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Using Alkylammonium Salt to Enhance the Adsorption Potential
for Ca-Montmorillonite Clay to Remove Color Effluent from Wastewater
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Abstract: Ca-montmorillonite raw clay (Ca-M) was modified using two different
alkylammonium salts, tetramethylammonium iodide (MT) clay, tetrabutylammonium
iodide (BT) clay, and used as an adsorbent to remove Biebrich scarlet (BS) dye from
wastewater in batch mode. Clay samples were analyzed using an atomic force microscope
(AFM), Fourier transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD).
The effects of operating parameters affecting the adsorption of BS dye onto clay samples were
studied, such as clay weight, adsorption period, initial BS concentration, temperature,
and pH. The experimental data were analyzed using Langmuir and Freundlich
adsorption isotherm models; the obtained values of correlation coefficient R* showed that
the adsorption followed the Freundlich isotherm model. Thermodynamic data reveal that
the adsorption of BS dye onto BT and MT clay samples is exothermic and occurs
spontaneously with a decrease in disorder. In contrast, the adsorption of this dye onto raw
clay is endothermic and occurs spontaneously with an increase in disorder. The lower
values of enthalpy change refer to the adsorption process as physisorption type. The results
of kinetics analysis for the adsorption process showed that the pseudo-second-order model
was more suitable to represent the adsorption process than the pseudo-first-order model.
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m INTRODUCTION

Recent decades have seen a rapid increase in
industrial activity, producing enormous amounts of
wastewater and raising concerns about water pollution
[1]. Wastewater has a strong smell. It contains a lot of
suspended matter, nitrogenous materials, and organic
waste that is resistant to treatment; these characteristics
are typically assessed by chemical oxygen demand. It is
concerning that, especially in low-income nations, this
toxic effluent is frequently dumped carelessly into rivers
and lakes [2]. Significant risks to human health are
associated with the accumulation of hazardous water
contaminants in living organisms and other environmental
media. Technologies and materials that are accessible,
easy to use, environmentally benign, transportable,
economically efficient, and chemically robust are
desperately needed to meet the world's massive demand

for clean water. Globally, biological systems, food
chains, the economy, and the environment are all
negatively impacted by pollutant toxicity [3]. Significant
environmental issues are brought on by the numerous
dyes found in wastewater, which also contain mutagenic
and carcinogenic substances like metals. Because dyes
are resistant to light, heat, chemicals, and water; they are
visible even at low concentrations, making them
challenging to biodegrade in the environment [4].
Biebrich scarlet (BS) dye is widely used in a variety of
industries, including paper, cotton, silk, and wool [5], so
it is hazardous and non-biodegradable, putting human
health and aquatic life at risk [6]. Although these dyes
are dangerous, the risks associated with anionic dyes are
more severe and include dermatitis, bladder damage,
cancer, and asthma [7]. Different treatment methods
and techniques to overcome the problem of dye removal
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from wastewater include chemical oxidation and
membrane, filtration, microbiological degradation, and
adsorption [8].

A variety of treatment techniques have been refined
to remove colors from industrial effluents. For example,
therapy,

coagulation, oxidation, and electrochemical procedures

biological membrane separation, aerobic
are widely used. However, the adsorption approach is
regarded to be one of the frequently used techniques for
the removal of harmful organic and inorganic chemicals
due to its simplicity, viability, and capacity for effective
adsorption [9]. Finding cheap and efficient adsorbents
such as fly ash, peat, wood powder sawdust composite,
coir pith, and lignin has become increasingly focused on
contemporary times. The main component of bentonite
is expandable montmorillonite clay [4]. There is an
extensive range of clay minerals and clays that can be used
as the best adsorbents. Two main categories of clays are
kaolin and montmorillonite, but there are other subtypes
of clay that their chemical compositions have been
identified in relation to the main classification [10].

Montmorillonite is employed extensively because of
its low cost, plentiful reserves, large specific surface area,
excellent cation exchangeability, and potent adsorption
advantage. Because of its positive charge, the cationic
surfactant can increase the distance between the layers of
montmorillonite by exchanging ions with the cations
between them in weakly acidic conditions. Additionally,
its hydrophilic qualities can be changed to organophilic
ones by modifying its surfactant, which increases the
material's ability to adsorb organic contaminants. This is
because organic molecules are hydrophobic, making it
difficult for molecules on the surface of montmorillonite
to form hydrogen bonds with them [11]. The structure of
montmorillonite clay is a 2:1 type of clay mineral, which
consists of two sheets of silica tetrahedra sandwiching a
sheet of alumina octahedra. Between the 2:1 layers, an
interlayer space of about 1-2nm or more contains
exchangeable cations, such as sodium, calcium, and
potassium, as well as water molecules [12].

