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1. Introduction
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Studies have been carried out to investigate the removal of crystal violet (CV) cationic dye by using rice husk which was used as a
raw material to prepare activated carbon (AC) and it was treated with anionic surfactant. In this process, AC was treated with
three different anionic surfactants, namely, lauryl sulfate ACMAS, ACSDS, and ACHTAB. Characterization and analysis of
optimum ACMAS were done using different techniques which were used which proves the adsorption of the dye by ACMAS.
Effects of various physical parameters like time of contact, additive salts, initial dye concentration, effect of pH, and effect of
adsorbent dose were studied. Minute changes in the dye removal capacity were observed due to the presence of various
cations. Cations like NO* caused an increase in the capacity of adsorption but cations like Fe*'decreased the capacity of
adsorption in the sample solution. The effectiveness of film diffusion and intraparticle has been shown by mass transfer
parameters. The various kinetic studies have shown that pseudo second-order kinetic study best suited with the experimental
data. Error analysis and studies of isotherms have shown that the adsorption equilibrium was controlled by Langmuir isotherm
study with maximum CV dye adsorption capacity of 235.7 mg/g. Thermodynamics studies revealed endothermicity of the
process with negative AG values and positive AS and AH values. Activation energy of 48.31kJ/mol suggested chemisorption
process of the system. Column studies were carried out by using different models to study the variation of bed depth, dye
concentration, flow rate, etc. Regeneration experiments have given the ability of the adsorbent to be reused. In this present
study, it has been noticed that the use of anionic surfactant-treated activated carbon significantly improved the adsorption of
dye and this is a process of adsorption in which not much attention has been given for research till date.

at the potential environmental and health risks associated with
dye emitted by the textile industry [3]. As a result, new envi-
ronmental laws are being implemented to regulate the release

Dyes are intricate chemical compounds that, when in touch
with the majority of a substance, may attach themselves to it
and provide colour, much as how dyes do for clothes and fab-
rics. According to the most recent estimates, there are about
7,105 tonnes of dye produced every year and around 100,000
distinct dyes are known [1]. Additionally, the textile sector
consumes 10,000 tonnes of dye annually worldwide, of which
100 tonnes are released into water bodies each year [2]. Syn-
thetic dyes are used in a variety of sectors but are mostly
related to the textile industry because of their complicated
bonding structure [3]. The concentration of dye in textile
industry effluents can be rather high. Science is starting to look

of dyes into freely flowing water bodies. During COVID-19
lockdown periods, such water pollution levels were drastically
reduced due to minimum or nonoperations of industries [4].

Crystal violet dye having chemical formula C,.N,H,,Cl is
one such cationic dye and it is used for various purposes like
dyeing, colouring, and coating. Despite having a wide range of
applications, CV has been described as a biohazard dye and a
refractory dye molecule that stays in the environment for a long
time and has hazardous effects on the environment. In some
fish species, it functions as a mitotic toxin, a powerful carcino-
gen, and a powerful clastogene, encouraging the formation of
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tumours [1]. Due to this reason, the dye receiving water bodies
needs treatment of the harmful dyes. Various industries like
printing industry and dyeing industry produce a large number
of dye effluents. The dye effluent after mixing with water causes
various harmful effects as it possesses high level of chromaticity
and huge content of organic matter. The wastewater containing
dye eftluent also affects the aquatic life and it has harmful effects
on the process of photosynthesis [2, 3]. The various treatment
methods include physical treatment, chemical treatment, and
biological treatment, for example, advanced oxidation [3], floc-
culation [5], ozonation [6], and membrane filtration [7, 8]. Due
to the critical nature and high cost involved, the treatment for
dye wastewater has some limitations [9, 10]. Among all the
treatment processes, adsorption is found to be the most suitable
for the treatment of dye removal from wastewater [11-18]. In
order to treat wastewater or to remove impurities from waste-
water, the most commonly used adsorbent is activated carbon
(AC). AC is prepared from various raw materials like flax fibre,
sugarcane bagasse, and pine tree wood [19-23]. Activated car-
bon without any surface treatment has a very low capacity of
adsorption due to its small specific area. In some cases, it
becomes necessary to treat the activated carbon in order to
increase its capacity of adsorption by increasing the bonding
capacity. Various processes like physical, chemical, and biolog-
ical are adopted to for the surface treatment of activated carbon.
Treatment of activated carbon also known as surfactant modi-
fication is highly essential. An increase in the dispersion and
solubility of activated carbon in water occurs due to surfactant
treatment of activated carbon as it leads to a strong bonding
between AC and water. Modification by surfactant has also a
great advantage of being cost effective [24], and it does not cause
any harm to the structure of activated carbon. Moreover, surfac-
tant has also the capacity to change the surface charge charac-
teristics of activated carbon leading to increase in pollutant
adsorption site [25]. Surfactant modification is used in various
adsorption processes of organic pollutant, reactive dyes, heavy
metals, etc. [26-33]. Among all the surfactants, sodium lauryl
sulfate is one of the most effective surfactants. Many researchers
have carried out studies to investigate the effectiveness of
surfactant-treated activated carbon on the removal of organic
matter from wastewater, but very rare studies have been carried
out on removal of dye by using surfactant-treated activated
carbon.

Previous studies have shown that surfactant-treated acti-
vated carbon has a diverse impact on the dye containing waste-
water, and that is why it is important to find out the effect of the
presence of anions on the process of adsorption. More data is
also required to investigate the adsorption of crystal violet
dye by anionic surfactant-modified activated carbon. In this
present study, the effectiveness of using surfactant-treated acti-
vated carbon on the removal of crystal violet dye was studied.

2. Materials and Methods

2.1. Materials. Crystal violet (C,;N,H,,Cl) having molar mass
0f407.99 g/mol was used as an adsorbent. Hexadecyl trimethyl
ammonium bromide (HTAB), SLS (C,,H,:SO,Na), and SDS
(C,,H,5S0;Na) were the surfactants utilized in this investiga-
tion. Other chemicals used were calcium chloride, sodium
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chloride, hydrochloric acid, magnesium sulfate heptahydrate,
sodium hydroxide, sodium nitrite, sodium sulfate, potassium
chloride, potassium hydroxide, potassium chloride, and fer-
rous sulfate. All of the chemicals are procured from HiMedia,
India. The chemical activation approach was used to make AC
from rice husk (RH). Analar grade CV dye was also obtained
from HiMedia. Figure 1 illustrates the chemical structure of
CV dye.

2.2. Activated Carbon Preparation from Rice Husk. Activa-
tion through physical activation and chemical activation
techniques is the general technique used to activate carbon
derived from waste biomaterials [34]. To improve the capac-
ity of adsorption of the organic dye, chemical agents such as
H,SO,, ZnCl,, H,PO,, K,S, HNO,, KCNS, H,0,, NaOH
KMnO,, KOH, (NH,),S,05 and K,CO, are generally
employed to activate the carbon [35]. The most difficult
aspect of the AC preparation procedure is its activation.
NaOH activation is cheaper than other chemicals and less
harmful to the environment than KOH-AC activation.
Through surface reactions, NaOH is an effective activator
for disordered carbon compounds [36].

To generate rice husk activated carbon (AC), following
methods were utilized: first, washing of the rice husk with
water to eliminate dirt and other impurities, then it was kept
for drying in an oven for 12 hours at 110°C, crushed, and
sieved into fractions with an average particle size of 1.0 mm.
Second, the husks were carbonized at 400°C for 90 minutes
with a nitrogen flow of 300 mL/min. After that, NaOH (weight
ratio 1/3) impregnation was done with the samples and dried
at 120°C for 12 hours. For the activation the material obtained,
the temperature was increased to 800°C at a rate of heating of
10°C and maintained at the final temperature for 60 minutes,
after which the preparative process was then carried out by
heating at 400°C for 20 minutes in presence of nitrogen at a
rate of flow of 300 mL/min. At last, the active ingredient was
grinded, neutralized with 0.1 M HCl, and washed many times
with high temperature distilled water to keep the pH constant
(6.6-7.0). The samples activated carbon after washing were
kept for drying for 24 hours under vacuum at 120°C in a des-
iccator. As a result, activated carbon was produced.

2.3. Surfactant Modification of Activated Carbon. In 100 mL of
solution, 8.60 mM anionic surfactant SLS and 5g activated
carbon were added. The AC was then filtered and rinsed with
deionized water after being oscillated in a shaker at 303 K for 6
hours. The filtered AC was then dried for 24 hours at 313K in
an air-dry oven before being kept in a sealed and dry location.
The surfactant concentration that corresponds to the critical
micelle concentration (CMC) has been demonstrated to be
the optimal for adsorption [37]. According to literature, SLS
has a CMC of 8.60mM at a temperature of 28°C. ACR and
ACMAS were the names given to the AC in untreated form
and the AC modified with anionic surfactant SLS, respectively.
At a concentration of 1 CMC, the SDS and HTAB were uti-
lized to alter AC in the similar technique and were dubbed
ACSDS and ACHTAB, respectively.
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FIGURE 1: Chemical structure of crystal violet.

2.4. Batch Analysis Parameters for Adsorption Analysis. The
influence of experimental factors such as pH (3-11), starting
CV concentration (25, 50, 75 mg/L), contact duration (0-180
minutes), adsorbent dose (5-100 mg), temperature (293, 303,
313K), and ionic species on the ability of adsorption of CV
onto modified AC was found out utilizing batch experiments.
A pH meter and 0.1 M hydrochloric acid (HCI) and sodium
hydroxide (NaOH) solution were used to determine the solu-
tion’s original pH. In a conical flask having 250 mL capacity, a
particular amount of treated AC was added having 100 mL of
solution at different concentration of CV. Each combination
was rotated at 150 RPM at 25°C at the appropriate time inter-
vals. After adsorption, the materials were then filtered and
examined. The CV (1 g/L) stock solution was prepared by dis-
solving the appropriate amount of CV in distilled water. CV
concentrations were determined using UV-Visible spectro-
photometer (PerkinElmer lambda 45) at A, =590 nm.
Experiments were repeated three times, and the average value
was considered.

2.5. Adsorption Capacity Based on Mass Balance Method.
UV/visible spectrophotometer (PerkinElmer Lambda 45)
was used to test the removal of CV using surfactant-
modified activated carbon at the maximum absorbance peak
for CV (590 nm). The mass balance on dye concentration
(Equation (1)) was used to determine the rate of adsorbate
removed (adsorption capacity):

GG,
-

Q. v, (1)

where Q, is adsorption capacity at equilibrium (mg/g), C, and
C, are the corresponding concentrations of dye at the initial
and equilibrium stage, volume of CV dye solution is presented
as V in litres, and m is the mass of ACMAS in grams.

