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ARTICLE INFO ABSTRACT

Keywords: The presence of heavy metal, chromium (VI), in water environments leads to various diseases in
C'hromium D humans, such as cancer, lung tumors, and allergies. This review comparatively examines the use
Biosorbent of several adsorbents, such as biosorbents, activated carbon, nanocomposites, and polyaniline
E;%lzrrlsposite (PANI), in terms of the operational parameters (initial chromium (VI) concentration (C,), tem-
Polymer perature (T), pH, contact time (t), and adsorbent dosage) to achieve the Langmuir’s maximum

adsorption capacity (qm) for chromium (VI) adsorption. The study finds that the use of bio-
sorbents (fruit bio-composite, fungus, leave, and oak bark char), activated carbons (HCl-treated
dry fruit waste, polyethyleneimine (PEI) and potassium hydroxide (KOH) PEI-KOH alkali-treated
rice waste-derived biochar, and KOH/hydrochloric acid (HCI) acid/base-treated commercial),
iron-based nanocomposites, magnetic manganese-multiwalled carbon nanotubes nano-
composites, copper-based nanocomposites, graphene oxide functionalized amino acid, and PANI
functionalized transition metal are effective in achieving high Langmuir’s maximum adsorption
capacity (qm) for chromium (VI) adsorption, and that operational parameters such as initial
concentration, temperature, pH, contact time, and adsorbent dosage significantly affect the
Langmuir’s maximum adsorption capacity (qm). Magnetic graphene oxide functionalized amino
acid showed the highest experimental and pseudo-second-order kinetic model equilibrium
adsorption capacities. The iron oxide functionalized calcium carbonate (I0@CaCO3) nano-
composites showed the highest heterogeneous adsorption capacity. Additionally, Syzygium
cumini bark biosorbent is highly effective in treating tannery industrial wastewater with high
levels of chromium (VI).

Water environments
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1. Introduction

Wastewater is becoming more challenging worldwide, especially in developing countries, due to rapid industrial and agricultural
development, urbanization, and lifestyle changes [1-3]. Wastewater containing heavy metals is toxic, carcinogenic, and highly
water-soluble, which originates from various sources such as fixing agents, metal complex dyes, pesticides, fertilizers, bleaching
agents, mordants, pigments, etc. [4]. Moreover, heavy metals in wastewater and industrial effluents pose significant environmental
concerns to human and marine life [5]. The heavy metals of the most concern [6] include chromium, nickel, mercury, lead, cadmium,
zinc, arsenic, and copper, as represented in Fig. 1.

Chromium (Cr), a commonly known heavy metal, is extensively used in various applications such as chrome plating, catalysts,
leather tanning, electroplating, glass industries, textile industries, petroleum refineries, wood preservation, etc. [7,8]. It is found in
aqueous solution/industrial wastewater in two states - trivalent (Cr(III)) and hexavalent (Cr(VI)) [9]. Hexavalent chromium (Cr(VI)),
which exists primarily as the chromate ion (CrO37), can penetrate the cellular membranes about 500-1000 times more effectively as
compared to the Cr(III) [10,11]. For example, dyes containing several toxic heavy metals (especially chromium) are vigorously used in
textile industries to impart color to the products/raw materials [12-14]. Examples of the various industries contributing to Cr(VI)
pollution are summarized in Fig. 2 [15,16].

The discharge of industrial effluents from various sources containing Cr(VI) into the water bodies poses a risk to aquatic life because
of its toxic and corrosive nature. It is quickly collected and bio-magnified in the species through fish [17]. It leads to an enhanced
mortality rate, mucous secretion, scale erosion, discoloration, abnormal swimming and osmoregulatory function disruption in fishes
[18,19]. Thus, Cr(VI) enters the terrestrial food chain and gets into humans through fish in extremely bio-magnified amounts. It poses
various health-related issues like genotoxicity, liver damage, kidney damage, neurotoxicity, lung cancer, asthma, immunotoxicity, skin
ulcers, mutagenic, teratogenic, and carcinogenic [20-25]. Furthermore, Cr(VI) is the cause of various health issues such as hepat-
opathy, skin irritation, lung cancer, and pulmonary congestion [26,27]. The rats reportedly undergo functional and structural ab-
normalities of the thyroid and pituitary glands due to Cr(VI) injection [28]. Thus, an effective technique for Cr(VI) remediation from
wastewater should be adopted.

The international regulatory body “World Health Organization,” commonly known as WHO, has set 50 pg L™! as a Cr(VI) limit in
drinking water to avoid endangered drinking water and human health [29]. Hence, developing effective technologies and strategies to
remove Cr(VI) from wastewater is essential.