In this research, Ca-montmorillonite was used due
to its promising properties, such as large surface area and
high cation exchange capacity. Thus, it can be used as an
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effective adsorbent to remove BS dye and treat
wastewater. Modification leads to unique properties of
clay. The modification carried out two types of salts,
iodide (MT), and
tetrabutylammonium iodide (BT), due to their low cost

tetramethylammonium

and ease of processing. They also enhance the
adsorption capacity of clay samples to the adsorbed dye.
The adsorption process is one of the most widely used
techniques for eliminating contaminants and colorants
from wastewater due to its many benefits: low cost and
energy consumption, easy operation, reduced initial
investment needs, and increased efficiency compared to
conventional and non-conventional approaches.

m EXPERIMENTAL SECTION
Materials

The BT was at a concentration of 98.0% from the
company BDH, and MT was from Fluka AG, Buchs SG.
The BS dye was at a concentration of 99.0% from BDH
chemicals. BS or Acid Red 66 dye is an anionic water
soluble dye with chemical formula C;,H4NsNa,O,S; [13].
It has TUPAC name as sodium-6-(2-hydroxynaphthylazo)-
3,4-azodibenzenesulfonate, molar mass 556.48 g/mol; its
maximum wavelength is 506 nm [14]. The chemical
structure of BS dye is shown in Fig. 1 [15].

Instrumentation

The physical assessment was analyzed using
atomic force microscopy (AFM 2022, Nanosurf, and
Switzerland). FTIR (Shimadzu-8400, Japan) was utilized
in this study to analyze the vibrations of the synthesized
compounds. Structural assessment of the clay samples was
characterized using an XRD diffractometer (Shimadzu
XRD-6000, Japan).
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Fig 1. Chemical structure of BS dye
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Procedure

Adsorbents preparation

Ca-Montmorillonite clay (Ca-M) was supplied by a
state company for mining industries in Baghdad, Iraq.
The cation exchange capacity CEC for the pure Ca-M was
65 mg/100 g, and its mesh size was 75 mm. The mineral
compositions for this clay are shown in Table 1. This clay
was modified using two alkylammonium salts: BT and
MT. These two salts have been purchased from Fluka. The
Ca-M was initially washed several times with distilled
water to remove suspended impurities and then dried at
room temperature. After that, 10 g of clay was dispersed in
100 mL of each of BT and MT, and the mixture was stirred
for 2 h at 50 °C, where the clay loaded with both BT and
MT was filtered and washed with a sufficient amount of
distilled water. The produced clay was then dried for 48 h
and stored in a dry place for adsorption studies [4].

Preparation of BS dye

To prepare a stock solution of 1000 mg/L BS dye, 1 g
of the pure dye was dissolved in 1 L of distilled water. This
solution was then diluted to obtain different 10, 20, 30, 40,
and 50 mg/L concentrations. The dye concentration at
equilibrium was determined using UV-vis spectrometer
type (Shimadzu UV-1800, Japan) at Am. 506 nm.

Adsorption experiments

The adsorption experiments for BS dye onto clay
and modified clays have been implemented using the
batch equilibrium method. A certain weight of clay
samples was added to a 25 mL BS dye solution ina 100 mL
conical flask. The mixture was stirred by a water bath with
thermostat type JTYS-1000 China at a predetermined
speed, specific time, and temperature. Then, the solution
was centrifugated for 5 min at 4000 rpm to remove the
supernatant; the residual BS dye concentration was
estimated using a UV-vis spectrophotometer. The
removal percentage R% for BS dye and the amount of the
adsorbed dye (q.) in mg g~' were calculated by Eq. (1) and
(2) [16];
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where C; and C. are the initial concentration and
concentration at equilibrium (mg/L). M and V are the
weight of clay samples (g) and the working solution (L)
volume, respectively.

m RESULTS AND DISCUSSION
Characterization of the Adsorbents

AFM analysis

The AFM examination provided information
about the distribution of cumulating granularity for the
clay samples and three-dimensional photographs of the
granules' surface topography [17]. Fig. S1 displays the
surface derived from method images as well as the
granularity cumulating distribution for measurements
related to AFM. The mean diameter of the particles is
determined to be 257.6, 59.12, and 344.1 nm for BT, MT,
and Ca-M clay samples, respectively.