Dye (CV) removal % was found out using Equation (2):

Percent removal of CV dye =

C,-C
0 ¢ x100. (2)
C0

2.6. Characterization Studies. The pore volume, surface area,
and pore size distribution of ACMAS with an automatic
adsorption-desorption system (BELSORP-mini II, BEL Japan
Inc.), based on N, adsorption data at -196°C, are found out
using Brunauer-Emmett-Teller (BET) analysis. X-ray diffrac-
tometer instrument (X-ray 6100 Shimadzu-Japan) having Cu
KX radiation (A =0.15406) with Kp filter at 30kV and
30mA was used to know the nature of X-ray diffraction

(XRD) in order to obtain the structure of the underlying crys-
tal of adsorbent. A range of 5°-90° and scan rate 5°/min was
obtained for the Bragg angle (20). Surface morphology of the
adsorbent was done by the use of environmental scanning
electron microscope (ESEM) (Make: FEI, Model: Quanta
200, with 3nm resolution at 30kV, ESEM mode) accompa-
nied with elemental analysis using energy-dispersive X-ray
spectroscopy (XEDS). For XEDS analysis, by the use of sput-
tering coater (model: S150B, Edwards High Vacuum Ltd,,
England), the samples were covered with the help of gold to
eliminate the local electrical charges generation. To reveal
the functional groups responsible for sorption, Fourier trans-
form infrared spectroscopy (FTIR) was done with instrument
make Bruker, Germany, model: 3000 hyperion microscope
with vertex 80 FTIR system with array for focal plane 128 x
128, range 900-4000 cm™. To study pore size and growth of
adsorption layers, high-resolution transmission electron
microscopy using (HR-TEM 200kV, make: JEOL, model:
JEM 2100F at 200 kV) was conducted and analyzed. To deter-
mine the stable pH value for sorption process and net surface
charge of adsorbent (ACMAS), zeta potential and zero point
of charge (pHyy) analyses were carried out.

2.7. Point of Zero Charge and Zeta Potential. The particular pH
value at which a sorbent surface possesses a net zero or neutral
charge, is known as the point of zero charge (pHp,). A study of
pHpy for any sorbent is of much significance which reveals the
potentiality of any adsorbent surface to attract anionic or cat-
ionic adsorbates. If a given surface of sorbent is having
positive charge at the solution with pH less than pHy., if an
adsorbent surface is charged positively, then that adsorbent sur-
face will uptake adsorbates which are anionic. Similarly, if the
surface of an adsorbent is charged negatively at the solution
with pH more than pHp,, then the adsorbent will uptake cat-
ionic adsorbate [38]. Seven flasks holding 50 mL distilled water
were placed at varied beginning pH values (pH,) to establish the
zero point of charge of ACMAS (2-9). Each flask received 50 mg
of ACMAS, which was shaken for 24 hours. The material was
extracted from the aqueous solution to determine the aqueous
solutions’ final pH values (pH,). ApH = pH;, — pH; was used
to compute the pH difference. The pH plots versus pH; and p
Hyy were assessed at the curve’s intersection with the x-axis.
The zeta potential is the main factor which decides the
adsorbent surface stability. The extent of electrostatic repul-
sion between nearby and particles which are similarly charged
in a dispersion is given by the value of zeta potential. High zeta
potential will indicate the stability of the small particles; i.e.,
the solution will have resistance against aggregation. When
there is a weak potential, forces of attraction might outweigh
repulsiveness, causing the dissipation to break apart and floc-
culate. Colloids, those are having high zeta potential capacity
(positive or negative), are termed as electrically stable, whereas
those with a weak zeta potential coagulate or flocculate.
Zetasizer Nano ZS (Malvern Instruments) at 25°C was con-
sidered to analyze zeta potential for ACMAS in a suspension of
liquid. A He-Ne laser of 633 nm was used to provide light, and
an avalanche photodiode (APD) was used as the detector. For
the measurement of zeta potential, electrophoretic light scatter-
ing process was applied. To give electrical support to the



ionized surface of adsorbent, a dip cell (zen1002, Malvern
Instruments) having two parallel Pd electrodes was utilized.
At a temperature of 12.8°, the signals were noted and the data
analysis was carried out using Zetasizer Software. According
to ISO13099 [39, 40], for evaluating ACMAS zeta potential
in solution, the Smoluchowski model was used for the inter-
pretation. The surface zeta potential was measured using a
surface zeta potential cell (zen1020, Malvern Instruments)
and a zeta potential transfer standard (DTS1235, Malvern
Instruments) as a tracer particle, according to Malvern Instru-
ments’ approach [41].

The main difference between zeta potential and point of
zero charge is that in point of zero charge, it is the pH of dis-
persed ACMAS surface of the average charge when it becomes
zero where as in case of zeta potential, it is the difference
between the stationary layer and the dispersion medium of
the solution consisting ACMAS surface in dispersion.

3. Results and Discussion

3.1. Influence of Surfactants and Adsorption Mechanism. For a
concentration of CV of 50 mg/L, the degree of CV adsorption
onto AC modified with various surfactants in aqueous solu-
tion is presented using Figure 2. Favorability of dye adsorption
capacity by various surfactant observations was in the follow-
ing order as ACMAS > ACR > ACSDS > ACHTAB, with
ACMAS showing the highest adsorption capacity and so on.

In comparison to ACMAS and ACSDS, ACHTAB had the
least amount of CV dye adsorption. As HTAB is a surfactant
having cationic nature, it had an opposite attraction with cat-
ions of dye and the sites of adsorption which were preoccupied
on AC, leading to a weaker capacity of cationic CV dye
adsorption. Surfactants on AC may restrict the pores of the
carbon, limiting its capacity to absorb CV when compared to
untreated carbon. Surfactant-loaded AC has higher produc-
tion capacity of sites for exchange of ions with more attraction
for CV than surface of AC which are untreated. The more
adsorption of CV on ACMAS versus ACR has shown that
the positive influence of the ACMAS functional group counter
weighed the negative impact of blockage of pores, whereas the
lower CV removal by ACSDS versus ACR have shown that the
negative impact of blockage of pore counter weighed the pos-
itive impact of the ACSDS functional group.

Due to the strong bonding between the cationic CV dye
and anionic surfactant, AC treated with anionic surfactants
has a high ability of adsorption for CV dye. Adsorption is
influenced by the chemical characteristics of the surfactant’s
functional groups. The sodium ions (e.g., R-SO;” Na*) and
protons (e.g., R-SO;~ H") bound to the strong acid conjugate
base of SLS may be readily diluted in a solution containing and
replaced with the dye ion [42]. As a result, the ACMAS had a
significant CV elimination effect. Due to the lack of a strong
acid conjugate base, the bonding between SDS functional
group and CV dye was smaller than that of SLS, resulting in
a lower adsorption impact of ACSDS on CV than ACMAS.
Figure 3 depicts the potential sorption mechanism for chemi-
cal adsorption of CV onto ACMAS. On ACMAS, reactions
between the CV dye cation (M") and RSO;Na might have
happened according to Equation (3) to Equation (5). The
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FiGure 2: CV sorption onto different AC’s (dye conc. = 50 mg/L,
pH=6.0, T =303 K, and adsorbent dose = 0.15g/L).

F1GURE 3: Chemical phenomenon for CV sorption onto ACMAS
surface.

active group of SLS that has a tendency to be dissolved in water
is RSO;Na, while the carboxyl, phenolic hydroxyl on AC is
represented by ROH.

RSO,Na + H" & RSO, H + Na* (3)

RSO,Na + M* & RSO, M + Na*

—~

4)
ROH + M* <> ROM + H* (5)

3.2. Characterization and Surface Morphology of ACMAS.
Using several models, BET analysis was done to find the vol-
ume of pore, to get an idea about average radius of pore and
surface area of the adsorbent. Degassing of 25 mg of adsorbent
was done at 300°C for 3 hours to determine surface area. It took
roughly 24 hours to complete the surgery. The distribution of
pore size curve produced (Figure 4) using the Barrett-Joyner-
Halenda (BJH) analysis displays the adsorbent’s primary pore
size distribution, and the whole adsorption and desorption data
are provided in Tables 1 and 2. Adsorption and desorption
phenomenon exposed a typical I-type isotherm. The adsorbent
area of surface before adsorption was 191.25m’/g and
202.64 m*/g after adsorption. Multipoint BET was used to get
the surface area in the p/p, range of 0.05-0.30. It verifies that
the adsorbent’s area of surface rises following CV dye
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TaBLE 1: BET analysis parameters.

Adsorbent (ACMAS)

Parameters Before adsorption ~ After adsorption
Area of surface (mzlg) 191.25 202.64
Volume of pore (cm3/g) 27.61 17.35
Average pore size (nm) 33.56 24.67

TaBLE 2: BJH analysis parameters.

Adsorbent (ACMAS)

Parameters Operation ~ Before After
adsorption adsorption
Vol ¢ (BJH) (cc/g) A 0.252 18.531
olume of pore cc
P § D 30.158 19.762
. o A 19.644 23.786
Pore radius (BJH) (A)
D 340.521 295.232
A 100.587 99.755
Area of surface (BJH) (mzlg)
D 1856.342  1441.877

adsorption, indicating a definite reduction in size of pores
caused by the buildup of CV dye in the adsorbent’s pores
[43]. Because of the dye adsorption, particular change in the
adsorbent morphology led to an increased surface area and
lowers the adsorbent pore size. The structural change that
occurs during the adsorption process is favored by increased
surface area [43]. The pore size distribution is mostly concen-
trated in the region of less than 35 nm, indicating that ACMAS
was exhibiting nanoparticle characteristics having ultrafine pore
diameters and mesoporous materials with a large specific sur-
face area.