1.1. Conventional methods available for chromium removal

Like other heavy metals, Cr(VI) cannot be eliminated from the environment. However, the toxicity of Cr(VI) can be reduced using
two approaches, i.e., reduction of Cr(VI) to the lesser toxic Cr(III) and reduction of the concentration of Cr(VI) by adsorption on an
adsorbent surface. Moreover, both approaches can reduce the toxicity caused by Cr(VI). There are several conventional methods
available for Cr(VI) remediation. Kalidhasan and co-authors reviewed these methods [30], shown in Table 1 [31-61].

1.2. Importance of adsorption and novel adsorbents

In past research, various techniques have been developed and reported in the literature for removing Cr(VI) from wastewater, such
as ion exchange, solvent extraction, membrane-filtration, electrochemical method, physical and chemical precipitation, and

Fig. 1. Exhibition of primary heavy metals of concern.



A. Anjum et al. Heliyon 9 (2023) e15575

adsorption [9,78-82]. Adsorption is the most commonly used technology to remove toxic pollutants from wastewater due to its simple
design, easy operational conditions, and environmentally friendly approach [83-861, high effectiveness [87], broad applicability [88]
and relatively economical [1,89]. Furthermore, it offers design flexibility and helps produce superior-quality treated effluent [90]. In
addition, the adsorption process is invertible; hence, desorption can regenerate the adsorbents [86,91,92]. In the recent twenty years,
several adsorbents have been extensively used to remove Cr(VI) from wastewater, such as activated carbon [93], mesoporous ma-
terials, metal and metal oxide, bio-adsorbents, polymer-based adsorbents [8,79,94-97], nano adsorbents [30], zeolite [31], chitosan
[32] and biochar [33,34]. However, these adsorbents possess the drawbacks of lower adsorption efficiency. Thus, it is highly desirable
to discover novel adsorbents with improved adsorption capacity [35,36].

This study focuses on the comparative analysis of the maximum adsorption capacity of various adsorbents such as biosorbents,
biomass-derived activated carbon, nanocomposites, and PANI for chromium removal from the wastewater while observing the
Langmuir adsorption isotherm. The homogeneity and heterogeneity of the adsorbent surfaces have been analyzed using the best fitting
on Langmuir and Freundlich adsorption isotherm models. The adsorption kinetics modelling of chromium adsorption using different
adsorbents has also been discussed to analyze adsorption dynamics. The effect of dosage, metal concentration, pH, temperature, and
contact time on the Langmuir adsorption capacity has also been analyzed. The data has been compiled from various sources for this
selective list of adsorbents.

2. Application of adsorption isotherms

Adsorption isotherms provide quality information related to the nature of the adsorbent interaction and the specified relation
between the adsorbate (heavy metal) concentration and its degree of accumulation onto the adsorbent at a specific time temperature
[98,99]. Hence, it can help optimize the use of adsorbents [98,99] and design purposes [99]. Several available adsorption isotherm
models describe the equilibrium of adsorption, including Langmuir, Freundlich, Tempkin, and Redlich-Peterson (R-P) [100]. The best
adsorption isotherm can be judged by correlation coefficients and R? values [99].

Langmuir and Freundlich adsorption isotherm models are often used to characterize the connection between the quantity adsorbed
per unit weight of adsorbent and the amount of solute non-adsorbed at equilibrium. Both have been used several times for heavy metal
adsorption using various adsorbents and showed favorable results. At constant temperature and equilibrium solute concentration,
adsorption isotherm models explain the interaction behavior of the adsorbent and heavy metal. These adsorption isotherm models help
the researchers investigate the adsorption mechanism and optimize the use of the adsorbent by determining the amount of adsorbent
required to uptake a desired concentration of heavy metals from the aqueous solution.

2.1. Langmuir adsorption isotherm

The Langmuir adsorption isotherm model is based on the chemical and physical interactions between the solute and the vacant sites
on the surface of the adsorbent [101]. It reflects monolayer adsorption and adsorption at only specific homogeneous sites within the
adsorbent. All of the Langmuir adsorption isotherm sites are regarded as similar and energetically comparable; once the adsorbate
molecule occupies a site, no additional adsorption may occur in that site [84,100]. It is used to find out the maximum adsorption
capacity (qm) of the adsorbent, Langmuir isotherm constant (Kj), separation factor (Ry), and correlation coefficients (RZ) [98,
101-103]. It can be used to predict the shape of the isotherm by the Ry, value. If R, > 1 (adsorption is unfavorable), R, = 1 (adsorption
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Table 1
Conventional remediation methods of Cr(VI).
S# Process Process Comments Ref.
Type
1 Liquid-liquid extraction Physical eAmine-based extractants (hard bases), preferably long-chain quaternary ammonium or [62-67]

tertiary amine-based compounds.