FTIR spectra

FTIR spectra of BT, MT, and Ca-M in the range
400-4000 cm ™ are represented in Fig. S2(a), S2(b), and
S2(c), respectively. The bands at 3435, 3458, and
3425 cm™, with the bands at 1635, 1637, and 1649 cm™,
are the stretching and bending vibrations for the
hydroxyl groups of water molecules present in the three
BT, MT,

transmission peak was observed in 3618 and 3630 cm™
13+

samples and Ca-M, respectively. The
due to the hydroxyl group bonded with AI** cations of
Ca-M and MT, respectively. The Si-O stretching band
can be observed at 1323 cm™! of BT. The bands 922, 916,
and 914 cm™ indicate Al-O-Al bending for BT, MT,
and Ca-M, respectively. The peaks observed in 839, 833,
and 839 cm™' for BT, MT, and Ca-M belong to Al-O-
Mg bending. The bands 795 and 797 cm™" were assigned
to disordered silica (SiO,) polymorphs for the three
clays, respectively. Furthermore, the bands 694.33 cm™

Table 1. Mineral compositions for Ca-M

Constituent  SiO, AlL,O;  Fe,Os CaO

NaZO

KO MgO TiO; MnO  P,0s LOI

Wt.% 52.122 12781 4.098  7.660

0.622

0.567 3.044 0874 0.026 0458 16.110
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for BT and MT and 692.40 cm™ for Ca-M correspond to
quartz. Also, bands 532, 519, and 523 cm™ for Si-O
bending of three clays, respectively [18]. The C-H
bending vibration in N*~CH, and N*-~CHj; were observed
between 1402-1469 cm™ for BT. A slight contribution of
the butyl chain was also observed in the region of 2871-
2958 cm ™' due to the hygroscopic character of the cationic
surface. New bands at 3281, 3366, and 3387 cm™' arise
from the moisture for BT, MT, and Ca-M, respectively
[19].

XRD spectra

XRD diagrams are represented in Fig. S3(a), S3(b),
and S3(c) for BT, MT, and Ca-M, respectively. The
diffraction peaks at 14.949, 23.041, 29.371, and 29.513°
indicate that the BT consists of Ca;OsSi, and the peaks at
9.797, 17.664, and 26.985° correspond to the presence of
SiO; zeolite (Fig. S3(a)). While peaks for MT 15.781,
19.487, 31.872, 35.975, and 41.219° are attributed to the
existence of Al,(Si04)O, while 29.520 and 48.676° belong
to presence of CaCO;. Also, peaks 22.638, 32.304, 52.164,
and 54.438° indicate the potassium molybdenum
KsMosO,7; compound (Fig. S3(b)). Fig. S3(c) exhibited
firm diffraction peaks at 6.438, 9.110, 21.131, 26.953,
39.893, 50.746, and 60.796° indicating that the Ca-M
mainly consists of SiO, (quartz) and the peaks at 29.624,
36.297 and 47.833° corresponds to the presences of
CaCO; [20].

Adsorption Experiments

Effect of clay sample weight

The effect of clay sample weights on BS dye removal
was studied using various amounts of clay samples from
0.05 to 0.25 g into 25 mL of 10 mg/L BS dye solution at
298 K, 150 rpm shaking speed and pH = 7. Fig. 2 shows
that the values of R% increased from 30.9, 28.6, and 4.3%
to 94.2, 89.2, and 11.2% when the clay sample BT, MT,
and Ca-M increased, respectively. This increase would be
attributed to the increase in both surface area and active
adsorption sites for the adsorbent [8,21]. Therefore, 0.2 g
of clay samples were selected as an optimum weight for
the adsorption experiments.
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Effect of adsorption period

The impact of varying the BS dye adsorption
period from 5 to 80 min was investigated by preserving
other parameters, such as pH 7, a beginning BS
concentration of 10 mg/L, the weight of 0.2 g of clay
samples, and a shaking speed of 150 rpm at 298 K. As
shown in Fig. 3, the maximum dye removals R% for BT,
MT, and Ca-M were 92.3, 82.0, and 34.6%, which were
attempted after 60 min as an adsorption period. The rapid
adsorption in the region may be due to its expansion of
active adsorption sites provided by large electron-
donating functional groups. After this period, there is no
noticeable increase in adsorption because the adsorbates
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Fig 2. Effect of clay sample weight on the R% of BS dye
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Fig 3. The impact of the adsorption period on the R% of
BS dye
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have already occupied and consumed the binding sites on
the dye surface [22]. The equilibrium adsorption time was
reported to be 60 min.