The XRD patterns for ACMAS and CV-loaded ACMAS are
depicted using Figures 5(a) and 5(b). XRD pattern of ACMAS
in Figure 5(a) showing as many as 14 distinct and sharp peaks
at several 20 values (29.9°, 36.5°, 36.9°, 38.8°, 42.8°, 44.1°, 45.2°,
54.7°, 61°, 66.7°, 72.8°, 79.1°, 83.1°, and 86.8°) which might be
due to incorporation of higher ion exchange sites hinting at
high-crystalline structure of ACMAS after surfactant treatment.
Now comparing Figures 5(a) and 5(b), we can observe a stark
difference in terms of shift in peaks, number of peaks, and in
intensity of peaks for ACMAS before and after dye adsorption.
After adsorption of dye (shown using Figure 5(b)), there was
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FIGURE 5: XRD pattern for (a) unused ACMAS and (b) CV-loaded ACMAS.

substantial decrease, shift, and disappearance of peaks justifying
the CV adsorption. After adsorption, there were 10 peaks left at
various 20 values (37.1°, 38.5°, 42.1°, 42.5°, 54.7°, 67.7°, 72.1°,
79.1%, 83.2°, and 86.6°) compared to 14 such crystalline peaks
before adsorption. While shifting in peak after adsorption indi-
cates shrinking of unit cell due to occupation of CV dye mole-
cules on the sorbent structure, disappearance, and decrease in
intensity and number of peaks hints towards crystallinity loss
of the adsorbent structure due to dye adsorption.

The adsorbent surface structure was investigated using
environmental scanning electron microscopy (ESEM).
Figure 6 depicts the adsorbent’s surface morphological and
elemental properties in detail. Figure 6(a) depicts an ACR
surface with a modest quantity of carbon detritus and micro-
pores of various diameters. In comparison to untreated AC,
Figure 6(b) depicts the ACMAS surface for a significant num-
ber of undulations and a considerable amount of rubbish com-
ponent filling the pores. This was owing to SLS molecules’
electrostatic contact and adhesion. A substantial amount of
material debris packed the pores, perhaps reducing surface area
but also providing with ion exchange sites for adsorption.
Figure 6(c) depicts the ESEM image for ACMAS after CV dye
adsorption, from which it can be observed that CV dye particles
got attached to the surface of ACMAS. The elemental analysis of
ACR, ACMAS, and ACMAS after CV adsorption is investigated
using XEDS analysis and depicted using Figures 6(d)-6(f).
Investigation of elemental presence on surfaces showed that
ACR (Figure 6(d)) is mainly composed of C, N, and O compo-
nent, and after treatment with anionic surfactant SLS, the pres-
ence of Ca and Cu components was also noticed (Figure 6(e))
which may be due to the surface modification of the raw acti-
vated carbon with surfactant. Figure 6(f) shows replacement
of N and Ca elements with Rb and Hg components but not in
the same proportions, which suggests change in adsorbent sur-
face morphology after dye adsorption. From the study, it can be
inferred that after CV sorption, ACMAS-CV composites were
formed which are confirmation of CV adsorption. The presence
of different elements on the adsorbent surface at different stages
is simultaneously shown in Figures 6(d)-6(f). Similar sorption
phenomenon is reported earlier.

To reveal the various functional groups responsible for
CV adsorption process, FTIR analysis was conducted.

FTIR is very useful for characterizing and knowing func-
tional groups. Routine spectrum analysis was conducted at
research facility SAIF Bombay, India. The features of the
instrument are addressed in Section 2.6 of this report.
Figures 7(a) and 7(b) show the FTIR spectra of ACMAS before
and after CV adsorption. As depicted in Figure 7(a), due to the
attached hydroxyl or amine groups, the broad band and strong
band for ACMAS were observed at 3451.59 cm™. The -CH
asymmetric stretching resulted in a value of 2918.38cm’.
The carboxyl group stretching vibration was assigned to the
peak of 171048cm. The bands at 1611.46cm™,
1412.44cm™, and 1366.79 cm™ ascribed to asymmetric and
symmetric stretching vibrations of C=O groups. The band
at 1160.78 cm™ designated to C-O stretching of alcohols and
carboxylic acids. After the adsorption, as in Figure 7(b), the
symmetrical stretching vibration bands of hydroxyl or amine
groups were shifted from 3451.59cm™ to 3427.43cm™". The
stretching band of carboxyl groups was changed from
171049cm™  to 1698.64cm™’. 1611.46, 141244, and
1366.79cm™ stretching bands were likewise relocated to
1595.82, 1435.55, and 1373.68 cm ™' correspondingly. Likewise,
C-O peak was moved from 1160.78cm™ to 1164.87cm’’,
respectively. The analysis of FTIR spectra reflected that after
dye adsorption, most of the important bands shrank and
shifted in their intensity (hydroxyl group from 3451.59 cm
to 3427.43cm™ and carboxyl group from 1710.49cm™ to
1698.64 cm™) due to filling of ionized sites with dye molecules;
in addition, there was shifting and emergence of several other
peaks after adsorption, proving successful accumulation of CV
dyes onto ACMAS surface.

To analyze the ionized active sites/pores and their sizes, to
magnify the adsorbent surface and to affirm the buildup of
adsorbate layer formation over the adsorbent, HR-TEM anal-
ysis was conducted which proves the adsorption of CV mole-
cules on the ACMAS surface. As shown in Figure 8(a), the
pores present in the AC surface might have covered by the
ionized debris due to SLS modification, but the availability of
the debris themselves provided with the ionized active sites
which are responsible for efficient dye adsorption. As depicted
in Figure 8(b), the dark spots visible are attributed to deposi-
tion of CV dye molecules on the ACMAS surface. HR-TEM
study thus confirms the findings of other characterization
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F1GURE 6: ESEM mages for (a) ACR, (b) ACMAS, and (c) ACMAS after dye adsorption and XEDS images for (d) ACR, (e) ACMAS, and (f)

ACMAS after dye adsorption.

studies like BET, XRD, FTIR, and ESEM. A magnified sample
adsorbed site is illustrated using Figure 8(b) which shows the
average pore size after adsorption as 24.2 nm which is in line
with the BET analysis.

3.3. Influence of pH on CV Adsorption Capacity. Figure 9
depicts the elimination rate and capacity of adsorption of
CV onto ACMAS as a function of pH. The alkaline state
was advantageous for CV adsorption on ACMAS, as illus-
trated using Figure 9(a). Figure 9(b) reveals the adsorption
capacities of MG at pH 7, for which when the starting con-
centration of CV was 25, 50, and 75mg/L, corresponding

adsorption capacities were 59.14, 159.23, and 199.72 mg/g,
respectively, while for same dye concentrations, at pH 11.0,
CV adsorption capacities of 63.24, 167.43, and 204.76 mg/g
were reported. Therefore, increasing the pH value enhanced
both the MG adsorption rate and the adsorption capacity.
The amount of ionization of acidic chemical and basic
chemicals and the charges present at the surface of ACMAS
are controlled by the pH values of dye solution [44]. At
lesser pH level, hydrogen ions (H") would not be dissociated
by functional groups having oxygen on ACMAS, and SLS-
electronegativity AC’s and the force of electrostatic attraction
between ACMAS and dye cation would not be strong.
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Furthermore, free hydrogen ions may have slowed the dye
cation’s adsorption onto the AC site by competing for adsorp-
tion, resulting in a decreased CV elimination rate. The dissoci-
ation degree of CV decreased as the quantity of hydroxide ions
in the solution grew, and therefore, the CV removal rate
increased as the pH value climbed [45]. Moreover, as pH
increased, the degree of H" dissociation by the functional
groups having oxygen on the ACMAS surface increased,
enhancing ACMAS electronegativity and the force electro-
static attraction between ACMAS and the dye cation [33].
Moreover, O-H groups and C=0 groups on the adsorbent’s
surface can captivate cationic dye molecules when the pH is
high [46]. The same has been justified using FTIR analysis
(Figures 7(a) and 7(b)), where it is evident from shifting and
shrinking of O-H and C=O groups after adsorption. As a
result, in an alkaline environment, ACMAS has a high CV
adsorption capability. The findings are similar as reported ear-
lier [11]. According to another report [47], the rate of adsorp-
tion of cationic dye by leaf of raw pine charcoal at higher pH
level was found to be effective than that at lower pH levels.
The rate of adsorption rose significantly from pH 2 to 7 and
just marginally between pH 7 and 9. Another authors [48]
investigated the influence of pH on cationic dye adsorption
by several ACs, finding that the dye’s adsorption capability
increased as the starting pH rose.

The zeta potential determination method is discussed in
Section 2.7 of this report. Fluctuation of zeta potential values
for ACR and ACMAS with respect to pH is shown in
Figure 10(a). Values for ACMAS and ACR were evaluated
as 3.37 and 4.29, respectively.

Study showed that ACMAS had a higher surface electro-
negativity than ACR, which was attributed to the van der
Waals force attachment of the surfactant’s hydrophobic alkyl
end to the activated carbon surface (nonpolar). To lower the
amount of dissociated H", SLS was applied to the functional
group present on the surface of AC having oxygen like
phenolic-hydroxyl and carboxyl. Because of its greater electro-
negativity, ACMAS has a more effective electrostatic affinity
and adsorption capability towards CV compared to ACR. In
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Figure 11: Influence of ACMAS dose for CV sorption

(time = 120 min, pH =6.0).

this research, the rate of adsorption of CV on ACMAS was gen-
erally steady, while the pH was approximately 4 to 8.

The positive and negative ApH (pH; - pH,) data were
evaluated for the ACMAS complex and were graphed vs. the
initial pH (pH;). From the plot, ApH was 0 at initial pH value
equal to 542 (i.e., pHpy = 5.42) (refer Figure 10(b)). Hence,
as discussed in Section 2.6 of this report, the surface of
ACMAS complex will be negatively charged when the solution
has pH;,, > 5.42, which will be able to absorb the cationic dye
[42, 49]. Inferring from the zeta potential and pHp, analysis,
a pH value of 6.0 was considered for further studies.

3.4. Influence of Adsorbent Dose. Dose of adsorbent has a
remarkable impact on the activity of adsorption. The impact
of dose of adsorbent on adsorption of CV adsorption inves-
tigated to obtain the optimal quantity of adsorbent at differ-
ent concentrations of CV [50]. As illustrated in the image
below (Figure 11), 100mL of CV solution having three
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FiGurg 12: Influence of contact time for CV adsorption onto ACMAS (a) sorption rate and (b) sorption capacity, with ACMAS dose =

0.15g/L and pH =6.0.

TasBLE 3: Influence of dye concentration on its own percentage removal.

Dye concentration (mg/L) ACMAS

25 96.5
50 91.4
75 86.5
100 73.1

64.8
119.5
172.4
171.6

ACR
Adsorption percentage (%) Adsorption capacity (mg/g) Adsorption percentage (%) Adsorption capacity (mg/g)
82.4 53.8
71.2 95.6
66.3 130.3
51.3 129.7

varieties of concentrations (25, 50, and 75 mg/L) was tested
with different adsorbent dosages (5-100 mg). Under varied
CV concentrations, a similar pattern in CV adsorption pat-
tern on ACMAS was found. Because the number of adsor-
bent pores and adsorption sites grew due to increase in
sorbent quantity, CV removal rate steadily enhanced.

