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ARTICLE INFO ABSTRACT
Keywords: The elevated co-occurrence of arsenic and fluoride in surface and groundwater poses risks to
Adsorption human health in many parts of the world. Using single and competitive batch equilibrium
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adsorption studies, this research focuses on As(V) and F adsorption by activated carbon and its
modeling. BET, XRD, FESEM, EDS, and FTIR analysis were used to discern the structural char-
acteristics of activated carbon. The influence of dosage, pH, and contact time were also investi-
gated in single and simultaneous adsorption systems. The maximum adsorption capacity of
activated carbon for arsenic and fluoride were found to be 3.58 mg/g and 2.32 mg/g, respec-
tively. Kinetics studies indicated that pseudo-second-order kinetic model fit better than pseudo-
first-order, Elovich, and intraparticle diffusion kinetic models. The non-linear regression anal-
ysis of Langmuir, Freundlich, Toth, Redlich Petersons, and Modified Langmuir Freundlich models
was used to determine single-component asorption model parameters. Additionally, the simul-
taneous adsorption was rigorously modeled and compared using the Extended Langmuir (EL),
Extended Langmuir Freundlich (ELF), Modified Competitive Langmuir (MCL), and Jeppu
Amrutha Manipal Multicomponent (JAMM) isotherm models, and competitive mechanisms were
interpreted for the simultaneous adsorption system. Further, the model performances were
evaluated by statistical error analysis using the normalized average percentage error (NAPE), root
mean square errors (RMSE), and the correlation coefficient R?). According to the modeling re-
sults, single equilibrium data fitted better with the Modified Langmuir Freundlich isotherm
model, with a higher R? of 0.99 and lower NAPE values of 3.8 % and 1.28 % for As(V) and F, than
other models. For the binary adsorption, the Extended Langmuir Freundlich isotherm model
demonstrated excellent fit with lowest errors. All the competitive isotherm models fit the As(V)
and F simultaneous sorption systems reasonably well. Furthermore, the research unveiled a
nuanced hierarchy of isotherm fitting, with ELF > EL > MCL > JAMM in varying arsenic at a
constant fluoride concentration, and ELF > JAMM > EL > MCL in varying fluoride at a constant
arsenic concentrations. In addition, competitive studies divulged crucial insights into selective
adsorption, as As(V) exhibits a pronounced adsorption selectivity over F on activated carbon. In
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essence, As(V) showed a more pronounced antagonistic behavior over F, whereas F exhibited a
much lesser competitive behavior in the adsorption of arsenic.

Novelty statements

1. The research study presents a comprehensive exploration of the adsorption capabilities of activated carbon for the competitive
removal of arsenic and fluoride in aqueous media.

2. Binary kinetic adsorption studies of arsenic and fluoride are limited , and were explored.

3. Comparison, modeling, and interpretation of competitive mechanisms are done for four multicomponent isotherms: Extended
Langmuir, Extended Langmuir Freundlich, Modified Competitive Langmuir, and Jeppu Amrutha Manipal Multicomponent models.

4. The new multi-component isotherm model, i.e., Jeppu Amrutha Manipal Multicomponent (JAMM) isotherm developed in our
previous research, was used for competitive adsorption simulation.

1. Introduction

Arsenic and fluoride in drinking water present a serious threat to the global population. These toxic elements have gained notoriety
due to their widespread occurrence and detrimental effects on human health. These invisible pollutants in water have adversely
impacted communities across various nations, leading to severe consequences. While anthropogenic activities and industrial discharge
contribute to these toxic pollutants in water systems, it is also crucial to recognize that natural sources play a vital role. Arsenic and
fluoride prevalence in wastewater and drinking water is a significant concern in numerous regions. For several decades, countries such
as India [1], Mexico [2], Argentina [3], Australia [4], Pakistan [5], and Japan [6] have grappled with the co-occurrence of arsenic and
fluoride in their groundwater sources. These pollutants seriously challenge public health and necessitate action to mitigate their effects
[71.

When individuals consume arsenic-contaminated water, health risks are inevitable—consumption of arsenic results in a likelihood
of developing cancer, liver disease, and a damaged nervous system. Additionally, individuals may experience complications such as
hearing problems, loss of limb sensation, and digestive difficulties [8]. A minimal quantity of fluoride benefits teeth and bone
development and dental health. The health problems associated with high fluoride levels include tooth decay and dental fluorosis.
Furthermore, fluoride can cause skeletal fluorosis, which damages bones and joints. It has also been linked to thyroid problems,
neurological issues, high blood pressure, myocardial damage, cardiac insufficiency, arteriosclerosis, arterial calcification, and heart
failure [9]. According to reports, As(V) and F together have a more significant impact on the genetic integrity of cells than each
substance alone. High concentrations of As(V) or F also harm children’s growth and IQ. Therefore, it is crucial to eliminate these toxins
from drinking water. The World Health Organization (WHO) has established limits for arsenic and fluoride in drinking water to address
these pressing concerns. The recommended limit for arsenic is 0.01 mg/L, while for fluoride, it is 1.5 mg/L [10]. These guidelines serve
as crucial benchmarks for governments and regulatory bodies in implementing measures to ensure safe drinking water for their
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Fig. 1. Schematic representation of arsenic and fluoride adsorption on activated carbon in single and competitive adsorption systems.
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populations [11].

Extensive research, as highlighted in the literature, has identified several successful adsorbents capable of removing arsenic and
fluoride, such as activated carbon, novel iron, and iron-zirconium-modified activated carbon derived from Tectona grandis sawdust
[12]. Various composite materials have been employed for this purpose, yielding promising outcomes. For instance, modified hy-
droxyapatite [13-16], aluminum alginate [17,18], activated alumina [8,19-21], zirconium oxide [12,22,23], chitosan composite [24,
25], and impregnated lanthanum silica gel [26,27] have demonstrated adequate fluoride and arsenic removal capabilities [28].
Innovative approaches have also been explored, such as impregnating sawdust with ferric hydroxide and activated alumina for
maximum sorption of arsenic and fluoride. Aluminum hydroxide/aluminum oxide nanoparticles have demonstrated efficient simul-
taneous removal of pollutants, with maximum Langmuir adsorption capacities for simultaneous removal of 0.833 mg/g and 2 mg/g for
arsenic and fluoride, respectively [29]. Activated carbon fibers enhanced with zirconium (Zr-ACF) were made using a novel
drop-coating technique which followed the pseudo-second-order adsorption kinetics model. Moreover, literature surveys have
revealed that researchers have extensively utilized activated carbon derived from diverse materials to eliminate As(V) and F from
aqueous solutions. Also, Fig. 1. Shows the schematic representation of arsenic and fluoride adsorption on activated carbon in single and
competitive adsorption systems.

When two separate dangerous pollutants are consumed, they may effectively work independently, synergistically, or antagonis-
tically to one another. The adverse effects of As(V) and F taken separately have been extensively researched, but their combined
exposure has received little attention [3,30]. Despite the tremendous gravity of the situation, relatively little information is available
on the populations simultaneously exposed to As(V) and F poisoning [11]. Addressing the issue of excess arsenic and fluoride in water
systems requires a comprehensive approach encompassing both natural and anthropogenic sources. Additionally, mitigating the
impact of natural sources through appropriate water management strategies and geological assessments can help minimize contam-
ination [31]. The literature on the multi-component adsorption of arsenic and fluoride with modeling studies is limited, and the
competitive adsorption of these contaminants is understudied. The analysis of competitive adsorption is imperative to devise effective
strategies for water treatment and ensure the removal of arsenic and fluoride [32,33].

This study aims to comprehensively explore the use of activated carbon adsorbing the pernicious pollutants arsenic and fluoride in
single and simultaneous systems. Furthermore, this study delves into various characterization techniques employed to evaluate the
characteristic properties of activated carbon in pre-adsorbed and post-adsorbed stages. Additionally, it investigates the single sorption
capabilities and other parameters using five non-linear regression analyses by Langmuir, Freundlich, Toth, Redlich Petersons, and
modified Langmuir Freundlich models. We have compared the four nonlinear competitive isotherm models: the extended Langmuir,
extended Langmuir Freundlich, modified competitive Langmuir, and Jeppu Amrutha Manipal multicomponent, which describes
competitive mechanisms for simultaneous systems. Furthermore, the interpretation of the selectivity and competitive mechanisms
behavior of binary As(V) and F adsorption systems has been made. Also, the normalized average percentage error (NAPE), root mean
square error (RMSE), and correlation coefficient (R?) statistical errors were analyzed to determine the fitness of predicted isotherms.
Additionally, the investigation encompasses equilibrium studies and applying various adsorption isotherm models to elucidate the
intricate sorption mechanisms.

2. Materials and methods
2.1. Chemical and reagents

0.416 g of NapHAsO4.7H20 was used to prepare 100 ppm of arsenic solution. 0.221 g of NaF was used to prepare 100 ppm of the
standard fluoride samples. NaOH or HCl was used to adjust the pH of the solution. The activated carbon (AC) purchased from Darco,
USA, was granular and insoluble. The AC has been tested, and it has a selectivity range of up to 57, particle size 12-20 mesh, and high
purity grades from Sigma Aldrich.