Effect of initial BS concentration

The following experimental settings were used to
investigate the effect of initial BS concentration on
adsorption at the dye concentrations ranging from 10, 20,
30, 40, and 50 mg/L for clay sample weight: 0.2 g, pH of 7
at 298 K, adsorption period of 60 min, and shaking speed
of 150 rpm. Fig. 4 shows that the BS dye removal
efficiency decreased with increasing BS dye concentration
from 88.28 and 79.05% to 46.45 and 45.98% for the BT
and MT samples because the adsorption sites on the
adsorbent surface have become saturated [23]. For the Ca-
M sample, the dye removal efficiency increases with
increasing initial BS concentration. This may be related to
the fact that, as the initial BS concentration increases, the
interaction forces that are important to overcome the
mass transfer resistance between the dye and clay
molecules are enhanced [24].

Effect of temperature

The influence of temperatures was determined at
the temperature range from 288 to 328K, 0.2 g clay
samples weight per 25 mL of 10 mg/L BS dye solution
concentration for 60 min and 150 rpm. Fig. 5 shows that
the amount of adsorbed BS dye q. values using BT and MT
samples increases with increased temperature. The
temperature affects the adsorbent's efficacy; with rising
temperatures, the number of adsorption active sites and
the mobility of the dye molecules both increase, resulting
in directly proportionate increases in adsorption during
the endothermic adsorption process [25-26]. The value of
q. decreased with increased temperature when Ca-M was
used as an adsorbent surface. This may be due to a weak
adsorption interaction between dye molecules and the
active sites in the raw clay surface. The obtained result
suggested that the adsorption of BS dye onto raw clay
samples can be categorized as an exothermic process [27].

Effect of pH
The impact of pH in the removal of BS dye using clay

samples as adsorbents was carried out in the pH range of
2.5-10 while keeping other adsorption conditions. Fig. 6
illustrates that as the values of pH change from 2.5 to 10

100

% R

Conc. (mg/L)
Fig 4. Removal percentage of BS dye as a function of its
concentrations

14 -

0] —————— et :
288 298 308 318 328 338
T(K)

Fig 5. Impact of temperature on the adsorption of BS dye
onto clay samples

120

Fig 6. The impact of starting pH on R% values for the BS
dye
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when the three samples were used as adsorbents, then
there is a significant decline in the R% values from 99, 65,
and 15% to 87, 53, and 4%, respectively. This may be related
to a strong electrostatic interaction between the positively
charged H* for the adsorbent surface and the adsorbate.
On the other hand, when the pH value increases (basic
range), there is competition between the extra HO™ in the
solution and the anionic ions of BS dye [28].

Adsorption Isotherm Models

Langmuir isotherm model

Langmuir isotherm relies on the development of
homogeneous and uniform adsorption sites. The Eq. (3)
displays the linear forms of this isotherm [29];
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C
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where C. represents the adsorbate’s equilibrium

(3)

concentration (mg/L), ¢, maximum adsorption capacity
of the mono-layer coverage (mg/g), K. Langmuir
isotherm constant (L/mg), and q. the quantity of
adsorbate that adsorbed per g of the adsorbent at
equilibrium (mg/g). Fig. 7 displays the Langmuir
isotherm plots for the adsorption of BS dye onto BT,
MT, and Ca-M clay samples. Table 2 contains a list of
the Langmuir estimated parameters and the separation
factor R values for the 10 mg/L BS dye adsorption onto
BT, MT, and Ca-M samples at various temperatures,
which were determined using the Eq. (4);
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Fig 7. Langmuir isotherms of BS dye at different temperatures on (a) BT, (b) MT, and (c) Ca-M clay samples

Table 2. Langmuir constants and R, values for the adsorption of BS dye onto BT, MT, and Ca-M clay samples at different

temperatures

Adsorbents Temperature (K) qm (mg/g) K. (L/mg) R? Rs
288 2.726281 0.306997 0.9802 0.245702
298 3.125000 0.275150 0.9786 0.266560