When the adsorbent mass attained a particular value, the
adsorption would trend to equilibrium. At adsorbent masses
of 35, 40, and 50 mg, the CV removal rate approached satura-
tion, corresponding to starting concentrations of CV of 25, 50,
and 75mg/L, respectively. The quantity of molecules of CV
dye present in the aqueous mix was insufficient to entirely
mix with all influential site of adsorption on the adsorbent at
high adsorbent doses, leading in an equilibrium condition of
the surface and a fall in capacity of adsorption per unit adsor-
bent mass.

3.5. Influence of Contact Time. For three starting CV con-
centrations (25, 50, and 75 mg/L), Figure 12 depicts the rela-
tion between the rate of adsorption and the capacity of
adsorption of CV on ACMAS and time.

Figure 12 shows that as contact duration rose, elimination
capacity and capacity of adsorption of CV by ACMAS
increased as well, eventually reaching a maximum value. The
procedure was split into two halves. To attain the relative
adsorption equilibrium condition known as rapid adsorption,

the first stage required 5-30 minutes. The interactive process
between CV dye and the active sites of adsorption was respon-
sible for this performance, and the ACMAS adsorbent func-
tional groups were entirely and effectively completed. For the
first halve, the pace at which the dye was adsorbed onto the
sorbent surface regulated the absorption rate. The sluggish
adsorption process was the second phase. The relative rise in
CV removal extent after 30 minutes of contact time was not
significant, and as time passed, the adsorption rate declined
and ultimately stabilized. The ACMAS adsorbent’s functional
groups were gradually saturated as a result of the process of
binding between sorbate molecules and sorbent surface ion-
ized sites. In the second halve, transfer of dye occurred from
outer boundary to the inner site with available pores present
on the surface of the sorbent which ultimately controlled the
adsorption capacity and rate [50]. Furthermore, the lower
the starting dye concentration, the quicker it took to reach
adsorption equilibrium. The findings were mostly in line with
earlier research on dye clearance rates [37]. Based on the cor-
relation between contact duration and CV elimination, a con-
tact time of 120 minutes was chosen for following tests.

3.6. Influence of Dye Concentration. Considering 5 to 100 mg
of ACMAS and considering a pH value of 6.0 for the modelled
dye solution, the effect of varying starting concentrations of
dye (25, 50, 75, and 100mg/L) on the removal of CV dye
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was investigated. Adsorbent samples of 15 mg were introduced
to a dye solution of 100 mL and adsorbed for 120 minutes at
293 K. Table 3 shows the experimental results.

As per the findings listed in Table 3, as the starting con-
centration of dye was changed from 25 to 100 mg/L, the
sorption rate (percent) of CV by 15mg of ACMAS adsor-
bent fell from 96.5 percent to 73.1 percent, but at the same
time, for increase in dye dose from 25 to 100 mg/L, the equi-
librium capacity of adsorption (gq,) rose from 64.8 to
172.4 mg/g. Furthermore, the maximum capacity of adsorp-
tion at equilibrium (g,) was found to be up to 172.4mg/g
when the concentration of dye was 75mg/L. The results
revealed that as the concentration of CV increased above
75mg/L, the sites of adsorption of adsorbent got fully
adsorbed, and hence, the quantity of adsorption of AC at
75 mg/L was comparable to that at 100 mg/L.

Due to a shortage of accessible high-concentration active
sites of CV, the dye removal extent reduced as the initial CV
concentration rose [51], but the capacity of adsorption of
CV on ACMAS increased as the initial concentration of
CV grew. SLS’s sulfate functional group offered ion exchange

sites that were favorable for CV ion adsorption. Activated
carbon enhanced with surfactant having anionic character
and exhibits more adsorption sites with positive charges
and a strong adsorptive activity for removing cationic dye
when compared to untreated AC [26, 40].

3.7. Determination of Mass Transfer Parameters and Rate
Limiting Step. The reaction rate is critical for adsorption,
but determining the rate limiting step will aid to choose a
reactor configuration as well as the time required for inter-
connection between the adsorbate and adsorbent (Helffer-
ich,1962). From the standpoint of the application, the rate
limiting step is equally critical. In adsorption, if the rate-
limiting stage is decided by the pore diffusion, then pausing
for almost 30 minutes during column operations can
improve capacity of adsorption. Similarly, if the rate-
limiting phase is decided by the film diffusion, the pause will
not show any impact on the adsorbent’s adsorption capacity.
Hence, the phases in the sorption process that control the
overall rate of elimination must be determined.
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TaBLE 4: Kinetic constants for CV sorption onto ACMAS.

Concentration (mg/L)

Model constants 25 50 75
Ge,exp (ME/Y)
124.9 191.5 2343
Pseudo first order
pcatc (ME/Z) 343 101.4 146.6
K; (min™) 0.0084 0.0154 0.0075
R? (linear) 0.845 0.893 0.929
Pseudo second order
Ge.catc (M) 121.7 189.3 2332
h (mg/g/min) 1.426 1.378 1.845
K, (min™") 0.493 0.436 0.371
R? (linear) 0.999 0.998 0.998
Elovich model
B (g/mg) 8.315 5.651 7.451
K (mg/g/min) 8.78 x 10° 0.587 3.54 x 108
t 1.012x107° 1.172 3.325%x 1078
R? (linear) 0.848 0.972 0.970
Modified Freundlich
m 0.437 0.361 0.253
k (dm>/g/min) 0.476 0.167 0.384
R? (linear) 0.957 0.880 0.899
Intraparticle diffusion
Ky 3.78 4.56 4.89
C, 80.2 99.8 115
R? 0.908 0.959 0.927

3.7.1. Intraparticle Diffusion or Pore Diffusion Model. The
equation proposed by Weber and Morris gives the rate lim-
iting step in pore diffusion as follows:

q= Kidtllz +Cjs (6)

where g denotes the amount of adsorbate adsorbed in mg/g
at time ¢ and K,; denotes the intraparticle rate constant.

Equation presented using Equation (6) is the form of
straight-line y = mx + ¢, where y =g, x=t"2, slopem =K,
and Y — intercept = C,.

The thickness of boundary layer effect is determined by
the C; value. The bigger the magnitude of intercept, the
greater will be influence of the layer of the boundary. If the
line crosses from the origin, only pore diffusion will be the
supposed controlling step for rate of reaction. The findings
of the pore diffusion study for CV removal with ACMAS
are shown in Figure 13(a).

Experimental data fitted for pore/intraparticle diffusion
revealed that the linear line of the plot does not pass through
the origin (Figure 13(a)) hinting that the sorption process
was not entirely regulated by intraparticle diffusion and
other processes are also involved in the mass transfer pro-
cess. As the sorption progressed, the boundary layer thick-
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ness might have increased which is evident from the fact
that as the sorption moved forward, the intercept constant
C, (80.2,99.8, and 115) also increased as the CV dye concen-
tration was enhanced (refer Table 4). High intercept con-
stant values for all the dye concentrations suggested that
film diffusion also played crucial role in early stages of sorp-
tion process. Nevertheless, good correlation coefficient
values (0.9-0.95) suggested that intraparticle diffusion also
played its part. For a better understanding of intraparticle
diffusion, another Figure 14 displays the relationship
between adsorption capacity for CV dye adsorbed onto
ACMAS at time t and CV concentration in solid phase at
time ¢ (square root of time) at 293K for CV dye concentra-
tion of 25 mg/L. The whole plot in figure is made up of two
independent linear lines, none of which intersects at the ori-
gin. As the contact time was prolonged, the amplitude of the
intercept value for the straight line also increased from the
origin, indicating a thickening of the boundary layer, and
hence, an increase in the effect of film diffusion also played
its part in adsorption process.

3.7.2. Liquid Film Diffusion Model. Adsorbate diffusion to
the adsorbent surface from the liquid phase is a crucial point
to be considered in obtaining the rate of adsorption. The lig-
uid film diffusion model was proposed by Boyd as follows:

In (1-F)=—kgyt, (7)

where F = q,/q, is the fractional attainment of equilibrium.
In the Boyd plot, a graph is plotted between In (1 — gt/
ge) and t. Film diffusion is symbolized if the graph is in lin-
ear form and passes through the origin and is represented as
the slowest (rate-controlling) step in the adsorption process.
This approach/model has limited relevance if the graph does
not travel via the origin. The findings of the film diffusion
study for CV sorption onto ACMAS are shown in Figure 15.
As per analysis, the linear plot for film diffusion also
does not pass through the origin, but is close to origin show-
ing that film diffusion also has part in the absorption analy-
sis. Likewise, other kinetic models are discussed as below.

3.8. Study of Other Adsorption Kinetics. To analyze factors
influencing rate of reaction and to understand the reaction
chemistry between adsorbate and adsorbent, a study of
kinetics is crucial. Apart from intraparticle diffusion model,
rate of adsorption was analyzed by fitting the experimental
data into several other rate kinetics. Data were fit into five
rate kinetics to reveal the suitable reaction rate (including
intraparticle/pore diffusion model which is discussed in Sec-
tion 3.7 of this article).

3.8.1. Kinetic Models for Pseudo I*' and 2" Order. Pseudo
1*-order model can be expressed as follows [36]:

dq
7 = K4~ ), (8)

where K is the equation for pseudo 1*-order constant, g, is
the equilibrium sorption capacity in mg/g, g, is the sorption
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capacity at any given time f, and ¢ is the time in minutes.
Integrating Equation (8) and equating to C, =0 at t =0, we
get the following:

log (9, —q,) =Ky (9, — 4,)- ©)

Also, equation for the 2"%-order rate model can be
expressed as follows [38]:

d
=K.~ a1 (10)

where K is the constant for rate of reaction (g/mgmin).

Second-order rate kinetic is understood to be propor-
tionate for concentrations equivalent to two reactants, and
also this rate kinetic symbolizes chemical sorption and hence
fast and high sorption. Now integrating Equation (10) and
using ¢, =0 and time, =0, a new form of Equation (11)
can be expressed as follows:

13

t 1 1
—=——=+—1 (11)
q: KSqe 9.

where K g7 is the sorption rate h at stating stage with time,
t=0.

