with DTAB, a mesoporous structure
could be formed [14,20]. Also at submonolayer, the
DTAB forms hemimicelle at the solid-aqueous inter-
face via a cationic exchange process at surfactant con-
centration at or below its critical micelle concentration
(CMO) [58].

At SMZ-DTAB-150%, utmost hydrophobicity
encourages higher contact and interaction; hence, SMZ
favors a large amount adsorption of HA at this point.
Hydrogen bonds also exist among the functional
groups of HA. The amount of interparallel pores size
at this point is at the maximum making it possible for
a higher adsorption rate of HA molecules (Table 3 and
Fig. S3(b)). The zpc, at SMZ-DTAB-150%, may
correspond to a complete monolayer surface coverage
by DTAB, which means it is a best pointer for a surface
showing utmost hydrophobicity. Optimal amount of
DTAB takes place at loading level 150% of ECEC
where the DTAB is expecting to appear as a monolayer
on the external surface of the NZ with the lower
surface held by the electrostatic attraction between the
negatively charged zeolite surface and the positively
charged DTAB head groups (Fig. S3(b)).

Furthermore, the characterizations of NZ and
SMZ-DTAB explained the principal reasons that
affected the adsorption of HA. The loading of DTAB
will lead to deceased surface area and porosity of zeo-
lite samples (Table 3). XRD results (Table 2) show
reduced relative intensity also the silica alumina ratio
(Table 4) which in turn cause low adsorption capacity
of HA (Fig. S3(c) and (d)). Moreover, the conformation
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(or the gauche/trans conformed ratio) and the packing
density of methylene chains determined the frequen-
cies and widths of the CH, stretching modes [24]. For
the all-trans alkyl chain of crystalline DTAB, FTIR
spectra (Fig. 3) showed the positions of CH, asymmet-
ric and symmetric stretching modes are around 2,918
and 2,849 cm ™, respectively. If conformations disorder
is involved in the chains, their positions would change
to higher wavenumber, depending upon the average
content of gauche conformers [24]. Meaningful differ-
ences in frequencies between the SMZ-DTAB and the
crystalline DTAB indicated that DTAB molecules on
the SMZ have a more disordered structure than the
crystalline DTAB.

Fig. S3(c) and (d) illustrates that above SMZ-
DTAB-150%, an effective compact volume also causes
a lower adsorption. This adsorption behavior may dis-
close why the higher adsorption capacity occurred at
the loading DTAB 150% of ECEC without the others
[59]. Values above zpc at multilayer of DTAB mole-
cules tend to reduce the surface area and alter surface
charge. Thus, interparticle size becomes lesser for the
HA to enter and be adsorbed and again, the surface
be converted into hydrophilic [59]. Therefore, the
aqueous cationic surfactant concentration is larger
than the CMC and sufficient amount surfactant exist
in solution; the loaded cationic surfactants on the
external surface of zeolites form a bilayer, above CMC
[24,60]. The upper surface is therefore connected to
the lower surface through the hydrophobic interaction
between the DTAB and tail groups in both surfaces
(Fig. S3(d)).

3.2.7. Influence of operating conditions on column
adsorption of HA

3.2.7.1. Effect of feed flow rate on BTC. The effect of flow
rate of HA in the form of the BTCs of SMZ-DTAB-
150% is shown in Fig. 7. The breakthrough time was
found to increase with decreasing flow rate with flow
rate 12, 18, and 22 mL min~' gave around 10, 80, and
70 min, respectively. At higher flow rate, BTC occurs
at shorter time with the remaining HA still higher in
the effluent. The lower feed flow rates induced more
effective removal of HA, as can be seen, lower HA
remains in the effluent from the lowest flow rate
curve. These results could be demonstrated by the
retention time of HA ions and mass transfer inside the
column packing. At a lower flow rate of adsorbent,
HA had more time to be in contact with adsorbent,
which lead to a greater adsorption of HA molecules in
fixed bed as a result of the higher empty bed contact
time [26,61]. Many HA ions would then directly go
through the column packing and interact with the
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Fig. 7. BTCs: the effect of different feed flow rates (Q) on
HA adsorption using SMZ-DTAB-150% at Co=50 mg L™",
Z=15cm and pH 7.00.

adsorbents. As a result, this reduced the effluent HA
level, leading to delayed breakthrough and thus,
improve the performance of SMZ adsorbent. As a con-
sequence, HA removal increased at the breakthrough
point when the inlet flow rate decreased.