BT 308 3.958828 0.253793 0.9747 0.282651
318 4.409171 0.271422 0.9769 0.269236
328 4.878049 0.289425 0.9759 0.256789
288 2.752270 0.143087 0.9598 0.411376
298 3.432887 0.127461 0.9447 0.439635

MT 308 4.264392 0.115894 0.9184 0.463190
318 4.752852 0.124993 0.9088 0.444459
328 5.347594 0.158273 0.9312 0.387187
288 0.826925 0.009774 0.9889 0.910958
298 0.562493 0.011487 0.9483 0.896968

Ca-M 308 0.443636 0.011841 0.9770 0.894129
318 0.293651 0.012463 0.9617 0.889177
328 0.224447 0.012298 0.8600 0.890491
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The value of R, provides information about the
nature of the adsorption process to be either favorable if
(0 < Rs< 1), linear if R, = 1, and unfavorable if R, > 1. As
shown in Table 2, the values of R lie between 0 and 1 for
all adsorbents, indicating that the adsorption process is
favorable [30]. The marked increase in the values of
monolayer capacity qn at different temperatures for both
modified clay BT and MT refers to that the surface
modification of the raw clay achieving the compatibility
among the hydrophilic clay layers with hydrophobic alkyl
ammonium salts. Also, these salts improve the wetting of
the clay layer, leading to enhanced BS dye uptake by these
modified clays [31]. Table 3 compares BS dye's prior
maximum adsorption capacities with various adsorbents.

Freundlich isotherm model

This model addresses a multilayer heterogeneous
energy surface and non-ideal, reversible adsorption [40].
This model's linear form is described in the Eq. (5) [41];
Inq, =InKg, +(lenCe (5)

N
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where ny is a constant that depends on the adsorbate
nature and temperature, C. (mg/L) is the equilibrium
concentration, and Kg, is Freundlich constant indicated
to adsorption capacity. The Freundlich constants were
obtained from the intercept and slope of the graph
between In g. and In C,, as shown in Fig. 8. Table 4
contains the calculated Freundlich constants values for
BS dye adsorption onto clay samples. When the value of
1/n is below one, it indicates normal adsorption; if it is
above one, it indicates cooperative adsorption [42]. It
was evident from Table 4 that the values of 1/n>1
indicate that the sorption of BS dye onto both BT and
MT samples is favorable, while the Ca-M sample shows
a comparative sorption process for BS dye. According to
correlation coefficient values for both adsorption
isotherms, it can be suggested that the Freundlich model
is the best model to fit the experimental data compared
to the Langmuir model [43].

Thermodynamics Study

To estimate thermodynamic data, such as standard
enthalpy changes (AH®), standard entropy changes (AS°),

Table 3. Maximum adsorption capacities reported in the literature for BS dye using various adsorbents

Adsorbent qm (mg/g) Ref
Calcined metal layered double hydroxide Mg-Al-Cu-Fe-CO; (CLDH) 901.54 [32]
Metal layered double hydroxide Mg-Al-Cu-Fe-CO; (LDH) 107.31 [32]
Commercial gelatin/CNT’s beads and recovered from chromium-tanned 202.39, 131.32 [33]
leather wastes (RCTLW) gelatin/CNT’s

Chromium and vegetable tanned leather waste (CTLW and VTLW) 73.52,78.12 [8]
Layered double hydroxides Mg-Al-CO; LDH 102.70 [34]
Calcined layered double hydroxides Mg-Al CLDH 98.33 [34]
Green Microalgae Acutodesmus obliquus strain 44.24 [35]
Semi-IPN NaAla-Gel-cl-polyAAm 1.96 [36]
Cellulose-based sodium alginate/iron C/SA/Fe 0.25 g 67.98 (37]
Cellulose-based sodium alginate/iron C/SA/Fe 0.5 g 105.93 [37]
Cellulose-based sodium alginate/iron C/SA/Fe 1.0 g 63.49 [37]
Fe/FeC 15.53 [38]
FeC 13.92 [38]