Table 4 shows the relevant kinetic equation parameters cal-
culated from the slopes and intercepts of the linear plots. The
fitness of the pseudo second-order model is superior than the
pseudo first-order model, as seen by the correlation coefficient
values. Also, comparing adsorption capacity data from experi-
ment with adsorption capacity calculated using models, it is
revealed that 1¥-order rate kinetic values are in large variation
with experimental data while the 2"%-order kinetic values are in
line with the experimental values justifying the appropriateness
of pseudo 2"%-order rate kinetic model. Table 4 shows that for
pseudo 1% order, no pattern has been discovered for K  values.
Graphical presentation for pseudo 2™-order kinetics is illus-
trated using Figure 13(b), and the date corresponding to
adsorption capacity at equilibrium (g,), constant of 2™-order
reaction (K), and affinity for sorption (h) are presented using
Table 4. Analysis explored that as the dye concentration
increased, K values decreased accordingly. Consequently, as
the concentration of solute increases, the rate of adsorption
falls, which is consistent with previous findings employing
other adsorbents [45-48].

3.8.2. Elovich Model and Modified Freundlich Model. The
equation for Elovich can be represented as follows [50, 51]:

dq, Bt
i R 12
5 oo (12)

where « is the rate at starting stages (mg/g/min) and S (g/
mg) is correlated to the limit of surface coverage and activa-
tion energy for chemisorption.

Equation describing a straight line can be given as fol-
lows:

1 1
q,= B In (af) + B In (2). (13)

The Elovich equation’s constants are determined from
the plot of In (t) versus g, (Figure 13(c)). Apart from pseudo
1°* order and 2™ order, Elovich constants are also listed
using Table 4.

The equation of modified Freundlich was actually given
by Kuo and Lotse (1973). It can be represented as follows:

g, = KCy 1", (14)

where m is the constant given by Kuo and Lotse, rate con-
stant for apparent sorption, g, is the sorption capacity at
any given time, ¢, in mg/g, and C, is the starting dye concen-
tration in mg/L. When simplified, the modified Freundlich
model can be written in the form of a straight line as follows:

1
In g, =1n (kCy) + P In ¢. (15)
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The constants are determined from the graph of In g,
versus In,, as shown in Figure 13(d). Along with other
kinetic constants, all the modified Freundlich model con-
stants are given in Table 4.

From the analysis of kinetics, it was revealed that exper-
imental data fitted best with the pseudo 2"%-order rate
kinetic for adsorption of CV dye onto surfactant-modified
AC and thus also suggesting that process was favored by
chemisorption. Studies suggested that sorption mechanism
was not entirely supported by the combination of intraparti-
cle and film diffusion at different stages of process but also
controlled by 2™-order rate kinetic where electrons were
transferred between cationic and anionic functional groups
present in the CV dye and surfactant-modified AC surface.

3.9. Adsorption Isotherm Studies. Establishing the most accu-
rate relation for the equilibrium curves is critical for design
optimization of an adsorption system for the elimination of
adsorbates. For the present study, various isotherm models
are adopted to describe the equilibrium nature of adsorption
process. Isotherm models like Temkin, Freundlich, Langmuir,
Redlich-Peterson (R-P), Toth, Radke-Prausnitz, and D-R
models were used to assess the fitness of experimental equilib-
rium adsorption data for CV adsorption onto ACMAS. These
isotherms are represented by the equations as follows [51, 52]:

1
Freundlich, g, = KFCL{/’l orlng,=In K+ (7) InC,,
n
bC C 1 C
Langmuir, g, = I O e or ¢ =" )+ =¢,
© 140G, q, \dub)

Temkin, g, = B In K + By In C,,

Redlich-Peterson, g, =

KRC C
R EC or In <KR—6—1>=lnaR+[)’lnCe,
p q

1+ ayCh .
Th Th
Toth. q,= Lce or (2) = 1 + (CE)
, g, ,
(I/KTh 4 CeTh )l/Th q, (th)Th KTh (th )Th
Kpp Kpp C C 1 c?
Radke-Prausnitz, g, = LRP; or —¢ = + L,
1+KppCo 4, Kppky, Ky

Dubinin-Radushkevich (D-R),1In g, =1n g,,, - Ké?,

1
=RTxIn |1+ (=),
¢ o |: ! <C5>:|

(16)

For surface of adsorbent, possessing a nonuniform heat of
adsorption distribution throughout the surface, the Freundlich
isotherm holds true. The Langmuir isotherm, on the other
hand, indicates that sorption occurs at homogenous locations
inside the adsorbent. The isotherms of Redlich-Peterson,
Toth, and Radke-Prausnitz, on the other hand, may be used
in both homogeneous and heterogeneous systems, whereas
D-R isotherm is applicable in case of multilayer adsorption.

The parameters of isotherm and coefficients of correla-
tion in order to adsorb CV dye onto ASM-AC are shown
in Table 5. To identify the isotherm parameters by fitting
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TaBLE 5: Isotherm constants for CV sorption onto ACMAS.

Temperature in Kelvin

Isotherm model Constants 203K 303K 313K
q,, (mg/g) 2028 2145 2357
. b (L/mg) 4245 6915 7.412
Langmuir R, 0219 0307 0.325
R? 0.998 0.999 0.999
Ky (mg/g) 1056 1296 14.87
N 534 678 713
Freundlich
1/n 0.213 0209 0.204
R? 0.966 0.969 0.968
B, 0292 0324 0379
Temkin K (L/mg) 54.678 57.141 75.221
R? 0.959 0.956 0.959
ap (L/mg) 1 1 1
K (L/mg) 3827 3215 3977
Redlich-Peterson B 0971 1003  1.002
R? 0.978 0.979 0.979
Th 0.778 0.878 0.895
Toth iy (m/Y) 2686 2474 2518
Ky (mg/L)™" 2599 2212 2458
R? 0.923 0936 0.947
P 0.872 0.892 0.923
‘ Kgp (Lig) 9250 4.262 4.462
Radke-Prausnitz - (mg/e)/(mg/L)"® 1531 1690 1774
R? 0.897 0.887 0.858
4, 1742 1846 1947
E,, (kJ/mol) 19.67 2134 2246

D-R
K (mol’/]*) x10° 467 512 798
R 0.984

0.985 0.987

the experimental data, nonlinear regression analysis was per-
formed using the solver-add-in tool of Excel 2007.

For Langmuir isotherm, b with unit L/mg is the rate of
sorption, g, in mg/g symbolizes maximum capacity of
adsorption based upon Langmuir model, C, is concentration
of dye left in the solution corresponding to equilibrium
adsorption, and g, is the sorption capacity at equilibrium.
Value of correlation coefficient R? for Langmuir was obtained
by drawing C,,, vs. C, and was found in the range of 0.988-
0.999 (Tables 5 and 6) for the temperature range of 293-
313K suggesting high suitability of the isotherm model for
experimental data (Figure 16(a)). All the model parameters
are listed using Tables 5 and 6. In addition, applicability of
the isotherm model was analyzed from R;. R; can be deter-
mined using Equation (17) as mentioned as follows [52]:

(17)

R=—,
Lo 1+bC,
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TABLE 6: Langmuir g, values for CV dye adsorption using different adsorbents.

Adsorbent Langmuir g, (mg/g) CV dye Reference
SDS-modified magnetic nanoparticles 166.6 (53]
Charred rice husk 62.85 [54]
Xanthated rice husk 90.02 [54]
Treated sugarcane bagasse 107.5 [55]
Modified almond shell 12.2 [56]
Carboxylic group-treated activated carbon 120 [38]
Ricinus communis pericarp carbon 48 [57]
Magnetite alginate 37.5 (58]
Polyvinyl alcohol/agar/maltodextrin 19.17 (59]
Soil-silver nanocomposite 1.918 [60]
NaOH-modified rice husk 44.87 [61]
Chitin nanowhiskers 59.52 [62]
Solid waste of rosewater extraction 78.24 [63]
AC prepared from lemon wood (ACL) 23.64 [1]
ACL/Fe;0, magnetic nanocomposite 3531 (1]
Surfactant-modified activated carbon 235.7 This study

where starting concentration for dye is represented as C,. R;
value is a crucial factor for Langmuir isotherm as it helps in
revealing the nature of sorption process in terms of its favor-
ability for forward or backward sorption. If R; = 1, it implies
sorption process is proportionate, and R; >1 will suggest
sorption is not feasible, if condition is 0 < R, < 1, it indicates
favorability of the sorption process, and if R; = 1, sorption
process is supposed to be irreversible. For the present study,
R; values for the given range of temperature were found out
to be as 0.219-0.325 indicating favorability for adsorption of
CV onto anionic surfactant-modified adsorbent. Theoretical
maximum adsorption capacities for ACMAS and ACR for
the given case were found out to be as 235.7mg/g and
134.8 mg/g, respectively.

For Freundlich model, the adsorption capacity and inten-
sity are shown by the constants K and 1/#, respectively. The
greater the bonding and heterogeneity between the adsorbent
sites and the adsorbate, the higher is the value of 1/n. Tables 5
and 6 show that K  values rise as temperature rises, suggesting
increased dye absorption by ACMAS at higher temperatures
and also revealing the endothermic character of the adsorption
process. The 1/n numbers represent the relative distribution of
energy sites and are dependent on the adsorption process’s
kind and strength. Since 1/n <1, CV dye is preferentially
absorbed by ACMAS at all temperatures. The heat of dye
adsorption onto ACMAS is linked to the Temkin constant
(Bp). In all circumstances, B increases as the temperature
rises. For Temkin model, chemistry among adsorbate and
adsorbent is presented using constant K. Uniform and non-
uniform systems of adsorption interaction can be well
explained by three parametric Redlich-Peterson models. If
the value falls in the range of 0 to 1, that implies feasibility of
adsorption process. For Toth model, isotherm exponent Th
accounts for the heterogeneity of the sorption system and gen-
erally found out as lesser then unity. Nonuniformness of the

sorption will be indicated when the exponent value will deviate
away from unity. Toth isotherm simplifies to Langmuir model
when the exponent value merge with unity. Similarly, Radke-
Prausnitz model will imply the concept of Langmuir model
when P value for the model will become one. Except at
293K, for CV sorption, 3 =1 suggests favorable adsorption
at higher temperatures. Depending upon the adsorption mean
free energy value, E,,, an adsorption could be categorised as
three types: (i) an adsorption process will be controlled by
physical adsorption if E,, value will be less than 8 kJ/mol. (ii)
If E,, value lies in the range of 8-16 kJ/mol, adsorption process
will be supported by ion exchange process, and (iii) if E,,, value
evaluated in the range of 16-400kJ/mol, the process will be
mainly controlled by chemical adsorption. For the present
case, E,, values were found out as 19.67, 21.34, and 22.46Kk]/
mol for corresponding temperature values of 293, 303, and
313K, respectively, suggesting chemisorption.