2.2. Characterization of activated carbon (AC)

The characterization of AC was carried out by Brunauer Emmett Teller (BET) apparatus, Fourier transform infrared spectroscopy
(FTIR), X-ray Diffraction (XRD), Field Emission Scanning Electron Microscope (FESEM), and Energy Dispersive Spectroscopy (EDS).
BET apparatus (Smart Instruments, Mumbai) gave the surface area and pore volume. The functional groups were identified by the FTIR
(Thermo Scientific, USA) and the XRD (EMPyrean range, Malvern PANalytical, Netherlands), a non-destructive technique that
recognized AC’s crystal phases and structure. FESEM (FEI. Quanta 200, Thermofishcher, USA) and EDS (Irtracer 100, Shimadzu, USA)
investigated the morphology, orientation, composition, and topography.

2.3. Adsorption kinetics and isotherms

The single and binary adsorption studies of As(V) and F ions onto AC were conducted in batch mode at 25 + 2 °C.

In a typical procedure for single kinetic experiments, 250 mL of solute concentration was taken in 250 mL conical flasks, and 1.25 g
of AC was added at pH value 5 =+ 0.02. The flasks were kept in an incubator shaker at 250 rpm. The aliquots were taken at regular time
intervals up to 4 days. Similarly, adsorption isotherm experiments were performed with different initial concentrations of 1-100 mg/L
by adding 5 g/L of AC to 50-100 mL solution in 250 mL conical flasks with pH 5 + 0.02 at 25 + 2 °C for 48 h. Then, the solution was
filtered by microfilters. A flame atomic absorption spectrophotometer (AAS) measured and detected the arsenic concentration and
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quantified arsenic trace levels. A Thermo Orion Ion-Selective Fluoride meter (FM) advanced instrumentation ensured the robustness of
experimental findings by gauging the fluoride concentration. The effect of pH on the adsorption capacity of AC was determined by
adjusting the pH range of 3-11; initial concentrations were 10 mg/L for As(V) & F. Fig. 2. Shows the experimental flowchart of arsenic
single adsorption system. Finally, the metal ion adsorption at equilibrium onto AC in aqueous solution was evaluated by the equation:

(Co—C,)V
m

Q= Eq. (1)
where C, is the initial concentration (mg/L), C. is the final concentration (mg/L), V is the volume of aqueous solution (L), and m is the
adsorbent dosage (g/L).

The operating conditions of the binary adsorption systems were prepared similarly to those of single adsorption systems. The
kinetics and isotherm experiments were conducted in triplicates; the average standard deviation values were considered. The time-
dependent pseudo-first-order, pseudo-second-order, Elovich, and intraparticle diffusion kinetic models were fitted for single and bi-
nary systems. Langmuir, Freundlich, modified Langmuir Freundlich, Toth, and Redlich Peterson isotherm models were modeled and
simulated for single-component systems. Additionally, the competitive mechanisms of four multicomponent isotherms: extended
Langmuir, extended Langmuir Freundlich, modified competitive Langmuir, and Jeppu Amrutha Manipal multicomponent were
compared, modeled, and interpreted models.

2.4. Adsorption kinetics

1 The pseudo-first-order kinetic model
q_(t)=q_(e) (1 -e™*) Eq. (2)
Where ki (min™!) is the coefficient of pseudo-first-order adsorption rate, qe, and q; are the jon adsorbed (mg/g) quantity at
equilibrium and time t, respectively.

2 The pseudo-second-order kinetic model

kzqe
ST hoqut Eq. (3)

Where k; is the pseudo-second-order rate constant (g/mg min), qe and q; are the quantity of ion adsorbed (mg/g) at equilibrium and
time t, respectively.

3 The Elovich equation kinetics model

1
q = 5 In (1 + abt) Eq. (4)

Where q; is the adsorbate concentration at any time, t, per weight of adsorbent (mg/g), a is the Elovich constant related to the initial
adsorption rate (mg/g min), b is the Elovich constant related to the desorption rate (g/mg).

As(V) . . Activated
Arsenic solution
Carbon
Jus . = sowsm | Modeling and
I - Simulation
0 ~MLF
) 5 10 15 20 25 30 35 40 45
C. (mg/L) 3
Equilibrium Adsorption Isotherms AAS Analysis

Fig. 2. Experimental flowchart of arsenic single adsorption system.
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4 The intraparticle diffusion model

q =kit*® +C Eq. (5)

—1/2)
B

Where k; is the intraparticle diffusion rate constant (g mg~! min and C is the surface adsorption.

2.5. Mono component adsorption isotherms

1 Langmuir isotherm model (LI)

kLCe
=Qu— Eq. (6
Q=Qi g 0. (6)
Where C, is the adsorbate concentration at equilibrium (mg/L), Q. is the equilibrium adsorption capacity of adsorbents (mg/g), Qm
is the maximum adsorption capacity (mg/g), ki, is the Langmuir constant expressed as L/mg, and C, is the initial concentration of the
solution expressed as mg/L. The adsorbent sites will have the same energy to attract the adsorbates. It assumes the formation of a
monolayer, homogenous surface, and no interactions between the adsorbates [34].

2 Freundlich Isotherm model (FI)

Y
Q. =kpC/T Eq. (7)

kg is adsorption capacity (L/mg), and 1/n is adsorption intensity. It indicates relative energy distribution and the adsorbate sites’
heterogeneity. The value of 1/n indicates the favorability of the adsorption, i.e., if 1/n is greater than 0, or 0 < 1/n < 1, then adsorption
is favorable, and when 1/n = 1, adsorption does not occur. A reversible multilayer on the heterogeneous surface is established. The
distribution of components depends on the time and energy of the sites ensured [35].

3 Redlich Peterson Isotherm model (RPI)

kRp C.

= Eq. (8
¢ 14 o CF q. (8)

kgrp and agp are the Redlich-Peterson isotherm model constants, and f is the exponent of the Redlich-Peterson isotherm, which lies
between 0 and 1. It obeys Langmuir and Freundlich models, but it is not monolayer adsorption. It pertains to homogeneous or het-
erogeneous surfaces [36].

4 Toth Isotherm model
kT Ce

Q=—1" Eq. (9)
(0(7" + Ce)T

kr and o are the Toth isotherm model constants, and 7 is the exponent of the Toth isotherm, which lies between 0 and 1. It has the
vital function of operating both in low and high concentrations. Langmuir model is modified to diminish the errors between exper-
imental and predicted data [37].

5 Modified Langmuir Freundlich Isotherm model (MLF)

[Ceko]"

Q=Qny [Cokq]"

Eq. (10)

Qn is the maximum adsorption capacity of the system (mg/g), Ce is the aqueous phase concentration at equilibrium (mg/L), k, is
the affinity constant for adsorption (L/mg), and n is the index of heterogeneity. In the above equation, the affinity constant (k,) value
can be varied for pH-dependent sorption effects. The uniqueness of this isotherm is its pH dependency on adsorption systems. The
essential experimental condition required to apply this isotherm model in a system is pH [38].

2.6. Multicomponent adsorption isotherms
An extension of single-component adsorption isotherms is multicomponent adsorption isotherms. The multicomponent isotherm
was derived based on the single adsorption isotherm. This work simulated experimental data using five multicomponent adsorption

isotherms described below.

1 Extended Langmuir Isotherm/Non-Modified Langmuir Isotherm model (EL)
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Ky ice;

Qei=Quni———— Eq. (11)
14> Kpicei
j=1

Where Q.; and Q.; is the equilibrium adsorption capacity for components i and j (mg/g), Qm; and Q; is the maximum adsorption
capacity for components i and j (mg/g), K;; and K, ; is the Langmuir constant for components i and j (L/mg) and c.; and c,; is the
equilibrium concentration for components i and j (mg/L), respectively. N is the number of components, and §’ takes from 1 to N. The
active sites on the adsorbent are assumed to be uniform and to have the same energy in this model. Pollutant molecules also adhere to
the active sites due to the adsorbates’ non-interacting action. The drawback of this approach is that the values of the isotherm pa-

rameters for other adsorption systems might be drastically different [39].

2 Extended Langmuir-Freundlich Isotherm Model (ELF)

1
)
KiricCei ( i

i": Kipice: (1/ nl«)

j=1

Qei = Qi Eq. (12)

Where Q.; and Q.; is the equilibrium adsorption capacity for components i and j (mg/g), Qm; and Q; is the maximum adsorption
capacity for components i and j (mg/g), K;; and K, ; is the Langmuir constant for components i and j (L/mg), c.; and c; is the equi-
librium concentration for components i and j (mg/L) and n; and n; is the adsorption intensity for components i and j (mg/g),
respectively. This isotherm model is the combination of Langmuir and Freundlich’s isotherm models. At n, the heterogeneity index
value reduces to one; isotherm behaves as the Extended Langmuir isotherm model [40].

3 Modified Competitive Langmuir Isotherm Model (MCL)
Kri(Cei/ny;
Qui=Qui sz ( /’h) Eq. (13)
1+ Z; K. (Cij/"lL.j)
=

Where Q.; and Q.; is the equilibrium adsorption capacity for components i and j (mg/g), Qn; and Qn; is the maximum adsorption
capacity for components i and j (mg/g), K;; and K ; is the Langmuir constant for components i and j (L/mg), c.; and c; is the equi-
librium concentration for components i and j (mg/L), and n; and r); is the interaction factor for components i and j (mg/g), respectively.
When n, the interaction factor value reduces to one, MCL behaves as the extended Langmuir isotherm model [41].