Fe 8.62 [38]
TiO, 1.42 x 10°° [39]
BT 4.88 This study
MT 5.35 This study
Ca-M 0.83 This study
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Fig 8. Freundlich isotherm plots of BS dye adsorption onto (a) BT, (b) MT, and (c) Ca-M clay samples at different

temperatures

Table 4. Freundlich isotherm constants for the adsorption of BS dye onto BT, MT, and Ca-M clay samples at different

temperatures

Adsorbents Temperature (K) Slope (1/ny) ng Intercept (In Kg) K R?
288 0.2578 3.878976 0.0500 1.051271 0.9843
298 0.2974 3.362475 0.2974 1.346354 0.9918

BT 308 0.3511 2.848191 0.1520 1.164160 0.9977
318 0.3794 2.635741 0.2235 1.250446 0.9986
328 0.4072 2.455796 0.2977 1.346758 0.9997
288 0.3598 2.779322 —0.4343 0.647718 0.9750
298 0.4034 2.478929 -0.3411 0.710988 0.9871

MT 308 0.4485 2.229654 -0.2733 0.760864 0.9792
318 0.4608 2.170139 -0.1612 0.851122 0.9785
328 0.4796 2.085071 0.0199 1.020099 0.9921
288 1.2968 0.771129 -5.4350 0.004361 0.9980
298 1.3814 0.723903 -5.8517 0.002875 0.9989

Ca-M 308 1.4043 0.712099 -6.1128 0.002214 0.9975
318 1.4501 0.689608 —6.5856 0.001380 0.9979
328 1.4534 0.688042 —6.8820 0.001026 0.9993

and Gibbs free energy (AG®), the Eq. (6-9) were used [44-
45];

AG°=-RTInK, (6)
C.-C.[v

K =i el vV 7

W u @)

AG®°=AH° - TAS® (8)
AS°® AH°

aneq= R - RT 9)

where R is the universal gas constant, K. is the
equilibrium constant for the adsorption process, T is the
absolute temperature (K), V is the BS solution’s volume
(L), m is the mass of the clay samples (g), and C; and C.
are the initial and the equilibrium concentrations (mg/L)

of the adsorbate, respectively. The values of AS® and AH®
were estimated from the intercept and slope of the Van't
Hoff plot, as shown in Fig. 9. Table 5 contains values for
the thermodynamic data for the BS dye adsorption onto
BT, MT, and Ca-M clay samples. It is evident from Table
5 that when BT and MT clay samples were used as
adsorbents, the values of AH® and AS°® were negative,
indicating that the adsorption process was an
exothermic process with a decrease in the disorder at the
solid-solution interface. In addition, the negative values
of AG® for all adsorbents showed that the adsorption of
BS dye onto clay samples was possible and spontaneous
[13]. On the other hand, for the raw clay sorbent, the
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Fig 9. Van’t Hoff plots for the adsorption of BS dye onto (a) BT, (b) MT, and (c) Ca-M clay samples

Table 5. Thermodynamic parameters for the adsorption of BS dye onto BT, MT, and Ca-M clay samples

Adsorbent G AH° AS° —AG® (kJ/mol)
(mg/L) (kJ/mol) (J/(molK)) 288K 298 K 308 K 318K 328 K
10 -44.9031 —101.955 16.2511 16.9660 18.3114 19.2754 20.2225
20 -42.0846  -91.4291 13.6144 14.4408 15.4699 16.5894 17.8559
BT 30 —38.9885 —-78.4093 11.8450 12.7444 14.2837 15.5296 16.6292
40 -37.5219  -71.7698 11.1148 12.0337 13.5404 14.5644 15.6725
50 -35.8034 -64.3346 10.7409 11.6106 12.9975 14.0394 15.1580
10 -30.1358 —-57.5803 1.39484 1.52534 1.63327 1.74551 1.88479
20 —28.4372 —49.5880 1.24275 1.31704 1.40170 1.50055 1.66429
MT 30 -25.8740 -39.1116 1.09856 1.22777 1.34068 1.43829 1.57991
40 -25.7659  -36.9657 1.05891 1.17092 1.29289 1.39621 1.53162
50 -26.1816  —35.4060 1.03276 1.15635 1.27268 1.37121 1.50310
10 9.319994 50.4003 5.18642 4.78789 4.46698 3.65577 2.85926
20 11.71858 57.00411 5.52695 5.34901 4.98159 4.22069 3.73139
Ca-M 30 12.63894 58.47402  5.79470 5.64858 5.36698 4.79581 4.31581
40 14.04401 60.39622 6.06234 6.07442 5.78040 5.16023 4.60652
50 13.66572 56.82868 6.33854 6.26515 6.12467 5.54255 4.76820