Analysis of isotherm models revealed that experimental
data at equilibrium point fitted better with Langmuir model,
followed by D-R and Redlich-Peterson models. Suitability of
Langmuir model indicated that CV sorption was homoge-
nous over the adsorbent surface. Results implied that AC
treated with anionic surfactant produced a consistent pore
distribution over the AC surface assisting in uniform and
homogenous adsorption of CV dye. From the study of kinet-
ics and isotherms it can be inferred that adsorptive interac-
tion between sorbate and sorbent resulted homogenous
and chemical adsorption. Moreover, Table 6 shows the com-
parison for Langmuir adsorption capacity with previous
reported adsorbents for CV dye.

3.10. Analysis of Error Function. A vast amount of data from
the investigation of dye adsorption by surfactant-modified
AC (ACMAS) was evaluated on multiple linearized models
for finding the best-fit model. But due to the linearization
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Ficure 16: Plot for (a) Langmuir isotherm, (b) D-R isotherm, and (c) Redlich-Peterson isotherm for CV removal onto ACMAS

(adsorbent dose =0.15g/L, pH = 6.0, and C; =25 - 75mg/L).

inherent bias resulted and sets of different isotherm parameters
were established using nonlinear regression equations. This
gives a mathematical procedure to find out the parameters of
isotherm using the actual isotherm equation. So, the optimiza-
tion approach requires an error function to match the isotherm
data to the experimental equilibrium data. Because the error
function chosen has an impact on the parameters of the
derived-error function, which is mostly based on absolute devi-
ation bias, the data fits into a zone of high concentration. This
weighting is increased even more when extreme errors are
penalized by the square of the deviation. The bias can be coun-
terbalanced by dividing the deviation with the help of a com-
puted value to demonstrate the relevance of fractional
deviation. By the use of Solver add-in with Microsoft Excel, iso-
therm parameters were discovered during the analysis of error
function isotherms by minimizing the respective error func-
tions over the concentration range. This program’s initializa-
tion is based on a clever guess parameter. In Microsoft Excel,
an iterative procedure was started using the numbers obtained
from the linearized version of the model. The following sec-
tions detail the various error functions.

3.10.1. The Sum of the Absolute Errors (SAEs). The summa-
tion of the method of absolute errors can be given by the fol-
lowing equation:

n

SAE = Z

i=1

> (18)

qe,exp - qe,cal

where g, ., is the adsorbate concentration that was adsorbed

during the experiment, which was calculated from the con-
centration of equilibrium sorbate liquid phase, C, was
achieved experimentally, and g, is the concentration of
theoretical solid phase of sorbate that was adsorbed onto
the sorbent, which was calculated using one of the isotherm
equations. The data of the error function is raised by biasing
the fit towards the zone of high concentration, which is done
by using error functions to determine isotherm parameters.

3.10.2. The Sum of the Square of the Errors (SSEs). The sum-
mation of the squares of the error’s method can be written as
follows:
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TaBLE 7: Error functions for CV sorption onto ACMAS.

. Temperature

Isotherm Error functions 293 I;O 3 313
SAE 0.293 0252  0.241
SSE 0.018  0.015  0.013
. HYBRID 1381 0891  0.887
Langmuir MPSD 3424 3746  3.587
ARE 3.642 2879 2471
X 0.003  0.004  0.004
SAE 0.248 0347 0378
SSE 0.054  0.035  0.047
HYBRID 1.675  0.008  -0.024
Freundlich MPSD 4781 6645 6742
ARE 2997 3745  4.014
¥ 0016  0.025  0.078
SAE 0247 0279 0279
SSE 0.017  0.026  0.028
_ HYBRID 0245  -0324  -0.279
Temkin MPSD 4371 5472 5875
ARE 2745 2579 3478
¥ 0.008  0.014  0.017
SAE 0245 0257 0278
SSE 0012 0.014 0013
. HYBRID 0214  -0.113  -0.152
Redlich-Peterson MPSD 3984 4254 3124
ARE 2278 2314 2.007
¥ 0.007  0.009  0.006
SAE 0234 0245  0.241
SSE 0013  0.014 0012
HYBRID 0124 -0.134 -0.213
Toth MPSD 4523 4278  3.124
ARE 2642 2548 2354
X 0012 0019 0014
SAE 0254 0423  0.246
SSE 0.014  0.086  0.024
, HYBRID 3245 3423 -0.247
Radke-Prausnitz MPSD 4785 6245 5247
ARE 3124 5247 2578
¥ 0.014  0.024 0013
SAE 0.124 0243  0.238
SSE 0011 0.013 0012
HYBRID 0217 -0.115  0.175
D-R MPSD 4017 4245 3241
ARE 2195 2297 2010
¥ 0.007  0.006  0.004
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FiGUre 17: Effect of temperature variation on CV removal onto
ACMAS (sorbentdose = 0.15 g/L, time = 120 min, and pH = 6.0).
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FiGgure 18: Van’t Hoff’s plot for CV sorption onto ACMAS.

1 2

SSE = Z (qe,cal - qe,exp)

g (19)
i=1 !

The isotherm parameters that are computed using this
error function provide a better fit as the error value; hence,
the biasing of fit towards data acquired at the high end of
the concentration range increases as the square of the magni-
tude of error increases. Despite being the most often used
error function, the error function has a number of drawbacks.

3.10.3. The Hybrid Fractional Error Function (HYBRID).
The sum of the square of the error is divided by the mea-
sured value to best suits the sum of the square of the error
at a very low concentration. Porter et al. created an error
function to achieve this better match. It also uses the number
of data points minus the number of parameters (n-p) and
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TaBLE 8: Thermodynamic parameters for CV removal onto ACMAS.

Thermodynamic parameters

Dye conc. (mg/L) Temperature (K)

AG (kJ/mol)

AS (kJ/mol/K) AH (kJ/mol)

293 -11.61
25 303 -12.45 0.069 8.21
313 -12.68
293 -8.21
50 303 -10.45 0.078 12.87
313 -11.72
293 -5.34
75 303 -7.45 0.086 15.41
313 -8.12
the number of degrees of freedom of the system as a divisor 6
in the isotherm equation. It is written as follows:
54
100 ¢ -
HYBRID = _Z Geexp ~ Gecal |- (20) 41
n-pi3 9. exp ; a
M3
S
3.10.4. Marquardt’s Percent Standard Deviation (MPSD). It 5
is represented as follows:
1A
0 . . . . .
1 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034 0.00345

MPSD =100

n 2
”_p{ Zi:l (qe,exp - qe,cal/qe,exp) i)
(21)

This error function is used by different researcher in this
subject in the past. It sometimes resembles the geometric
mean error distribution, which improves with the number
of degrees of freedom of the system [64].

3.10.5. Average Relative Error (ARE). The average relative
error function [65] is as follows:

100 & "
ARE = —~ Z e Teexp  Tecal qecal ) (22)
n i=1 qe ,eXp i

This error function tries to keep the fractional error dis-
tribution as small as possible throughout the whole concen-
tration range.

3.10.6. Chi-Square (x?) Test.

2
) ( qe,exp T Gecal )

= 23
X qe,cal ( )

The sum of square of difference between actual experimen-
tal data and theoretical data predicted from using various
models is defined as chi-square with all the individual
difference of square being divided from each respective data
produced from models. When comparing the fitness of iso-

1/T (K)
B 30mg/L

FIGURE 19: Plot between In K, vs. 1/T (pH = 6.0, CV dose =0.15
g/L, and time = 120 min).

therms, the lowest values of y* are used in error analysis and
the greatest values of R? are used when evaluating the fitness
of isotherms. Study of error analysis revealed that among all
the models, hybrid fractional error study explores lowest error
distribution of the experimental data. Error analysis values for
several models are presented using Table 7.

From the inference of results of the error functions
values (Table 7) and the values of coefficient of correlation
for the isotherms (Tables 5 and 6), the suitability of iso-
therms for the present study is found in the following order:
Langmuir > D-R > Redlich-Peterson > Radke-Prausnitz >
Toth > Temkin > Freundlich.

As per the fitness, three of the best-fit isotherms (Langmuir,
D-R, and Redlich-Peterson) are shown using Figures 16(a)-
16(c), respectively. For Langmuir model, the curve is plotted
between C,/q, and C,, and for D-R model, the curve plotted
between In g, and &* and Redlich-Peterson is plotted using In
(C,)and In (K x xC,/q,—1).

3.11. Influence of Temperature and Thermodynamic
Parameters. Three distinct concentrations of CV dye (25,
50, and 75 mg/L) were investigated at different temperatures
(293K, 303K, and 313K), and the results are presented
using Figure 17. At all concentrations, capacity of CV
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TaBLE 9: Influence of additive salts on CV removal onto ACMAS (time = 30 min, pH =6.0).

Dye conc. (mg/L)

Influence of ion/salts on dye removal (%)

CaCl, KCl NH,Cl NaCl NaNO, MgSO, FeSO, Without ion/salt
25 95.7 95.7 95.7 95.7 95.7 95.7 91.3 95.3
50 81.8 80.4 81.8 82.5 86.2 78.2 65.6 81.6
75 56.7 54.8 56.7 58.4 58.2 55.2 47.4 57.1

3
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FiGure 20: Relation between In (C,) vs. 1/T for CV adsorption
onto ACMAS.
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FIGURE 21: Plot between AHy vs. temperature (K) for sorption of
CV onto ACMAS.

adsorption onto ACMAS was directly proportional to rise in
temperature. This revealed that the adsorption was an endo-
thermic process that occurred spontaneously.

With increasing temperature, chemical potential, solu-
bility, and thermal motion of dye molecules increased [66].
Furthermore, the structure of pore of AC was shown to be
highly correlated with temperature. Due to thermal expan-
sion, the structure of pore and number of active adsorption
sites of activated carbon became more with rise in tempera-
ture. Due to these factors, the capacity of adsorption of CV
on ACMAS has increased with rise in temperature.