4 Jeppu Amrutha Manipal Multicomponent Isotherm Model (JAMM)

Qui= Qi D; Xliv (K Cey ai)ni

1+ z; (KLJ‘ Ce.i ai)"‘
j=

Eq. (14)

Where Q.; and Q.; is the equilibrium adsorption capacity for components i and j (mg/g), Qn; and Qn; is the maximum adsorption
capacity for components i and j (mg/g), K;; and K, ; is the Langmuir constant for components i and j (L/mg), c.; and c; is the equi-
librium concentration for components i and j (mg/L), n; and n; is the heterogeneity index for components i and j (mg/g), ®; and @; is the
interaction coefficient for components i and j (mg/g), a; and q; is the affinity factor for components i and j (mg/g) and x; and x; is the
mole fractions for components i and j (mg/g), respectively [42].

2.7. Analysis of statistical errors

The least-square fit assesses the model parameters and helps to compare the error distribution. The sum of squared errors was
minimized while calculating the model parameter, and also the average percentage error between the experimental and predicted
values was determined. The correlation coefficient (R?) value determines the model’s acceptability. To this purpose, the root mean
square error (RMSE), the sum of squared error (SSE), and normalized average percentage error (NAPE) [42] error functions were
utilized to validate the fitness of the models examined in the current investigations [35].

N

SSE="Y" (Qup — Qua)” Eq. (15)

i=1

Eq. (16)
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N
NAPE=) {L’S_Qc’}% Eq. (17)
i—1 e,max

Q.xp is the experimental data, Q.q is the predicted data, Q. max is the maximum experimental data, and N is the number of experimental
data points. The lower the values of SSE and RMSE and the greater the R?, the more suitable the model.

2.8. Desorption and regeneration of activated carbon

To understand the significance of desorption studies in assessing the activated carbon’s durability, quality, operational expenses,
maintenance, and reusability. Henceforth, both adsorption and desorption investigation studies were performed. After the adsorption
experiments by As(V) and F, eluting reagents like NaOH, HCI, and distilled water were employed [43]. The desorption percentage of
AC was gauged after each desorption cycle. The regeneration studies were carried out for the adsorbed AC utilized in single and binary
adsorption of As(V) and F.

After each consecutive regeneration cycle, the desorption efficiency was evaluated. Therefore, desorption efficiency is given by,

Co —C.

DE=
Co

X100 Eq. (18)

Where, ¢, and c, are each cycle’s initial and equilibrium concentrations of As(V) and F (mg/L) in the adsorbent.
3. Results and discussion
3.1. Characterization of activated carbon

3.1.1. Surface area and pore volume

The Brunauer Emmett Teller (BET) apparatus determined the surface area and pore volume of activated carbon. The surface area
depicted the availability of active sites on AC. In this study, the surface area was 568.14 m?/g, and the pore volume was 0.4507 cc/g.
The average pore size of the AC was calculated to be 3.1731 nm, indicating that it falls within the mesopores range. Table 1 shows the
physicochemical properties of AC. Previous works have obtained similar results [44-48]. As the relative density of AC was greater than
that of water, AC was denser and with less moisture content.

3.1.2. Field Emission Scanning Electron Microscopy (FESEM)

The Field Emission Scanning Electron Microscopy (FESEM) technique was employed to determine the morphology and orientation
of AC. Fig. 3(a) displays the FESEM images of plain AC magnified at 25kX. The images revealed a uniform and porous surface; previous
literature reported similar results [52,53]. The electron mapping confirms the presence of arsenic and fluoride adsorbed on the AC
after adsorption, depicting the existence in Fig. 3(a).

3.1.3. Energy Dispersive X-ray Spectroscopy (EDS)

The Energy Dispersive X-ray Spectroscopy (EDS) technique provided compositional and topographic information. The EDS spec-
trum in Fig. 3(b) confirmed the presence of essential elements such as carbon and oxygen in the AC. The intense spectrum was observed
within the 0-1 keV range, and the peaks in the EDS spectrum indicated the presence of carbon. The atomic percentage of carbon was
found to be 33.33 %, while oxygen accounted for 66.67 % of the AC composition. EDS depicted the atomic percentage of arsenic and
fluoride after adsorption. Similar results were obtained in previous studies as well [54-57].

3.1.4. Fourier transform infrared spectroscopy (FTIR)
The FTIR spectra in Fig. 3(c) illustrates FTIR (before and after adsorption of arsenic), (d) FTIR (before and after adsorption of
fluoride), (e) FTIR (before and after adsorption of arsenic and fluoride). The peak was observed at 771.47 cm’l, 1040.99 cm’l,

Table 1

The physicochemical properties of AC.
No Properties of AC Specifications
1 Appearance: Form Granular (12-20 mesh)
2 Autoignition temperature 842 F
3 Moisture content <12 %
4 Particle size 12-20 mesh
5 Surface area 568.14 m%/g
6 Pore volume 0.4507 cc/g
7 Selectivity ~57
8 Melting point/Freezing point 3.550 C - lit
9 Relative density 1.8-2.1 g/cc
10 Water solubility Insoluble
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Fig. 3. (a) FESEM and EDS (before) and (b) FESEM and EDS (after adsorption), (c) FTIR (before and after adsorption of arsenic), (d) FTIR (before
and after adsorption of fluoride), (e) FTIR (before and after adsorption of arsenic and fluoride), (f) XRD analysis of activated carbon.

Table 2
The FTIR spectral properties of activated carbon.
Peak Activated carbon (Frequency range, cm ™) Assignment Ref.
Unloaded Loaded
AC As(V) difference F difference As(V) and F difference
1 771.47 752.94 +18.53 775.75 —4.28 755.79 +15.68 C-H stretch, Alkenes [49-51]
2 1040.99 1028.16 +12.83 1022.45 +18.54 1031.01 +9.89 Skeletal C-C vibrations
3 1219.67 1224.95 —5.28 1222.10 —-2.53 1227.80 —-8.13 Aromatic C-H in-plane blend
4 1518.72 1531.55 -12.83 1510.16 +8.56 1521.56 —2.84 C=C-C Aromatic ring stretch
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1219.67 cm™ " and 1518.72 cm ™ 1. These were the possible sites for the adsorption. The band spectra were found in the fingerprint
region, i.e., 400 to 1500 frequencies. However, the FTIR results showed that these bands’ intensity differences exceeded after arsenic
and fluoride adsorption. The peaks at different bands disappeared after the adsorption of the pollutant, as shown in Fig. 3. The dif-
ference in the peaks and assignments is noted in Table 2.

4.1.5. X-ray Diffraction (XRD)

The X-ray Diffraction (XRD) pattern exhibited two major diffraction peaks at 20 = 21.92° and 44.05°, corresponding to the (002)
and (100) planes, respectively, as in Fig. 3(f). These peaks align well with the Joint Committee on Powder Diffraction Standards
(JCPDS) file 41-1487, indicating that the AC possesses an amorphous and graphitic structure. Previous studies have also been reported
this observation [58,59]. The average particle size of AC was 1.102 nm, determined using the Scherrer equation, considering the peak
locations. Fig. 3(f) shows XRD pattern for activated carbon.

4. Adsorption study in a single and simultaneous system
4.1. Percentage removal

In the single and binary systems, adsorption experiments were performed for As(V) and F using AC. The experiments were con-
ducted with a volume (V) of 50 mL, pH value of 5, a dosage of 5 g/L, temperature (T) set at 25 °C, initial concentration (C,) of 100 mg/
L, and agitation speed of 150 rpm. The influence of contact time on the percentage removal of arsenic and fluoride in single and binary
component systems is shown in Fig. 4(a and b). In a single-component system, the percentage removal of arsenic increased with
increasing contact time until 48 h, which further varied slightly. Also, it marginally increased in the binary component system with
increasing contact time up to 30 h. Similarly, the percentage removal of fluoride increased with the increasing contact time till 30 h,
after which the removal continued until saturation, and in the binary component system, removal increased with the increasing
contact time till 40 h, after which the removal of fluoride slightly varied with the increasing contact time.

The experiment initially observed the highest reduction of arsenic and fluoride levels. This can be attributed to the abundance of
vacant sites on the adsorbent surface during the early stages of the experiment, facilitating rapid removal. As time progressed, As(V)
and F concentrations steadily declined [60,61]. The decline can be attributed to a gradual decrease in the driving force propelling the
adsorption. Meanwhile, the agitation speed remained constant, maintaining a consistent interaction level between A(V), F, and AC,
leading to an equilibrium state. Ultimately, the equilibrium state emphasized the importance of considering the saturation point [62,
63]. As a result, the adsorption rate during this period was more noticeable. Therefore, the optimal contact time for arsenic and
fluoride adsorption was 48 h in both single-component and binary-component systems. In the single-component system, the study
achieved a percentage removal of 93.56 % for arsenic and 72 % for fluoride.

Similarly, in the binary-component system, the percentage removal of As(V) was 71.91 %, while fluoride was removed at a rate of
90 %. This reduction was due to the competitive behavior of fluoride or vice versa. Though ions try to reach the AC’s active sites,
competition arises in the binary systems [64]. Additionally, the affinity of AC towards arsenic and fluoride differs, leading to a
variation in the removal percentage in binary adsorption. AC’s chemical composition and surface characteristics determined its
preference to adsorb certain pollutants [65-67].

4.2. Effects of adsorbent dosage

For As(V) & F, the single and binary batch adsorption experiments were conducted at specific conditions: dosage ranging from 1 to
10 g/L, temperature (T) of 25 °C, initial concentration (C,) of 100 mg/L, and agitation speed of 150 rpm for 48 h. Fig. 5(a and b)
illustrates the impact of adsorbent dosage on removing arsenic and fluoride in single and binary-component systems.