3.2.7.2. Effect of column bed depth on BTC. In this study,
the SMZ-DTAB-150% were packed in the columns
with bed depth (Z) ranging from 10 to 20 cm. The
influent HA concentration and the feed flow rate in
the fixed bed reactor were fixed at 50 mgL™' and
18 mL min ', respectively (Fig. 8). The results illus-
trate that the volume of breakthrough changes with
bed depth. As BTC at the bed height (adsorbent mass)
increases, the HA had more time to be in contact with
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Fig. 8. BTCs: the effect of different bed depths on
HA adsorption of SMZ-DTAB-150% at Q=18 mL min ™',
Co=50 mg L™ and pH 7.00.
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SMZ-DTAB-150% that led to higher removal efficiency
of HA molecules in column. Thus, the higher bed
depth led to a decrease in the HA concentration at the
same service time. High removal was observed at the
highest bed depth. This was because of an increase in
the surface area of adsorbent, which provided more
binding sites for uptake. It was also clear that at the
greatest bed depth, the contact time also increased as
a result of the increased binding sites of the column
[26,61].

3.2.7.3. Effect of influent HA concentration on BTC. The
fixed bed adsorption was performed by feeding the
HA influent with HA concentrations (Cy) of 30, 50,
and 70 mgL™". The inlet upward flow rate of the
influent and the bed depth of the column were fixed
at 18 mL min 'and 15 cm, respectively (Fig. 9). It can
be seen that the BTC generally occurred faster with a
higher influent HA concentration. Breakthrough time
reaching saturation was increased appreciably with an
increase in the influent HA concentration. These
results indicated that the change in concentration gra-
dient impacts the saturation rate and breakthrough
time. This is as a result of an increase in mass driving
force which allows more HA to pass from the aqueous
solution to the adsorbent surface [16,19,61]. This in
turn led to more adsorption sites being covered as the
HA concentration increases.

In most operating conditions on column adsorption
of HA, the rate of C,/C, decreased gradually with an
increase in influent time to reach almost a constant
value. However, the result that we obtained is differ-
ent from the usual trend of the adsorption behavior of
SMZ where the C,/C, increases with time. Our result
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=
o0
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o
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Fig. 9. BTCs: the effect of different influent concentrations on
HA adsorption using SMZ-DTAB-150% at Q=18 mL min~’,
Z=15cmand pH?7.
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can be explained in terms of the duration of time for
the adsorption process took place. In this study, it was
observed that most of the adsorption took place
within one hour of contact time, while previous stud-
ies have more than two hours. Thus, it is expected
that the C,/C, increases with increasing contact time of
the adsorption process for more than three hours. In
that short time of adsorption, the rate of adsorption
onto a SMZ-DTAB-150% surface depends upon a
number of parameters such as structural properties of
the adsorbent, initial concentrations of the HA, and
the interaction between the HA and the active sites of
the SMZ-DTAB-150%. However, the adsorption pro-
cess is considered as a surface phenomenon, the possi-
bility of intraparticle diffusion into porous adsorbent
can be possible. The pore size distribution plays a
more important role than the surface area, in the
adsorption process. In any porous materials, particu-
larly in a dynamic system, the major resistance to
mass transfer occurs during the movement or diffu-
sion of solute within the pores of the particles [62].
Also, HA adsorption is depended on formed bonding
between two hydrophobic surfaces, SMZ-DTAB-150%
and HA. Hence, fixed bed adsorption experiments
providing for longer times before breakthrough were
performed due to low friction loss associated with
passing HA through powder surfactant zeolite beds.
In addition, that specific or electrostatic interaction
become more rapid with increasing contact time, since
repulsion is reduced [63].