positive values of AH® and AS° refer to the endothermic
process that occurs with an increase in disorder at the
adsorbent solution interface during the adsorption
process [46]. The lower values of enthalpy change AH®
indicated that the adsorption process is physisorption

type.
Kinetics Study

The chemical pathways and possible rate-limiting
stage for the adsorption of BS dye onto clay samples were
investigated using two kinetic models: pseudo-first-order
and pseudo-second-order model. The adsorption results
were subjected to a kinetic analysis using these two
models [30]. This study was carried out under the

following conditions: the adsorbent weight 0.2 g/25 mL,
pH 7, and BS dye concentration 10 mg/L, and at 298 K.

Pseudo-first-order model

The pseudo-first-order model is given by the Eq.
(10);
In(qe —q¢ ) =Inge —kyt (10)
where k; is rate constant per min (min™'), q; adsorbed
amount of adsorbate onto adsorbent at time t (mg/g),
and q. is the equilibrium adsorption capacity (mg/g).
From the slope and intercept of the plot of In (g. — qy) vs.
t, in Fig. 10, the values of k; and q. were determined [47].
Table 6 shows the values of rate constants for pseudo-
first-order model. It is clear from Table 6 that the highest
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In (qe-ar)

8 ]

t (min)
Fig 10. Pseudo-first-order model plot for the adsorption
of BS dye onto BT, MT, and Ca-M clay samples at 298 K

Table 6. Pseudo-first-order model kinetic data for
adsorption of BS dye onto BT, MT, and Ca-M clay samples
at 298 K

Adsorbent Qeexp (ME/g) Geca (Mg/g) ki (min™') R2

BT 1.154506 0.156406 0.0821 0.9970
MT 1.154506 0.459232 0.0373 0.9264
Ca-M 1.154506 0.383966 0.0292 0.8993
180 -
y = 2.0895x +48.183
R2= 0.9007 o
140
] eBT
_100 1
g y =0.9297x +52223 ®MT
] R2=0.9872 o Cali
60
1® 0.8565x +0.5907
J = X
20 il
20 ¢ 20 40 60 80

t (min)
Fig 11. Pseudo-second-order model plot for the
adsorption of BS dye onto clay samples at 298 K

Table 7. Pseudo-second-order model kinetic data for
adsorption of BS dye onto BT, MT, and Ca-M clay samples
at 298 K

Adsorbent qeexp (Mg/g) qeca (mg/g) ki (min™) R?

BT 1.154506 1.167542 0.5907  1.0000
MT 1.025751 1.075616 52223 09872
Ca-M 0.432940  0.478583 48.183  0.9007

value of R* is 0.9970, and the lowest value of R* is 0.8993.
Also, the calculated values of equilibrium adsorption
capacity (qe.ca) differ from the experimental e,y Values.

This means that the pseudo-first-order kinetic model is
adequately not applicable [48].

Pseudo-second-order model

The pseudo-second-order kinetic model is
represented by Eq. (11);
Lot (11)
9t kzqe 9e

where k; is the equilibrium rate constant for the pseudo-
second-order (g/(mg min)). The values of k; and q. can
be obtained from the intercept and slope of the plot

between — vs. t, displayed in Fig. 11 [49]. Table 7

qt
represents the pseudo-second-order model rate constants'

values for the BS dye adsorption onto clay samples,
according to the values of the regression coefficient R%.
Furthermore, the values of qe,ca are more closely with the
Qeexp Values for all clay samples, confirming that the
pseudo-second-order kinetic model fits the experimental
data better than the pseudo-first-order kinetic model [50].

m CONCLUSION

In this research, BS dye was successfully removed
from wastewater using Ca-montmorillonite clay and
modified Ca-montmorillonite clay with two types of
alkylammonium salts: MT and BT salts as adsorbent.
The best adsorption isotherm model that fitted the
equilibrium data was the Freundlich model. The
maximum adsorption capacity values were increased
after modification of the raw clay, indicating that using
these salts enhanced the adsorption capacity of the raw
clay. The adsorption of BS dye onto clay samples was
found to be physisorption type. The adsorption process
of this dye on the BT and MT clay surfaces was
exothermic. A spontaneous process occurs with a
decrease in disorder, while the dye adsorption onto raw
clay is endothermic, and a spontaneous process occurs
with an increase in disorder. Pseudo-second-order
model better represented the kinetic data.
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