Evidently, the adsorption rate was promisingly elevated with higher AC dosage. However, as the dosage increased, it was attributed
to increased active sites and distribution coefficients, which promote higher interactions between the adsorbent and adsorbate.
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Fig. 4. Influence of contact time on percentage removal of a) arsenic and b) fluoride in single and binary component systems.
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Fig. 5. Influence of adsorbent dosage on removal of a) arsenic and b) fluoride in single and binary component systems.

Consequently, the removal efficiency was also boosted with increased AC dosage. In both cases, the simultaneous removal efficiency
was relatively less than the removal efficiency of a single system. This was an expected result as in previous works of literature [68,69].
As(V) sorption was affected more significantly than a single system in the presence of F. In contrast, F sorption was reduced gradually,
but the removal was less significant in the presence of As(V). Moreover, based on the results obtained from the experiments of single
and binary systems, the optimal adsorbent dosage for As(V) and F was taken as 5 g/L.

4.3. Effect of pH and the point of zero charge (pHypc)

By using 50 ml of a 0.1 M NaCl solution, the point of zero charge (pHpc) of AC was ascertained. The pH was maintained between 3
and 11 by adding 0.1 N HCl and 0.1 N NaOH. After adding the AC to the mixture, the pH of the mix was assessed after 24 h. The pHyp
value was determined by the plot ApH versus initial pH. The difference between the initial and final pH gave the pH,p. [70,71].

From Fig. 6, it can be depicted that AC’s zeta potential changes. The AC exhibited the point of zero charge (pHyp.) at approximately
PH 6.8. The surface charge of the material can be determined by the zeta potential [72]. The results showed that the surface of AC was
positively charged if the pH of the solution was less than pHy;, zero charge if the pH of the solution was equal to pH,p., and negatively
charged if the solution’s pH was higher than pHyp.. However, similar outcomes were seen in earlier studies [56,73].

Fig. 7(a and b) shows that As(V) and F adsorption rise as pH lowers. The pH of the solution significantly affected the speciation of As
(V) and F ions, influencing the reactions and other chemical forms [74]. The protonation and deprotonation of species were the impact
of pH. At neutral pH, the primary dihydrogen arsenate, the chemical equilibrium is represented in Eq (19). Hence, the dominant
species was HoAsOy, resulting in a negative charge and loss of one H' ion. At low pH (<7), in acidic conditions, protonation increases
as H' ions increase, achieving more protonated species (Eq. (20)), resulting in more positively charged ions [75]. At pH > 7, OH™ ions
were relatively high in primary conditions. The OH™ ions react with HoAsOg, leading to negatively charged species (Eq. (21)). Along
with the charge of arsenate, the surface charge of AC at specific pH also varied the affinities and adsorption behavior [17]. At pH 3,
adsorption was at its highest; However, as pH increased, adsorption decreased.

HyAsO4 = H* + HAsO%~ Eq (19)
H2AsO4 + H* = H3AsO4 Eq (20)
HyAsO7 + OH™ = HAsOF + Hy0 Eq (21)
HF + H*=F" Eq (22)
3 T
|
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Fig. 6. Determination of point of zero charges using activated carbon as adsorbent (V = 50 mL, t = 25 °C, pH = 3 to 11, Dosage = 5 g/L, C, = 0.1 M
NaCl at 150 rpm for 24 h).



A. Acharya et al. Heliyon 10 (2024) e31967

1 2
a) As(V) single As(V) Binary b) +#-F single O F Binary
0.8 1 15 A
= 0.6 1 )
% 2 1
£ £
E= '4 . 3
s’ S
0.5 1
0.2 4
2 3 4 5 6 7 8 9 10 11 12 2 3 4 5 6 7 8 9 10 11 12
pH pH

Fig. 7. Effect of pH on adsorption of a) As(V) and b) F for the single and binary system (V = 50 mL, t = 25 °C, pH = 3 to 11, Dosage = 5 g/L, C, =
10 mg/L at 150 rpm using activated carbon as adsorbent).

F~ + H* = HF Eq (23)
HF + OH™ = F + H,0 Eq (24)

While, in the case of fluoride, at pH = 7, sodium fluoride exists prominently in fluoride ion (F™) as in Eq. (22). The protonation
occurs when the pH < 7 increases in the formation of HF in acidic conditions (Eq. (23)). In primary conditions, pH > 7, OH™ ions react
with HF forming fluoride ions (Eq. (22)). It was perceived that negatively charged fluoride have more affinity towards positively
charged AC [12]. Similarly, the maximum adsorption was attained at pH 3 according to experimental findings for F adsorption. The As
(V) and F were adsorbed at a lower rate when the pH of the solution exceeded. As pH rises, there might be less availability of positively
charged AC surface for negatively charged fluoride ions and competition between the hydroxyl and fluoride ions. As(V) and F exhibit a
similar considerable adsorption reduction behavior with increasing pH in a binary system, as in Fig. 7(a and b) [76].

4.4. Adsorption kinetics study

The results of kinetic adsorption studies with the function of contact time for As(V) and F in a single component system are given in
Fig. 8(a and b). The experimental conditions for the kinetics where the initial concentration was C, = 10 ppm, the volume of solution
taken was 250 mL, pH = 5, the dosage of AC taken was 5 g/L, agitation = 200 rpm, and temperature = 25 °C. It shows that As(V)
adsorption on AC was more than that of fluoride in a single-component system. Initially, the adsorption was slow, but the adsorption
process extended to 24 h, reaching equilibrium.

The parameters of adsorption kinetics are given in Table 3 for a single-component system of As(V) and F; also, the value of g of
arsenic and fluoride was 1.53 mg/g and 1.20 mg/g. The linear relationship between log (qe-qy) vs. t for As(V) and F did not fit well, as
givenin Fig. S1 in supplementary data, indicating that adsorption involves more than one mechanism, and the q. value was the same as
qr. Likewise, the relationship between In(t) vs. t for As(V) and F was not linear, as in Fig. S2 in supplementary data, and the g, value was
similar to q; [77,78].

The coefficient of determination (Rz) was closer to 1 in a pseudo-second-order reaction [79]. The t/q; vs. t values showed linearity
for the pseudo-second-order equation, as shown in Fig. 9(a and b). Henceforth, the adsorption process attributes pseudo-second-order
reaction. The pseudo-second-order equation approximates the kinetics of specific chemical reactions, particularly those involving
adsorption processes. It assumes a chemisorption mechanism, where the adsorbate species interacts with the surface through chemical
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Fig. 8. Kinetic adsorption model fit of a) As(V) and b) F in a single component system.
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Table 3
The parameters of a kinetic model of As(V) and F in the single adsorption system by AC.
Kinetic Model Parameters As(V) F
Pseudo-First-Order Kinetic Model qc (mg/g) 1.48 1.13
k (min ) 0.005 0.009
R? 0.92 0.92
Pseudo-Second-Order Kinetic Model q¢ (mg/g) 1.55 1.15
k2 (g/(mg.min)) 0.006 0.017
R? 0.96 0.95
Intra-particle Diffusion Kinetic Model ki (mg/g.min*%) 0.009 0.005
G 0.83 0.81
R? 0.95 0.95
Elovich Kinetic Model o (g/(mg.min)) 0.34 4.47
p (g/mg) 6.13 10.63
R? 0.95 0.97
120 140
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Fig. 9. Test of the pseudo-second-order equation for a) As(V) and b) F in the single component system.

bonds [80,81]. Additionally, it assumes that the rate of site occupation is proportional to the square of the number of unoccupied sites,
which is a characteristic of specific adsorption processes. In the pseudo-second-order equation, the rate constant is usually called ky. A
higher rate constant indicates a faster reaction speed, which means the reaction proceeds more quickly [79,82].

In this study, the reaction rate constant ky and q; of As(V) was 0.006 and 1.55 mg/g & for F was 0.017 and 1.15 mg/g, as shown in
Table 3. Therefore, the rate of the chemical reaction was more rapid in the case of fluoride adsorption than in arsenic adsorption. The
pseudo-second-order model fitted the adsorption kinetics much better than the pseudo-first-order and Elovich models for both ad-
sorbates [83,84]. Although the pseudo-second-order model assumes that the rate-determining step is chemical adsorption, it is always
monolayer adsorption, and the q. value was the same as q;. Thus, the concentration may indicate physical adsorption contributing at
higher concentrations, i.e., the formation of more than one layer on the adsorbent surface. However, it also describes the complex
reaction mechanisms and multiple steps involved in chemical reactions [85].

The intraparticle diffusion model includes all adsorption steps, such as external film (boundary layer) diffusion, pollutants reaching
the pores, internal particle diffusion, rate-limiting step, and adsorption equilibrium. Initially, the As(V) and F molecules in solution
contacted the external surface of AC [77,86]. The parameter C (constant) in the equation gives the thickness of the boundary layer. The
more significant the C value, the greater the boundary layer. Amongst As(V) and F, As(V) has a more significant boundary layer than F
[61]. As(V) and F molecules diffused into the pores of AC and moved gradually more profoundly into the pores. Factors like con-
centrations, pore size, and pollutant size influence the rate-limiting step. The slowest step controls the overall rate of adsorption. Of the
five mentioned steps, the fifth step is assumed to be rapid, and thus, the slowest step would be either film diffusion or pore diffusion.
However, intra-particle and external transport mechanisms might distribute the controlling step. Therefore, the intraparticle diffusion
model comprehensively determines the adsorption process, as depicted in Fig. S4 in supplementary data [87].