3.2.8. Evaluation of HA adsorption in fixed-bed column

3.2.8.1. Evaluation of Thomas model. To determine the
equilibrium HA uptake (g.) to the adsorbent and rate

Table 2
Typical X-ray peaks of NZ and SMZ-DTAB
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constant of Thomas model (Ktn), experimental data
were fitted into Eq. (7). The simulated breakthrough
profiles and the modeling parameters are obtainable
in Supplementary data, Figs. S4, S5, and S6, respec-
tively, and Table 5. Linear regression results and val-
ues of R? are listed in Table 5, where values of R?
ranged from 0.87 to 0.92 with the SS between 6 and
13. Consistent with Table 2, the calculated g. from
Thomas model is greater than the experimental ge(cxp)-
It is also seen in Table 5 that as flow rate and adsor-
bent weight increased, the value of q, decreased, other
than the value of kg increased. As initial concentra-
tion increases, the value of g, and kyy, increased and
decreased, respectively. Accordingly, the experimental
data are in good agreement with the theoretical results
(Table 5).

3.2.8.2. Evaluation  of  Adams—Bohart  model. Linear
regression results (Table 6) demonstrated that the
kinetic constant of Adams-Bohart model (Kap) and
maximum adsorption capacity of the adsorbents of the
adsorbent (Np) increased and decreased, respectively,
with increasing flow rate and adsorbent weight. This
is as a result of additional saturation of adsorbent sites
Ny that decreased with increasing flow rate. On the
other hand, both Ksp and N deceased with increasing
column length. Linear plots of Adams-Bohart model
in different heights, flow rates, and concentrations are
presented in supplementary data, Figs. S7, S8, and S9,
respectively. The predicted curves from the Adams-
Bohart model were compared with the corresponding
experimental data at different experimental conditions.
There is a good agreement between the experimental
data and the predicted values. However, the results of
linearized simulation were found to have lower

NZ SMZ-DTAB-50% SMZ-DTAB-150% SMZ-DTAB-200%
20 d (A L d (A9 Lial d (A9 Lo d (A9 Lo
9.87 8.95 10.4 8.98 11.9 9.06 12.4 9.07 11.1
13.58 6.51 6.10 6.56 8.30 6.54 8.20 6.58 7.00
19.74 4.49 9.70 448 9.10 4.52 9.60 4.52 9.90
22.29 3.98 12.8 3.97 15.7 4.00 159 3.99 11.1
25.73 3.45 224 3.46 14.1 3.48 14.9 347 13.3
26.71 3.33 100 3.33 100 3.35 100 3.35 100
27.70 3.21 18.0 3.21 14.3 3.23 13.8 322 15.5
29.98 297 7.70 2.98 8.20 2.99 7.50 2.99 8.90
30.92 2.88 10.10 2.89 11.0 290 10.4 2.89 6.10

Note: d: interplanar spacing; I;e;=1/Imay: relative intensity.
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Table 3
The surface area and porosity details of NZ and SMZ-DTAB-150%
SMZ-DTAB-

Zeolites NZ 150%
Surface area (m*g™")
Single point 49.6406 29.6313
BET 53.3903 29.8824
Langmuir 112.0103 46.2639
Pore volume (cm®g ")
Single point adsorption 0.094865 0.069493
Single point desorption 0.097818 0.072859
Pore size (A)
BET adsorption APD 71.0731 93.0224
BET desorption APD 73.2849 97.5273
BJH adsorption APD 74.256 107.127
BJH desorption APD 67.720 86.580
DFT pore size
Volume in pores <1022 A (em’g™") 0.0000 0.00404
Total volume in pores <318.00 A 0.07267 0.04168

(em’g™)
Total area in pores>10.22 A (m*g™) 39.052 26.307
Horvath—Kawazoe
Maximum PV (cm®g™) 0.018759 0.011880
Median pore width (A) 12.601 11.512
Dubinin—-Radushkevich
Micropore SA (m*g™") 42.8679 30.6450
Monolayer capacity (cm®g ") 9.848852 7.040664
Dubinin—-Astakhov
Micropore SA (m’g ™) 43.8830 28.9844
Limiting MV (cm®g™") 0.024710 0.016204

Note: APD: Average pore diameter; PV: Pore volume; SA: Surface area; MV: Micropore volume.

correlation coefficient value (R* between 0.83 and 0.91)
and also greater error function value (S5 more than
11) as compared to Thomas model, thus it does not
display reliability of the Adams-Bohart model. How-
ever, such model is still valid for the relative concen-
tration region up to 0.5.