In the research of adsorption thermodynamics, the tem-
perature influence and mechanism of sorption were further

investigated. From the standpoint of energy, the thermody-
namics of ACMAS adsorption were investigated. The
adsorption thermodynamics approach was used to investi-
gate the driving force of adsorption and establish whether
or not the adsorption process was spontaneous. Enthalpy
change (AH), free energy change (AG), and entropy change
(AS) are estimated using the thermodynamic formulae pre-
sented in the following equations [67]:

AG=-RT In Ky, (24)

q,

K=
C Ce (25)

AS  AH

nK.=2>_ A 26
M= R T RT (26)
AG = AH — TAS, (27)

where T is the temperature in Kelvin (K), universal gas con-
stant is represented as R (8.314 J/mol/K), and K. is the ther-
modynamic constant. Change in Gibbs free energy (kJ/mol),
change in entropy (kJ/mol/K), and change in enthalpy (kJ/
mol) are all represented by the letters AG, AS, and AH,
respectively. Parameters of Van’t Hoft’s graph for In K vs.
1/T is depicted using Figure 18 and is used to calculate AH
and AS values, which are presented using Table 8.

The negative AG values, as shown in Tables 5 and 6,
proved the suitability and spontaneity of the CV sorption pro-
cess on ACMAS [68]. The drop in AG values as temperature
rises indicates that the process of adsorption becomes more
favorable at high temperatures. At starting dye concentrations
of 25mg/L, 50 mg/L, and 75mg/L, respectively, positive AH
values of 8.21, 12.87, and 15.41 kJ/mol at increasing tempera-
tures show that it was an endothermic process of adsorption
[69]. For change in entropy (AS) 0.069, 0.078, and 0.086k]/
mol/K are the values obtained for adsorption of various CV
dye concentrations on ACMAS. The enhanced sorption arbi-
trariness during solution and solid interaction was reflected
by positive values of AS [70].

3.12. Determination of Activation Energy. Adsorption hap-
pens when an adsorbate particle collides with the surface
of an adsorbent with a specific minimum energy and a spe-
cific direction. The adsorbate particle must pass the energy
wall present on the adsorbent’s surface in order for adsorp-
tion to occur. Activation energy is the minimum quantity
of the required energy needed for the adsorption process.
If the value of activation of the adsorption process is above
40KkJ/mol, process is considered to be under the influence
of chemical adsorption, and if it is less than 40kJ/mol, it is
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FIGURE 22: (a) Breakthrough curves at different flow rates (bed depth = 10 cm, CV dye conc. = 25mg/L). (b) Breakthrough curves at different
CV concentrations (flow rate = 0.5 mL/min, bed depth = 10 cm. (c) Breakthrough curves for variation in bed depths (flow rate = 0.5 mL/min,

CV conc. = 25mg/L).

said to be controlled physical adsorption [14]. An empirical
relation is given by Arrhenius for this energy:

_ 4 —E,IRT
K = Ae s

(28)
where K is the adsorption rate constant, R is the ideal gas
constant, A is the constant of proportionality which varies
from one process to another, E, is the activation energy of
the process, and T is the temperature (Kelvin).

Applying operation of natural log (at the base e) on both
sides of Equation (28) gives the linearized form of the Arrhe-
nius relation as follows:

Eﬂ
InK,,=InA- RT

(29)

By plotting the curve (Figure 19) of In K, versus 1/T,
we were able to estimate the activation energy of our adsorp-
tion system. In relation to Equation (26), (=E,/R) value is
determined from the slope of the straight line derived from

TaBLE 10: Linear equations for breakthrough models.

Model Linear equation
In (C,/Cy—1)=kqy X gy xm/Q =k x Cy x t
In [C/(Cy—C,)]=kyyxt—kyyT
In (C,/Cy) =kyp x C; x t — [kNoH/v|

In (Cy/C)" ' —1=Axe™

Thomas
Yoon-Nelson
Bohart-Adam
Clark

the linearized form of the Arrhenius equation. The maxi-
mum E, value was calculated to be 48.31kJ/mol, indicating
that the current study favored chemical adsorption.

3.13. Influence of Additive Salts and Coexisting Anions. For
the investigation of influence of various salts such as FeSO,,
CaCL,, MgSO,, NaCl, NaNO,, KCl, and NH,Cl 100 mL of
CV solution was used for each of the dye concentration
values, viz., 25, 50, and 75 mg/L. After adjusting the solution
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FIGURE 23: Breakthrough curves for (a) Thomas model, (b) Yoon-Nelson model, (c) Bohart-Adam model, and (d) Clark model.

pH at 6.0 and oscillation of 30 minutes, tests were carried by
adding 200 mL of additive salts in the dye solution for each
salt compound. Influence of salts on sorption capacity is
illustrated using Table 9.

The adsorption of CV onto ACMAS was little affected
due to coexistence of ions/salts in the solution mix. The
dye removal rates were 78.2%-82.5% for 50 mg/L dye con-
centration, in the presence of coexisting ions, and it was
found more or less same to removal rates of 81.6% when
the ions were absent. For 75 mg/L initial CV concentration,
the clearance rate of CV in the presence of coexisting ions
(55.2% - 58.4%) was similar of ions were absent (57.1%).
This finding is comparable to other work on the influence
of cations on ammonium adsorption on ACMAS [28]. It
showed that the adsorption mechanism was unaffected by
ionic species such as NH4", Na*, Ca®*, K", and Mg**.

The capacity of adsorption of CV onto ACMAS in pres-
ence of NaCl, CaCl,, or NH,ClI increased marginally. This

can be attributed to the enhanced deionization method of
CV dye in aqueous mix due to dipole-dipole interaction,
ion dipole forces, and van-der-Waals interaction bonding
between molecules of dye. Previous findings also reported
that additional minerals/salts increase the dye removal rate
by AC carbon subjected to surfactant modification [20].
Presence of (NO>) ion had a stronger influence on the
adsorption of CV by ACMAS. For NO* presence in aqueous
mix, CV removal rate is reported as 86.2% which is higher
when compared to absence of same ion when the CV con-
centration was 50 mg/L (for solution in absence of NO*
removal = 81.6%). It is possible that this is because NO*
has a high oxidation capacity in dilute solutions. In dye
manufacturing, nitrites such as potassium and sodium
nitrite are commonly employed. When experiments were
carried for 75 mg/L, removal rate of CV (47.4%) by ACMAS
during presence of (Fe**) was recorded to be lesser when
compared with absence of the particular ion (57.1%).
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TaBLE 11: Parameters for different column study models for
different flow rates.

oy model Constants o 1O O SO
q (mg/g) 91.2 85.4 79.4
kry 0.001 0.002 0.003
Thomas R? 0.988 0.999 0.997
Slope 0.01 0.02 0.01
Intercept 3.721 3.431 3.124
kyn 3.71 3.42 3.13
T 3.42x107° 325x107° 3.37x107°
Yoon-Nelson R? 0.978 0.979 0.978
Slope -3.62 -3.34 -3.18
Intercept 0.012 0.008 0.009
N 3.6x10°  3.7x10° 3.5x10°
kap 0.0008 0.0007 0.0005
Bohart-Adam R? 0.967 0.968 0.965
Slope 0.007 0.006 0.006
Intercept 2.419 1.972 1.859
K 8.1x10% 78x10% 7.6x107*
R 81x10™* 78x10™* 7.6x107*
Clark A 8.57 6.71 5.62
R? 0.948 0.957 0.956
Slope 0.007 0.006 0.006
Intercept 2.42 1.97 1.86

Adsorption rate deteriorated as ferrous ions with high sorp-
tion reducibility filled the CV adsorption site on ACMAS.

3.14. Isosteric Heat of Adsorption. The adsorption heat at a
constant surface coverage is known as the isosteric heat,
i.e, at a particular constant quantity of adsorbate material
that has been adsorbed at the adsorbent surface and it is cal-
culated using the integrated Clausius-Clapeyron equation:

(~AHx/R)1

+ tant. 30
T constan (30)

InC,=

At equilibrium, C, (mg/L) denotes the adsorbate concen-
tration, AHx denotes the isosteric heat of adsorption (kJ/
mol), R refers the ideal gas constant (8.314 J/mol/K), and T
is the temperature (Kelvin scale). The adsorption isostere
in the form of a straight line is obtained in Equation (30)
and the value of (-AHx/R)is obtained from slope of the
straight line between C, vs. 1/T. For constant surface loading
(SL), the best-fitted isotherm model gives the value of C,.
For SL of constant rate, C, values were obtained from the
best-fitted isotherm model as per Sections 3.9 and 3.10 of
this article. Accordingly, C, values were calculated from
the Langmuir isotherm for the process and were considered
for isosteric heat analysis. Study was conducted for four dif-
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ferent surface loadings, viz., 10, 12, 14, and 16 mg/g at 293K,
303K, and 313 K. Result for the same is shown in Figure 20.

The temperature and the SL are the main factors on which
the isosteric heat of adsorption depends. The process is called
an endothermic process if the isosteric heat increases with
increase in temperature. Similarly, if the isosteric heat
decreases with decrease in temperature it is said to be exother-
mic. If the surface of adsorbent is homogeneous them the isos-
teric heat of adsorption is independent of the surface loading
and will be constant. But if the isosteric heat of adsorption
changes with surface loading then the surface of adsorbent is
energetically heterogeneous which favors adsorption. It is also
indicating the presence of strong lateral interaction between
adsorbed molecules. The low value of isosteric heat of adsorp-
tion is result of predominance of adsorbate-adsorbate interac-
tion where as high value of isosteric heat of adsorption is due
to predominance of adsorbent-adsorbate interaction.
Figure 21 shows the increase in isosteric heat against increase
in temperature which suggests that the adsorption was endo-
thermic in nature which is in synchronization with the ther-
modynamic studies done for this study.

3.15. Column Study. To understand the performance of
adsorbent column, a column of glass having 2 cm diameter
and 50 cm length was utilized. To give support to the adsor-
bent, the bottom of the column was filled with glass wool,
and the column was then filled with 2g of ACMAS with
an initial bed depth of 10cm. Flow rates of 0.5, 1.0, and
1.5mL/min were used to pass a 25mg/L CV solution
through the column. In a conical flask, the treated water
was collected. Figure 22(a) depicts the experimental break-
through curves (S-curves) produced for different flow rates.
Due to limited contact time, higher rates of flow led in early
breakthrough. Due to insufficient contact time, the adsorp-
tion capacity declines as the flow rate increases from 0.5 to
1.5 mL/min, whereas it increases at a low flow rate up to
0.5mL/min. Since flow rate of 0.5mL/min showed maxi-
mum adsorption, hence, this flow speed and bed depth of
10cm was chosen for column study using variation in dye
concentrations, viz., 25, 50, and 75mg/L, results of which
are depicted using Figure 22(b). Analysis revealed that
adsorption with higher concentration (75mg/L) attained
early breakthrough compared to other two concentration
studies (25 and 50mg/L). Similarly, study has been done
for three separate bed depths of 10, 20, and 30 cm for con-
stant flow rate and dye concentration values of 0.5 mL/min
and 25 mg/L, respectively. Results of column analysis using
bed depth variation are shown in Figure 22(c).