The results of kinetic adsorption studies with the function of contact time for As(V) and F in binary component systems are given in
Fig. S3 in supplementary data. The kinetic adsorption experiments of As(V) in a binary component system were conducted at V = 250
mL, pH =5, Dosage = 5 g/L, T = 25 °C, C, = 10 mg/L of As(V) and F at 200 rpm using AC as adsorbent. As(V) significantly adsorbed
more than fluoride on AC. Initially, the adsorption was slow, but then the adsorption process increased to 24 h, reaching equilibrium
[88,89]. The coexistence of As(V) and F significantly influenced adsorption kinetics, with notable alterations in the rate and the extent
of adsorption at equilibrium time [61,90]. Competitiveness initiates interactions’ complexity, directly impacting affinity and overall
adsorption. Henceforth, simultaneous removal involves the interaction between the As(V) and F to reach the AC surface, and between
the molecules of As(V) and F. As(V) and F coexistence underscores the complexity and highlights the need for precise removal
strategies.
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4.5. Single adsorption isotherms study

The adsorption isotherm experiments were performed with different initial concentrations of 1-100 mg/L by adding 5 g/L of AC to
50-100 mL solution in 250 mL conical flasks with pH 5 £ 0.02 at 25 + 2 °C for 48 h. Isotherm adsorption was studied to determine the
maximum adsorption capacity of AC for As(V) and F. The equilibrium data of As(V) & F were better depicted by single isotherm models
like Langmuir (Eq. (6)), Freundlich (Eq. (7)), Toth (Eq. (8)), Redlich Peterson (RP) (Eq. (9)) and modified Langmuir Freundlich (MLF)
(Eq. (10)) isotherm models for single-component systems as in Fig. 10(a—e). The results shows that adsorption capacity of AC was more
significant for As(V) than fluoride.

Compared to other adsorbents, AC has a substantially superior adsorption capacity. AC was a potential material for extracting As(V)
and F from aqueous solution [82,91]. The separation factor can determine the nature of adsorption. It is expressed as

Ro=17 ;Lco Eq. (25)
C, is the initial concentration, and Ky, is the solution’s isotherm constant of As(V) and F. The values of Ry, signify the type of iso-
therms. It is unfavorable adsorption if the Ry, values exceed 1 (R, > 1). If the values lie between 0 and 1, it’s favorable adsorption; if Ry,
= 0, adsorption is irreversible. Hence, Ry, values of As(V) and F onto AC lie between 0 and 1, as shown in Table 4, indicating favorable
adsorption [79]. The experimental adsorption equilibrium data of As(V) and F in single-component systems on AC were analyzed. The
calculated coefficient of determination (R%) and root mean square errors (RMSE) of five single isotherm models are represented in
Table 4.
Table 4 shows the Langmuir isotherm with an adsorption capacity of AC of 3.58 and 2.32 mg/g for As(V) and F, respectively. The
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Table 4
Equilibrium adsorption isotherm parameters and errors of the single component system for As(V) and F by activated carbon.
Isotherm Model Component Parameters Ry R? NAPE (%) RMSE
Two-parameter As k;, = 0.036 L/mg 0.74 0.97 5.28 0.37
Langmuir Isotherm Model (LI) Qn = 3.58mg/g
F k; = 0.11 L/mg 0.48 0.98 3.63 0.32
Qm = 2.32mg/g
Freundlich Isotherm Model (FI) As Kr=0.18n =1.46 0.36 0.94 6.93 0.49
F Kr=0.44n =259 0.19 0.96 4.57 0.41
Three-parameter As Kr=116ar =16.41 0.08 0.97 5.41 0.38
Toth Isotherm Model (T model) t=1.31
F Kr=0.92ar =216 0.09 0.99 2.29 0.20
t=1.25
Modified Langmuir Freundlich Isotherm Model (MLF) As k;, = 0.1008 0.50 0.99 3.80 0.27
Qn=272mg/gn =1.81
F k, = 0.077 0.57 0.99 1.28 0.19
Qm =211mg/gn =0.71
Redlich Peterson Isotherm Model (RPI) As krp = 0.11 0.48 0.97 5.26 0.37
agp = 0.004
p =152
F krp = 0.54 0.16 0.99 2.10 0.19
agp = 0.51
=082

Langmuir constant of As(V) was 0.036, and for F, it was 0.11, suggesting the affinity of adsorbate towards adsorbent. The adsorption
capacity of AC towards As(V) was 1.54 times greater than that of F, indicating AC was more selective for As(V) than for F. Similar
results were obtained in the other research work by Bibi et al. (2015), and Rathore and Mondal (2017). Practically, it was found that
the characteristics and the experimental setup can impact the system’s selectivity sequence of AC. Due to its reliability and versatility,
the Langmuir isotherm model is widely used in sorption studies. It is beneficial for homogeneous sorption processes and is based on the
theoretical concept of monolayer adsorption. This model assumes that the interaction forces between adsorbed molecules are insig-
nificant and that a fixed number of energetically equivalent sites are available on the adsorbent surface. Once an adsorbate molecule
occupies a site, no further adsorption occurs. Overall, the Langmuir isotherm model provides a straightforward approach to under-
standing adsorption phenomena [36]. The evaluation of the As(V) separation factor was 0.74, and F was 0.48, which put forward
favorable adsorption.

The value of n in the Freundlich model provides insights into the active sites’ surface heterogeneity and energy distribution.
Usually, the adsorption is favorable when the value of 1/n is more than zero. As(V) showed 0.68, F showed 0.39, which depicts
favorable adsorption on AC. If the value of 1/n exceeds unity, it is an unfavorable and irreversible adsorption process. Unlike the
Langmuir isotherm, the Freundlich isotherm assumes surface adsorption as a multilayer, and the energy distribution is not uniform on
the heterogeneous surface. It also considers the interaction between the adsorbate and the adsorbent. This isotherm may not be applied
to the wide range of adsorption data.

Redlich-Peterson isotherm acts as a combination of Langmuir and Freundlich isotherms. The value of f, the exponent values are
1.52 and 0.82 for As(V) and F, respectively. If the value of p is closer to 1, the Langmuir isotherm is preferred. If the value of § is zero,
the preferred isotherm is Freundlich. It’s a versatile isotherm that can be applied for homogenous or heterogenous adsorption systems.
Also, 1/n of the Freundlich model equals (1- ), and when p = 0, it reduces to the Langmuir isotherm. From the Toth isotherm model,
the t value of As(V) was 1.31, and F was 1.25. If parameter t’s value exceeds unity, it’s a heterogenous surface [92].

Considering higher R? and lowest RMSE values, the modified Langmuir Freundlich isotherm fits the system more accurately than
the other models. Furthermore, the parameter n is the index of heterogeneity in the MLF model (Eq. (10)). When applying a
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Fig. 11. Comparison between predicted uptake with the best model and experimental uptake of a) arsenic and b) fluoride in a single compo-
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heterogeneity index of n, the density function for heterogeneous systems might change in the MLF isotherm, which usually falls be-
tween 0 and 1. A homogeneous material has an n value of 1, whereas a heterogeneous material has an n value below 1. In this study, the
values of n were 1.81 and 0.71 for As(V) and F, respectively. In the above equation, the affinity constant (K,) value can be varied for
pH-dependent sorption effects. The uniqueness of this isotherm was its pH dependency on adsorption systems. The essential experi-
mental condition required to apply this isotherm model in a system was pH [38]. In conclusion, analysis shows that the modified
Langmuir Freundlich model outperformed the other isotherm models by providing the best fit. Its higher R? value and lower RMSE
error supported this finding, indicating a stronger correlation between the predicted and experimental data points of As(V) and F.

Upon examining Fig. 11(a and b), the relationship between the predicted uptake of arsenic and fluoride, qpreq, and the experimental
uptake, Qexp, Was thoroughly investigated to assess the adequacy of the model. The plotted data revealed several straight lines cor-
responding to the linear graphs associated with the utilized isotherm models. Among the isotherm models considered, namely
Langmuir, Freundlich, modified Langmuir Freundlich, Toth, and Redlich Peterson, the modified Langmuir Freundlich model displayed
the most favorable fit, which signifies a minor deviation between the predicted and actual experimental measurements [93-95]. Based
on the experimental data, the modified Langmuir Freundlich model demonstrated a remarkable ability to predict arsenic and fluoride
uptake accurately. Additionally, the comparison of the maximum uptake of As(V) and F with different adsorbents is given in Table 5,
which has outcomes similar to those of this present work.

4.6. Competitive adsorption isotherm study

The coexistence of arsenic and fluoride in various areas highlights the significance of studying their simultaneous adsorption. This
study aimed to investigate the competitive effects of As(V) and F on AC, focusing on their adsorption behavior in a combined system.
The presence of F impacted the behavior of As(V), which was assessed by considering the interaction mechanism and the maximum
uptake in binary adsorption systems. By analyzing the interaction mechanisms, it was possible to determine how the presence of F
influenced the adsorption behavior of As(V). The study classified the effects of ionic interactions into three categories: synergistic,
antagonistic, and no interaction [61,103,104]. These classifications helped to understand the combined adsorption behavior of As(V)
and F. The maximum uptake of As(V) and F in the binary system was denoted as Qpaxp, While the maximum uptake in the
single-component system was denoted as Qnaxs, respectively. If the ratio of Quaxg and Qmaxs is greater than one, then the mechanism is
synergistic. If the ratio is below one, then the effect of the mixture is antagonistic. If the ratio equals one, there is no interaction
between the adsorbates in the binary solution [37].