Table 4
Composition of major elements (%) in NZ and SMZ-
DTAB-150% by EDX

Major elements NZ SMZ-DTAB-150%
C 0.00 15.05

Na 0.29 0.45

Si 28.45 24.66

Al 8.21 10.54

Mg 1.1 0.14

K 4.58 0.40

Fe 3.30 5.05

Si/Al 3.47 2.34

3.3. Comparison with other different solid adsorbents

Distinct types of natural and synthetic adsorbents
were used in HA removal from water. HA adsorp-
tion on a variety of adsorbents was widely referred
to in the literature. Table 7 gives a comparison on
HA uptake capacities of some natural, modified, and
synthetic adsorbents, based on mg of HA adsorbed
per gram mass of adsorbent. The capacities of the
sorbents depend on types of HA and adsorption
conditions.

From Table 7, the highest capacity of pillared ben-
tonite is due to the highest BET surface area
(111.3 m*g™") [65]. The adsorption capacity of SMZ-
DTAB-150% is comparable to other adsorbents [67].
The maximum adsorption capacity (q,) achieved with
SMZ-DTAB-150% is 2.16 mg g~', which is acceptable
for SMZ-DTAB-150% to be an adsorbent, with the
benefit of easy handling and cost effectiveness. Zeolite
modified with DTAB proves as an attractive
alternative for HA adsorption.
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Table 5
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Thomas model parameters using linear regression analysis for HA adsorption to SMZ-DTAB-150% under various

operating conditions

Q V4 CO KTh e R2 e (exp) Y SS
(mL min ") (cm) (mg LY (mL min " mgfl) (mg gfl) (mg gfl) (%)

12 15 50 0.246 2.70 0.92 2.35 97.99 12.07
18 15 50 0.324 2.38 091 2.17 96.17 9.22
22 15 50 0.356 2.36 0.87 2.08 94.69 6.59
18 10 50 0.336 3.44 0.91 3.09 95.31 8.43
18 20 50 0.322 2.30 0.90 1.94 98.69 12.41
18 15 30 0.454 1.60 091 1.27 94.04 8.99
18 15 70 0.280 3.39 0.91 3.08 97.63 10.55
Table 6

Adams-Bohart model parameters using linear regression analysis for HA adsorption to SMZ-DTAB-150% under various

operating conditions

Q Z Co Kag No

(mL min™") (cm) (mgL™) (Lmg ' min™") (mgL™) rR? SS

12 15 50 0.24 26.29 0.83 11.70

18 15 50 0.30 18.52 0.90 12.03

22 15 50 0.32 17.49 0.91 11.22

18 10 50 0.31 25.62 0.91 11.68

18 20 50 0.34 17.50 0.89 11.29

18 15 30 0.41 12.96 0.89 12.00

18 15 70 0.26 25.00 0.90 10.97

Table 7

Comparison of adsorption capacity of various adsorbents towards humic acid

Adsorbent Adsorption capacity (mg g~ ") References

SMZ-DTAB-150% 2.16 This study

CPB-modified zeolite 92 [24]

Surfactant-modified chitosan/zeolite composite 164 [26]

Metal-modified silica 1.5-3.6 [64]
0.2-3.6

Pillared bentonite 537 [65]

Activated sludge 24 [66]

Rice husk ash 2.7 [67]

Modified rice husk ash-NH, 8.2 [671]

4. Conclusions

In this study, NZ (mordenite) has been success-
fully modified using DTAB as a surfactant as charac-
terized using XRD, FTIR, surface area and pore size,
FESEM, and TGA analysis. Experimental and theoreti-
cal investigations carried out to evaluate the fixed bed
column performance of HA removal from water onto

the surfactant-modified zeolite at 150% ECEC loading
of DTAB gave the optimal operating conditions for
the fixed bed reactor employed a feed flow rate of
12 mL min "}, adsorbent bed depth of 20 cm, and HA
influent concentration of 70mgL™". The results
showed that SMZ-DTAB was an effective adsorbent
for the removal of HA from water. The transient stage
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or working stage of the BTC fitted well by the Thomas
models using linear regression analysis for HA
adsorption under all experimental conditions studied,
while the initial region of the BTC was described well
by the Adams-Bohart model. It is proposed that the
hydrophobic nature of a DTAB monolayer interacts
with HA which in turn contributed to the enhanced
HA adsorption on SMZ-DTAB surfaces mainly as a
result of the hydrophobic interaction, hydrogen
bonding, and partitioning mechanism.

Supplementary material

The supplementary material for this paper is avail-
able online at http://dx.doi.10.1080/19443994.2015.
1021846.
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