Various breakthrough models are presented in Table 10;
viz., the Thomas, Yoon-Nelson, Bohart-Adam, and Clark
models were utilized for various flow rates to match the exper-
imental data of the column studies in order to define the fixed
bed column behaviour and scale it up for industrial applica-
tions. For column adsorption isotherm, the inclusiveness or
exclusiveness of reactions, importance, and the rate law type
utilized, each of these models differs from the others [71, 72].

The Thomas model is a generic model for describing col-
umn performance when external and internal diffusion resis-
tances are exceptionally low. The adsorption behaviour is
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FIGURE 24: (a) Adsorption-regeneration cycle. (b) Regeneration of ACMAS with NaOH and HCL

assumed to follow second-order reversible reaction kinetics and
a Langmuir isotherm without axial dispersion in this model.
Linear form is as follows:

C, m
In (C_o —1) :kTqua —kpy Cyt. (31)

Yoon and Nelson devised a simpler model that requires
no precise information on the adsorbate’s characteristics,
the adsorption bed’s parameters, or the kind of adsorbent.
The rate of decline in the likelihood of an adsorbate mole-
cule is considered to be proportional to the probability of
adsorbate adsorption and the probability of an adsorbate
breakthrough on the adsorbent in this model.

Linear form is as follows:

Ce
In [COT] =kynt—kynT). (32)

e

The equilibrium, according to Bohart-Adams, is not
immediate. The adsorption capacity depends on the adsor-
bent, and adsorbing species concentrations are proportional
to adsorption rate.

Linear form is as follows:

C, kN, H
In (CozkABcOt—[sD. (33)

The Clark model is based on the usage of the Freundlich
isotherm in conjunction with a mass-transfer notion. The Clark
model implies that the mass transfer zone’s shape remains con-
stant and that all adsorbate is eliminated at the column’s end.

TaBLE 12: ACMAS recycle-regeneration data using 1.0 M NaOH.

No. of cycles Residual concentration (mg/L) CV removal (%)

1% 0.14 94.5
ond 0.85 89.9
3rd 1.96 80.1
4t 2.73 70.2
5th 3.58 62.1
6t 4.98 49.9

TaBLE 13: Adsorption capacity and % adsorption by using different
conc. of NaOH and HCI for ACMAS regeneration.

Eluent Concentration (M) C, (mg/L) % Adsorption ¢, (mg/g)

0.2 4.89 494 1.32
0.4 4.04 56.1 1.54
HCI 0.6 3.12 70.3 1.67
0.8 2.49 72.5 1.85
1.0 1.51 81.7 1.97
0.2 3.57 64.1 1.67
0.4 3.01 70.3 1.81
NaOH 0.6 2.27 75.8 1.92
0.8 1.93 80.2 2.21
1.0 0.14 94.6 2.46

Linear form is as follows:

C n-1
In (?0> ~-1=Axe™", (34)

e

where A =exp (KN, Z/v) and r=K_.C,

Figure 23 shows how breakthrough curves for various flow
rates were fitted to the models. Table 11 results reveal that
Thomas model fit better with the experimental data well and
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TaBLE 14: Desorption capacity comparison for different eluents.
Eluent Dye/adsorbatet used Max1mum Reference
for adsorption regeneration
0.2-1.0M HCI and 0.2-1.0 M NaOH in 5mL of distilled water for desorbing  Methylene blue and  99% for MB and 96%
. . th [38]
carboxylated activated carbon adsorbent crystal violet CV at 57 cycle
0.2-1.0 H,SO, for desorbing polyaniline-Oscillatoria-biocomposite adsorbent Basic blue 41 74.08% [74]
0.1 M KCL in 100 mL solution for desorbing red soil Phosphate 75-80% [75]
0 0 th
1 M HNO; for desorbing granular activated carbon Mn (II) ion 82.53% toc;czl.e(gB %oats [76]
0 0 th
0.1 M HCI in 10 mL solution for desorbing magnetic activated carbon RB5 97.2% t0c§c61.e7A) a6 [77]
1 M NaOH for desorbing surfactant-modified activated carbon Crystal violet 94.5 to 49.9 at 5™ cycle This study

TaBLE 15: CV adsorption onto ACMAS in real water samples.

Water sample CV concentration (mg/L) CV removal (%)

25 94.5
Tap water 50 81.1
75 54.6
25 94.4
Raw water 50 81.7
75 55.3
25 94.4
Distilled water 50 79.5
75 53.7
25 94.4
Wastewater 50 81.5
75 55.7

had a high R? value. Table 11 analytical results indicated that
when flow rate increases, k;, and K. rise, but k. ; and ky drop.
The performance of ACMAS as a result of CV dye adsorption
follows the second-order reversible reaction kinetics [73].

3.16. Regeneration Studies. Eluents such dilute HCl and
dilute NaOH were used to regenerate the used ACMAS.
All the reusability studies were carried at room temperature.
Figure 24(a) and Table 12 show the desorption and reuse of
ACMAS with 1.0M NaOH at C, = 10mg/L for 6 numbers
cycles of regeneration, with capacity of adsorption going
down from 94.5% to 49.9%, and data for desorption with
varied NaOH concentrations and HCI concentrations (0.2-
1.0 M) are shown in Figure 24(b) and Table 13. The highest
removal effectiveness for reuse was achieved after desorption
with 1.0M NaOH solution, while an excessively high con-
centration (1.5 M) was detrimental to reuse, possibly due to
residual OH on the ACMAS or adsorbent structure degra-
dation. As a result, the ideal NaOH solution concentration
for regeneration chosen was 1.0 M. In addition, Table 14
reports for desorption capacity of different eluents used for
removing different types of adsorbates.

3.17. Analysis of Chemical Oxygen Demand (COD). The
digesting system was turned on, and a temperature of 150°C
was established to know chemical oxygen demand (COD).
After that, 10 digestion tubes were considered and each of
the tubes received 50 mL of sample (dye solution with a con-
centration of 50 mg/L). They were added with mercuric sulfate
and standard K,CR,0O, (potassium dichromate, strength
0.125N). After that, the tubes were placed in a plastic tray
and allowed to cool before being filled with 50 mL of sulfuric
acid reagent. The sulfuric acid reagent was slowly introduced.
The solution was then thoroughly blended. The tubes were
stored in a COD digester after the material was mixed. The
air condensers were placed into the tubes, and the reflux of
the mixture was set for 90 minutes. The air condensers were
then removed from the tubes, as well as the tubes from the
COD digester, and the COD digester was allowed to cool to
room temperature. Titration against 0.1 M ferrous ammonium
sulfate solution with 1-2 drops of ferroin indicator was used to
measure the COD value (Assam state pollution control board
manual). The test was conducted using a COD block digesting
system (model Pelican Kelplus-08L CAC). The COD value (in
mg/L) was determined as follows:

COD <%> _ ((blank-sample) x 0.1 x 8000) . (35)
L (volume of sample)

Observations (data not given) revealed that before adsorp-
tion, COD value of sample solution was at 119.76 mg/L and
the same has reduced to 43.15 mg/L after adsorption. Hence,
it is conclusive that before adsorption due to the presence of
higher initial concentrations of CV dye, the COD value of
the water solution was higher, and as the solution was sub-
jected to adsorption, dye concentration of the solution
reduced, and eventually, the COD value of the solution came
down. It also indicates that due to addition of ACMAS in
the solution, any increase in the COD value of the solution
was insignificant, hinting that ACMAS was stable in water
solution and was not releasing any chemical into the solution
during adsorption process. The reduced COD value of the
solution after the adsorption process and the removal of dye
indicates the fitness of the ACMAS as an efficient adsorbent
for the removal of CV dye from the solution.
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3.18. Adsorption of CV onto ACMAS Using Real Water
Samples. Table 15 shows the CV adsorption rate onto ACMAS
in three distinct actual water samples: water from tap, natural
water, and wastewater. The water sample collected from tap
was taken from lab faucets, the natural water sample was taken
from the Gaurang River in Kokrajhar, Assam, India, and the
wastewater sample was taken from an unnamed drain on the
CITK campus. In 100.0 mL water samples, a specified quantity
of CV was added and concentrations of 25, 50, and 75mg/L
were generated, accordingly. All of the samples were brought
down to a pH of 6.0 and agitated in a shaker for 30 minutes.
For comparison, distilled samples of water were used as
benchmark water samples. As per findings, in comparison to
modelled dye wastewater, the rate of adsorption of CV by
ACMAS in actual water samples was marginally enhanced.

4. Conclusion

In this present study, results have clearly shown that use of
anionic surfactant-treated activated carbon has improved the
adsorption of crystal violet dye. The adsorption capacity was
greatly influenced by initial concentration of dye, dose of adsor-
bent, effect of pH, effect of contact time, etc. While treating the
surfaces of activated carbon with anionic surfactant, the groups
those are soluble in water were bonded with the AC surfaces.
Due to this, specific binding sites having functional groups were
present at the surfaces of activated carbon for removal of dye.
Anionic surfactant-treated activated carbon was found to be
more effective on dye removal as it has the capability of remov-
ing cationic dyes. Various characterization experiments were
carried out to investigate the capacity of dispersion and the
capacity of dye adsorption onto adsorbent surfaces. The pH
level at which the adsorption process was favorable was given
by pHpy and study of zeta potential. Analysis of pH was car-
ried at a variation of 2-9, and studies have shown that the rate
of dye removal increased with the increase in pH value. The rate
of dye removal was more with higher temperature. A tempera-
ture range of 293-313K was taken for this analysis. In the
kinetic studies, pseudo 2"-order kinetic study has shown good
correlation with the data. After the thermodynamic studies, it
was found that Langmuir isotherm model was best suited.
The thermodynamic and activation energy study has also
revealed that the reaction is of endothermic nature and con-
trolled by chemisorption (E, =48.31kJ/mol). In the column
study, Thomas study was found effective as it was found sup-
porting Langmuir isotherm model. This present study clearly
shows that the use of anionic surfactant-treated activated car-
bon is effective in removing cationic dyes.
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