Quet > 1: The combined effect is more significant than the individual effect in the solution.

Qmaxs
% = 1: The solution’s combined and individual effects are the same
% < 1: The combined effect is less significant than the individual effect in the solution.

Simultaneous equilibrium experiments were conducted by keeping the fluoride concentration constant at 20 and 30 mg/L while
varying the concentration of arsenic from 1 to 100 ppm. The impact of F ions on the adsorption efficiency of As(V) was examined under
the same optimized experimental conditions. Similarly, the efficacy of F adsorption was evaluated by altering the concentrations
ranging from 1 to 100 ppm while maintaining a constant level of arsenic at 20 and 30 mg/L. Previous literature has such similar studies
[411.

Additionally, to evaluate the competitive behavior of the simultaneous systems, the nonlinear extended Langmuir, extended

Table 5
Comparison of maximum adsorption capacity of activated carbon with other adsorbents of binary systems.
No  Adsorbent Adsorbates dosage Adsorption capacity Ref.
As (mg/L) F (mg/L) As (mg/ F (mg/g)
g)
1 Hydrated Cement (10, 20, 30, and 40 g/L) 0.1 5 1.92 1.72 [96]
2 Marble Powder (10, 20, 30, and 40 g/L) 0.1 5 0.04 0.84 [96]
3 Brick Powder (10, 20, 30, and 40 g/L) 0.1 5 0.04 0.18 [96]
4 Thermally treated laterite 1 100 6.43 0.21 [971
5 Acid-base treated laterite (20 g/L) 0.5 10 0.769 0.526 [61]
6 Aluminum oxide/hydroxide nanoparticles (AHNP) 0.512 6.3 0.833 2 [69]
7 Modified yak dung biochar (10 g/L) 1000 1000 2.926 3.928 [98]
8 Impregnated Ferric hydroxide and Activated Alumina 10 100 0.10 2.42 [99]
9 Chitosan network and a chitosan binary network grafted with N-vinyl 100-250 100-250 0.0022 0.150 [100]
caprolactam/N-N-dimethyl acrylamide hydrogels ng/L ug/L
10 Bone char 0.25 10 0.7 4.58 + [101]
0.24
11 Goethite-coated sand (G-IOCS) 0.25 10 0.5 442 + [101]
0.56
12 Activated Alumina 0.25 10 0.024 3.16 + [101]
0.34
13 Cellulose fibres (1 g/L) 0.05-8.9 11-17 1 2.2 [102]
14 Activated carbon 10 10 2.35 2.28 Present
study
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Table 6
Competitive isotherm models with inferences.
No Competitive adsorption Isotherm Parameters Features/characteristics Limitations/Weakness Ref.
1 Extended Langmuir/non- Qm.i, Ki; This model is an extension of Langmuir The limitation of this model is isotherm [105]
modified competitive isotherm. The active sites on the adsorbent parameters can be completely different in
Langmuir isotherm are assumed to be uniform. The adsorbates their values for specific adsorbents.
Qi = Qus Kiicej have non-interacting adsorption. The Furthermore, the model does not
My Zj"ilKL jCej equation has the same variables as the consider interacting adsorption. Though
modified competitive Langmuir isotherm it is a multicomponent isotherm, it does
model except for the interaction factor with not have competitive parameters. Qp, ; is
only two fitting parameters. a fitting parameter disconnected from
Qmax,i of single component isotherms.
2 Extended Langmuir-Freundlich Qmi> Kiri, ny This model is a combination of the Freundlich The model does not consider interacting [33]
isotherm and Langmuir isotherm models. With the adsorption. Though it is a
(1 ) combined isotherms, better results could be multicomponent isotherm, it does not
KipiCoi / n; achieved. The Langmuir-Freundlich Model is ~ have interaction parameters. Qp,; is a
Qi = Qui—————F—~ obtained with three fitting parameters based  fitting parameter different from Qpqy,; of
N . <1/Tli) on multicomponent equilibrium data. The single component isotherms.
21 Kirice parameter Ky describes the intensity of
adsorbent-adsorbate interactions, and the
parameter “n” represents the heterogeneity
and favorability.
3 Modified Competitive Qumii> Kris ny; This model is an extension of Langmuir The model assumed that solute [106]
Langmuir isotherm isotherm with an interaction term. This concentration may affect the adsorption
Kii(cei/nL;) model has three fitting parameters. The and desorption rate. Furthermore, the
Qi = Q’"‘m specific equilibrium condition, maximum level of surface heterogeneity may not be
JmEAT adsorption (Qmax), the concentration of considered.
molecules (C), and the interaction factor ()
depict the competitive effect of adsorbates in
the solution, and K describes the Langmuir
constant for components.
4 Jeppu Amrutha Manipal Qmi> Pi, Xi, This isotherm is a newly developed More data is needed to determine the [42]
Multicomponent (JAMM) Kii, ai, n; multicomponent model from the Langmuir- parameters. Also, there are more
isotherm Freundlich model and includes mole parameters.
@i x; (Kpj Cejai)" fractions, interaction coefficients,
Qei = Qmi

heterogeneity, and affinity parameters. The
interaction coefficients predict the
competitive behavior of the adsorption
system. The JAMM isotherm utilizes the
single component parameters to predict the
other parameters. There are more parameters
and essential factors that previous isotherms
ignore and are considered. For example, mole
fraction x;, and the interaction term @; gives
more robust predictions.

1+ 50 (Kii Coi )"

Langmuir Freundlich, modified competitive Langmuir, and Jeppu Amrutha Manipal multicomponent, i.e., four multicomponent
isotherm models in Table 6, were modeled and simulated, and competitive mechanisms were interpreted. Normalized average per-
centage error (NAPE), Root mean square errors (RMSE), and correlation coefficients (Rz) were evaluated to validate the model fitting
and predicted parameters [33,42].

4.6.1. Competitive adsorption of arsenic with constant fluoride

The binary adsorption system involving various arsenic concentrations and constant fluoride is presented in Fig. 12(a—d). The
initial concentration of arsenic ranged from 1 to 100 mg/L, and fluoride concentrations were set at 20 and 30 mg/L. During the
competitive isotherm experiments, it was observed that adding fluoride at a constant level of approximately 10 ppm led to a significant
reduction in the adsorption of arsenic as As(V). However, when the fluoride concentration was raised to 20, 30, and higher ppm levels,
the ability of arsenic to bind to surfaces was slightly affected. The coexistence of fluoride-exhibited mechanisms, including synergism,
antagonism, and non-interaction, was also represented in Table 7. Specifically, this study showed arsenic antagonistic behavior in the
presence of fluoride [11,107,108].

In summary, the investigation focused on a binary adsorption system involving varying concentrations of arsenic and a constant
concentration of fluoride. The addition of fluoride had a notable impact on the adsorption behavior of arsenic, with different
mechanisms observed based on their coexistence. Table 7 also provides the model parameters, statistical metrics, and the effect of
fluoride-arsenic interaction.

The binary isotherm parameters and error values are displayed in Table 7 for the adsorption of As(V) at constant fluoride.
Comparatively, the maximum adsorption capacity of As(V) has been reduced as the intake concentration of fluoride exceeded that of
all the above competitive models. The ratio of binary and single maximum uptake of As(V) in all the models suggests antagonistic
behavior of As(V) with the addition of F. Increased concentration of fluoride decreased the adsorption of arsenic less significantly, as
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Fig. 12. Competitive isotherm model fit of varying As(V) and constant F.

Table 7
Competitive equilibrium adsorption isotherm parameters and ionic interactions at constant fluoride.
Isotherm Model Concentrations Parameters R? NAPE RMSE  Ratio = Interaction
(mg/L) (%) QmaxB/Qmaxs mechanism
As(V) F
Langmuir Isotherm Model 5to 100 0 k; = 0.036 0.97 3.92 0.05 - -
Qn = 3.54mg/g
Extended Langmuir Isotherm Model (EL) 5t0100 20 kyj = 0.058 0.99 1.36 0.08 0.80 Antagonism
Qnj =2.82mg/g
30 kpj = 0.312 0.99 2.4 0.11 0.65 Antagonism
Qmj =2.29mg/g
Extended Langmuir Freundlich Isotherm 5t0100 20 kyj = 0.056 0.99 0.88 0.05 0.88 Antagonism
Model (ELF) n; = 0.84
Qnj =3.12mg/g
30 kyj = 0.048 0.99 2.63 0.12 0.67 Antagonism
n =0.88
Qnj =2.37mg/g
Modified Competitive Langmuir Isotherm 5t0100 20 kyj = 0.008 099 1.34 0.08 0.81 Antagonism
Model (MCL) n; =0.17
Qnj = 2.86 mg/g
30 kyj = 0.025 0.99 2.45 0.11 0.65 Antagonism
nj = 0.25
Qnj =2.30mg/g
Jeppu Amrutha Manipal Multicomponent 5t0100 20 kyj = 0.037 L/mg 0.98 3.84 0.23 3.61 Antagonism
Isotherm Model (JAMM) Qmj = 3.55mg/gn; =
0.02
@ = 3.61 q; — 2.88
30 krj = 0.036 L/mg 098 3.01 0.12 3.31 Antagonism
Qnj =3.55mg/gn; =
0.01

@ =331q =528

shown in Fig. 12(a - d).
Upon considering the error values, the extended Langmuir Freundlich isotherm has the lowest errors, with an average NAPE of 3.51
and RMSE of 0.17, compared to other models. Additionally, the ELF isotherm, a hybrid model combined with Langmuir and Freundlich
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isotherms, prefers to be the EL model if the value of heterogeneity (n) reduces to unity. In extended Langmuir isotherm, the fitting
parameters are less, and the errors were 3.76 (NAPE) and 0.19 (RMSE), and the R? was 0.99. Even though the EL is the extension of the
Langmuir model, it assumes the adsorption surface as homogenous and monolayer adsorption. However, it neglects the interaction
between the adsorbates and adsorbents and assumes that the energy of active sites is uniform. The average errors of MCL isotherm were
3.79 (NAPE) and 0.19 (RMSE), which showed a better fit with R? values of 0.99. Though the interaction factor n gives the interaction
between the adsorbate and adsorbent in the MCL model if the value of n reduces to unity, the MCL isotherm behaves as the EL isotherm
model, and the fitting parameters are more.

JAMM isotherm is a newly developed model from our previous work [42] that includes mole fractions, interaction coefficients,
heterogeneity, and affinity parameters. There are more fitting parameters, but the model considers many ignored factors in multi-
component adsorption isotherms. JAMM isotherm leverages the single component parameters to forecast the additional parameters.
Within this model, the heterogeneity index plays a vital role in discerning between the homogenous or heterogenous surfaces; het-
erogeneity is indicated as the n value was below one. Moreover, the interaction coefficient elucidates the impact of one pollutant’s
presence on the adsorption of another. The affinity factor provides insight into the adsorbate preferences for accessing the surface of
the AC. Furthermore, the mole fractions encompass each molecule and its driving forces within a competitive adsorption system. The
NAPE was 6.85, and the RMSE was 0.35, with 0.98 as the R? value of the JAMM model. This isotherm model also fits the As(V) and F
simultaneous system well. Therefore, the order of the goodness of fitting isotherm was extended Langmuir Freundlich > extended
Langmuir > modified competitive Langmuir > Jeppu Amrutha Manipal Multicomponent, in varying arsenic at a fluoride constant.

4.6.2. Competitive adsorption of fluoride with constant arsenic

The binary adsorption system with various fluoride concentrations and constant arsenic is illustrated in Fig. 13(a -b). The initial
concentration of fluoride ranged from 1 to 100 mg/L. In contrast, the concentrations of arsenic were set at 20 and 30 mg/L. The
competitive isotherm experiments revealed a notable decrease in fluoride adsorption upon adding approximately 10 ppm of arsenic.
However, as the concentration of arsenic was raised to 20, 30, and higher ppm levels, the ability of fluoride to bind to surfaces was less
affected. In this study, Table 8 presents the parameters, coefficient of determination (RZ), root mean square error (RMSE), and
normalized average percentage error (NAPE) for each model used in the analysis. The coexistence of arsenic demonstrated antagonistic
behavior, as shown in Table 8.

In summary, the study investigated the competitive adsorption of fluoride and arsenic in a binary system. The concentration of
arsenic affected the adsorption behavior of fluoride, with a significant impact observed at around 10 ppm of arsenic. However, higher
concentrations of arsenic had a comparatively greater effect on fluoride uptake.

The binary isotherm parameters and error values are shown in Table 8 for the adsorption of F at constant arsenic. The maximum
adsorption capacity of F was reduced as the intake concentration of the arsenic increased. The ratio of binary and single maximum
uptake of F in all the models suggests that F showed antagonistic behavior with the addition of As(V). There was a slight decrease in the
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Fig. 13. Competitive isotherm model fit of varying F and constant As(V).
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Table 8
Competitive equilibrium adsorption isotherm parameters and ionic interactions at constant arsenic.
Isotherm Model Concentrations Parameters R? NAPE RMSE Ratio = Interaction
(mg/L) (%) Qmaxs/ Qmaxs mechanism
F As
w)
Langmuir Isotherm Model 5to 0 k, = 0.14 0.98  0.53 0.25 - -
100 Qnm =2.24mg/g
Extended Langmuir Isotherm Model (EL) 5to 20 k, = 0.16 0.98 3.32 0.20 0.90 Antagonism
100 Qn = 2.03mg/g
30 k, =0.13 098 258 0.15 0.85 Antagonism
Qm =1.91mg/g
Extended Langmuir Freundlich Isotherm 5to 20 ki =0.17 0.98 3.15 0.19 0.93 Antagonism
Model (ELF) 100 n; = 1.08
Qnj = 2.08mg/g
30 ki =0.18 099 233 0.13 0.95 Antagonism
n; =1.20
Qmi =2.14mg/g
Modified Competitive Langmuir Isotherm 5 to 20 ki =0.30 0.98 341 0.21 0.91 Antagonism
Model (MCL) 100 n; = 0.45
Qni =2.04mg/g
30 ky; = 0.47 098 2.83 0.16 0.89 Antagonism
n; =0.16
Qmi =2mg/g
Jeppu Amrutha Manipal Multicomponent 5to 20 ki = 0.036 L/mg 0.99 3.46 0.21 1.42 Antagonism
Isotherm Model (JAMM) [42] 100 Qmi=224mg/gn; =
0.30
®; =1.42 q; = 7.61
30 ki = 0.036 L/mg 099 213 0.12 1.42 Antagonism
Qmi=224mg/gn; =
0.27

@; = 1.42 a; = 8.39

fluoride adsorption when the As(V) concentration increased, as shown in Fig. 13(a-d), which indicated that the fluoride adsorption
was more affected by the presence of As(V).

Consequently, the extended Langmuir Freundlich isotherm’s error values have the lowest errors, with an average NAPE of 5.48 and
RMSE of 0.32, compared to other models. The Jeppu Amrutha Manipal Multicomponent isotherm includes mole fractions, interaction
coefficients, heterogeneity index, and affinity parameters. Amongst simulated isotherm models, the ignored fitting parameters are
considered in the JAMM model. JAMM isotherm was modeled by considering the single component parameters to simulate binary
component parameters. The heterogeneity index ‘n’ value was below one in all the variations, predicting a heterogeneous surface.
Moreover, As(V) and F’s interaction coefficients were also determined. The higher the interaction coefficient, the more significant the
adsorption. As predicted, As(V) showed better adsorption interaction than F. The JAMM isotherm predicted the fitting parameters with
NAPE was 5.59, and the RMSE was 0.33, with 0.99 as the R? values. In the extended Langmuir isotherm, the errors were 5.9 (NAPE)
and 0.35 (RMSE), and the R?was 0.99. The average errors of MCL isotherm were 6.24 (NAPE) and 0.37 (RMSE), which showed a better
fit with R? values of 0.99. In conclusion, all the models accurately predicted and simulated the parameters with low errors and greater
R? values. The multicomponent isotherm models accurately fit the As(V) and F simultaneous systems. Therefore, the order of the
goodness of fitting isotherm was extended Langmuir Freundlich > Jeppu Amrutha Manipal Multicomponent > extended Langmuir >
modified competitive Langmuir, in varying fluoride at an arsenic constant.

The results indicate that when competitive ions of fluoride increase, the removal capacity of arsenic decreases, and vice versa. It
was observed that the adsorption performances were slightly lower in binary systems compared to single systems. This can be
attributed to the competition between ions to access the active sites on the adsorbent and the affinity of the ions towards the AC. The
specific properties and behavior of the ions in the binary system are also considered, including electronegativity, hydrated radii, ion
diffusivity, suitable site properties for uptake, formation of hydroxyl complexes, surface charge density, and surface attractivity ratio
(as shown in Table 9) [33,79,111].

One significant factor influencing competitive adsorption is hydrated radii. As(V) hydrated radii are 2-2.2 A, while for F is 3.52 A.
Higher hydrated radii indicate lower accessibility to the surface and pores of AC. Consequently, As(V) adsorbs more rapidly than
fluoride in simultaneous adsorption. The affinity and suitability of As(V) and F for AC also contribute to the competition between the
ions in the solution. However, the maximum uptake of arsenic was higher than that of fluoride. From our previous study by Acharya
et al. (2023), the measured surface attractivity ratio for As(V) was 1.4, exceeding F, suggesting the preference adsorption of As(V) over
F, as in Table 8. As the surface charge density influences the electrostatic interactions, the surface charge density of the As(V) was
greater than the F, indicating more interactions of As(V) with AC than F [42]. The equilibrium adsorption capacity follows As(V) > F in
simultaneous adsorption. When the fluoride concentration increases in an arsenic solution, fluoride has a slight impact on the uptake of
arsenic. Similarly, when the arsenic concentration increases in a fluoride solution, arsenic alters the fluoride uptake.
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Table 9
Molecular and ionic properties of As(V) and F.
No Properties As(V) F References
1 Species HASO%', H3As04, HoAsOy F [42,109,110]
2 Hydrated radii (A) >2-2.2 3.52
3 Tonic radii (A) 0.39 1.19
4 Electronegativity (Pauling) 2.18 3.98
5 Ton diffusivity (10~° m?/S) 0.323 1.46
6 Surface area (SA) (A?%) 60.82 155.70
7 Surface charge density (Pauling//:\z) 0.0358 0.0256
8 Percentage surface charge density (Pauling/A?) 3.58 2.56
9 surface attractivity ratio 1.4 0.71

4.7. Desorption and regeneration of activated carbon

The regeneration of the AC was investigated. The adsorption experiments with the initial concentration of 100 mg/L of As(V) and F,
dosage of 5 g/L, volume of 50 mL, pH of 5, and agitation speed of 150 rpm were performed. The uptake of As(V) and F was measured.
The regeneration studies were carried out for the adsorbed AC utilized in single and binary adsorption of As(V) and F. After the
adsorption, the AC was treated with various eluting reagents like 0.1 M NaOH, 0.1 M HCl, and distilled water for desorption studies
[43].

The desorption percentage of AC was gauged after each consecutive desorption cycle by Eq (18). The performances of the reused AC
were investigated for three cycles for F and five cycles for As(V), as shown in Fig. 14(a—d). The desorption efficiency decreased slightly
with successive As(V) and F cycles. In the case of desorption of a single system of As(V), the efficiency reduced from 21.55 % to 17.39 %
by using NaOH, 20.2 %-14.94 % with HCl, and from 20.08 % to 15.13 % by water. Consequently, for F in a single desorption system,
the efficiency reduced from 11.35 % to 9.98 % by using NaOH, 14.08 %-13.03 % with HCl, and from 29.54 % to 28.67 % by water. F’s
efficiency in binary systems was somewhat reduced when employing NaOH (31.85 %-30.6 %), HCl (21.35 %-20.53 %), and water
(28.15 %-27.71 %). Comparably, As(V) desorption in binary systems dropped while utilizing NaOH (14.78 %-10.55 %), HCI (8.45 %
4.68 %), and water (24.42 %-21.5 %). Notably, NaOH showed out as an efficient eluent for removing As(V) and F. It was also observed
that the desorption in the binary system was greater than that in the single-component system. The desorption system’s decreased
efficiency is given in supplementary data Table S9 in supplementary data.
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5. Discussion

This study leverages a multi-faceted analytical approach, including BET, FTIR, XRD, FESEM, and EDS, unraveling the intricate
characterization of AC and its adsorption behavior as an adsorbent for arsenic and fluoride simultaneously. The EDS and XRD
confirmed the essential components of AC composition. The influence of dosage, pH, and contact time were examined in single and
simultaneous adsorption systems. The optimum conditions for better performance were 5 g/L of dosage, pH 5, and a contact time of 48
h. In single-component systems, AC demonstrates efficient adsorption of arsenic and fluoride, achieving a percentage removal of 93.56
% for arsenic and 72 % for fluoride.

Meanwhile, for proficiency in dealing with binary-component systems, the percentage removal of As(V) was 71.91 %, while
fluoride was removed at a rate of 90 %. The coexistence and competition of arsenic and fluoride complicate the removal in competitive
systems. The results analyzed AC’s adsorption potential, surface area, pore volume, and size, indicating that it falls within the mes-
oporous range. The AC exhibits a point of zero charges (pH,p.) at approximately pH 6.8. to analyze a material’s surface charge.
Additionally, experimental data for arsenic and fluoride adsorption using AC indicates that maximum adsorption occurs at pH 3; strong
acidic pH was well preferred. The adsorption rate of As(V) and F prefers lower pH, possibly due to the negatively charged surface of the
adsorbent at higher pH levels. Consequently, As(V) and fluoride significantly adsorb better at lower solution pH in simultaneous
removal, implying that the surface of AC was positively charged as the pH of the solution was less than pHy..

In the kinetic studies, the pseudo-second-order equation best describes the adsorption process, evident by a coefficient of deter-
mination (R?) approaching 1 and linearity observed in the t/q; vs. t plot. The reaction rate constants for As(V) and F in single-
component systems suggested fluoride adsorption was quicker than arsenic. In competitive adsorption, the kinetics of As(V)
showed antagonistic behavior with reduced experimental values. Conversely, F displayed synergistic behavior, particularly with As(V)
presence in low initial concentrations. The synergy implies As(V) might enhance the adsorption of F, a phenomenon that adds
complexity to the competitive dynamics. To elaborate further, sorption isotherms were simulated to determine model parameters. The
findings illustrated that AC’s adsorption capacity was proved to be substantially more pronounced for As(V) than fluoride in a single-
component system with identical experimental conditions. In the single-component system, the maximum uptake for fluoride was
2.32 mg/g, while arsenic was 3.58 mg/g according to the Langmuir model at pH 5. The substantial difference between the two species
shows the superior affinity of AC for As(V). The sorption uptake of AC towards As(V) was remarkably 1.54 times greater than that of F.
This disparity in selectivity underscores the AC chooses As(V) over F. Also, the modified Langmuir Freundlich isotherm model with
higher R? and lowest RMSE showed the best fit for As(V) and F.

Moreover, the competitive studies divulge crucial insights into selectivity adsorption, and the presence of fluoride displayed
antagonistic behavior as it coexists with arsenic. The antagonism describes a discernible reduction in the maximum uptake of arsenic
within the binary adsorption system. Specifically, with the coexistence of fluoride, the maximum uptake of arsenic diminishes to 2.35
mg/g. An even higher F concentration of 20 mg/L further decreases to 2.20 mg/g, and with 30 mg/L fluoride, As(V) uptake has no
significant change. Thus, these findings illustrated that the interference of F profoundly affected the uptake of As(V).

Interestingly, the concentration of arsenic was found to impact the behavior of fluoride adsorption, with a significant influence
observed at around 20 mg/L of arsenic. Also, higher concentrations of arsenic had a comparatively more significant effect on fluoride
uptake. The comparative analysis of various adsorption isotherm models reveals significant distinctions in the intricacies of adsorption
processes. Among these models, the extended Langmuir isotherm lacks the capacity to elucidate any competitive parameters.
Conversely, the extended Langmuir Freundlich isotherm offers insights into the heterogeneity of the adsorbed surface. The modified
competitive Langmuir isotherm model in binary adsorption studies highlights the interaction between As(V) and F. However, the
Jeppu Amrutha Manipal Multicomponent isotherm encompasses the mole fractions, interaction coefficients, heterogeneity index, and
affinity factor, which were neglected in most multicomponent isotherm models. It was evident that when competitive fluoride ions
increase, the removal of arsenic proportionally diminishes, and vice versa. This phenomenon can be attributed to the intensified
competition between ions vying to access the active sites on the adsorbent, as well as the affinity of the ions towards the AC. The
competition might contribute to the nuanced differences in adsorption efficiencies.

Additionally, AC regeneration was conducted to confirm its effectiveness and reusability. Five cycles of analyzing the effects of
repurposed AC decreased the desorption efficiency of As(V) and F. When desorption of a single As(V) system, the efficiency reduced
from 21.55 % to 17.39 % using NaOH, 20.2 %-14.94 % with HCI, and from 20.08 % to 15.13 % by water. Consequently, F in a single
desorption system reduced efficiency from 11.35 % to 9.98 % using NaOH, 14.08 %-13.03 % with HCl, and from 29.54 % to 28.67 %
by water. In binary systems, a minor reduction in the efficiency of F from 31.85 % to 30.6 % using NaOH, 21.35 %-20.53 % using HCl,
and 28.15 %-27.71 % by water. Similarly, As(V) desorption in binary systems dropped from 14.78 % to 10.55 % using NaOH, 8.45 %-—
4.68 % with HCl, and 24.42 %-21.5 % by water, amongst, NaOH proved to be efficient eluent. One notable observation was that the
adsorption performances might be slightly lower in binary systems compared to their counterparts in single systems.

6. Conclusion

To conclude, activated carbon was used to adsorb arsenic and fluoride to study the co-removal of arsenic and fluoride. Several
crucial parameters like pH, temperature, initial concentration, agitation speed, adsorbent dosage, and equilibrium time were found to
govern arsenic and fluoride adsorption in single and binary systems. Applying kinetic and equilibrium isotherm models helps unravel
the nature of adsorption and its complex interaction phenomena. Single-component isotherm models were simulated using the
Langmuir, Freundlich, modified Langmuir isotherm, Toth, and Redlich-Peterson’s models. The modeling and simulations of
competitive adsorption were done using extended Langmuir, extended Langmuir Freundlich, modified competitive Langmuir, and
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Jeppu Amrutha Manipal Multicomponent isotherms for multi-component systems. These models gave insights into adsorption, such as
maximum adsorption capacity, affinity, and the competitive interaction. These models played a crucial role in understanding the
adsorption process and the behavior exhibited by arsenic and fluoride in competitive systems. These models also help determine the
synergetic, antagonistic, and no-interaction behavior.

Additionally, the study explored the interaction mechanisms, kinetics, competitive isotherm modeling, and adsorption properties
by analyzing the adsorbent’s and adsorbate’s equilibrium data. By comprehensively examining the adsorption behavior of arsenic and
fluoride on AC, this study contributes to a deeper understanding of their removal mechanisms. The findings from this research have the
potential to advise the development of efficient adsorption processes and provide valuable insights for water treatment applications.
The modeling studies unveiled a nuanced hierarchy of isotherm fitting, with extended Langmuir Freundlich > extended Langmuir >
modified competitive Langmuir > Jeppu Amrutha Manipal Multicomponent model in varying arsenic at a constant fluoride and
extended Langmuir Freundlich > Jeppu Amrutha Manipal Multicomponent > extended Langmuir > modified competitive Langmuir
model in varying fluoride at constant arsenic. All the model parameters are estimated by nonlinear regression analysis, minimizing
errors, and ensuring the attainment of better R? values. The interaction of AC with arsenic and fluoride was assessed in competitive
adsorption. Upon analyzing the results, we found that arsenic and fluoride behaved antagonistically in the presence of each other, and
AC showed more selectivity towards As(V) than F. The regeneration studies showed the reusability of AC for single and simultaneous
removal. These insights provide a comprehensive understanding of the simultaneous removal of arsenic and fluoride.
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