N

Chemical precipitation Chemical Advantages include: [68-70]
eSimple
elnexpensive
oIt can be applied to a variety of metals
Disadvantages include:
eLarger sludge formation
eSludge disposal

w

Chemical coagulation Chemical Advantages include: [68-70]
eSettling of sludge
eDewatering
Disadvantages include:
eExpensive
eHigher chemicals consumption

N

Ion-exchange Chemical Advantages include: [68-71]
eHigher materials regeneration
eMetal selective
eFast kinetics
Disadvantages include:
eExpensive
eLesser removal of metal ions
eMembrane fouling
opH sensitivity
eNon-selectivity of the membrane

5 Electrochemical method Chemical Advantages include: [68-70]
eMetal selective
eNo chemicals consumption
eAttainment of pure metals
Disadvantages include:
eMembrane Fouling
eHigher capital costs
eHigher running costs
eHigher energy consumption

6 Adsorption Physical Advantages include: [68-70,
eCommonly used method for heavy metal removal 72-77]
eThe commonly used adsorbents include peroxide-modified titanium dioxide,
zeolite, and chitosan and some inorganic cationic adsorbents, such as nitrogen-
enriched activated carbons, zeolites modified with quaternary ammonium surfac-
tants, and magnetic lignin composite adsorbent
Disadvantages include:
ePerformance efficiency depends on the type of adsorbent used.

7 Membrane process and Physical Advantages include: [68-70]
ultrafiltration eLesser production of the solid waste
eLesser chemical consumption
eHigher efficiency (even >95%)
eRequire less space
eRequire low pressure
Disadvantages include:
eHigher initial cost
eHigher running cost
eLower flow rates
eHeavy metal % removal declines in the presence of other metals
eProcess complexity




Table 2

Langmuir and Freundlich adsorption isotherm constants obtained for Cr(VI) heavy metal adsorption by biosorbents.

Adsorbent
type

Adsorbent

Source of
Cr(VD)

Initial Cr
(VD
Conc.
(mg/1)

T/
K

pH

Cont.
t
(min)

Dose
(g/L)

Exp.
dm
(mg/g)

Langmuir

Freundlich

qm (mg/
g)

Ky (L/
mg)

R

Kp

Isotherm
model

Ref

Fruit
Waste

Fungus

Leaf

Pomegranate
peel-Ppy

Grape waste
Olive waste

Mango kernel
bio-composite

Cladosporium
cladosporioides

Rhizopussp.

Artist’s Bracket

Aspergillus
fumigatus

Arthrinium
malaysianum

Melaleuca
diosmifolia leaf

Magnolia leaf

Cr(VI)
aqueous
solution
of
K>Cry07
Cr(VD)
aqueous
solution
of
KoCr,0,
Cr(VI)
aqueous
solution
of
K5Cry07
Cr(VD)
aqueous
solution
of
K,Cry07
Cr(VI)
aqueous
solution
of
K>Cry0,
Cr(VD)
aqueous
solution
of
K5Cry07
Mine
drainage
water
Cr(VI)
aqueous
solution
of
K,Cr,0,
Cr(VD)
aqueous
solution
of
K5Cry07
Cr(VD)
aqueous
solution

50

20-120
20-120

200

100-400

12.5-300
12.5-300
12.5-300

25, 50,
100, 200
and 300

50

50-1200

100-500

40

298

293
293

306

298

283
298
318

298

308

303

313

5.5

N

5.5

30

240

240

30

10080

240
240
240

180

480

120

45

0.5
0.5

0.5

3

o

0.5*

320.07

48.2

20.79002

108.12

100.47

322.58

222.22

9.9507
8.0589
9.3811

200

45.5

100.69

62.50

12.3

0.11385

0.0380
0.0816

0.1557
0.7730
1.2303

0.002

0.098

0.00138

0.13

0.008

0.8053

0.9847

0.9676

0.99

0.8825

0.9364
0.8410
0.8930

0.9998

0.99

0.9828

0.98

0.999

0.0316-0.304
0.0064-0.1169
0.0041-0.0819

0.015

0.07-0.01

0.755

2.154

23.23
43.033

134.4

311.3756

1.9281
1.3518
0.9489

0.54

17.7

0.4837

10.2

1.37

2.70
4.95

6.17

1.582

2.0796
1.9598
3.0158

1.71

1.45

1.412

1.96

0.92

0.9743
0.9386

0.453

0.9817

0.8243
0.7888
0.8018

0.9992

0.99

0.9636

0.992

[117]

[118]

[118]

[112]

[106]

[119]
[119]
[119]

[120]

[113]

[121]

[122]

[123]

(continued on next page)
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Table 2 (continued)

Adsorbent Adsorbent Source of Initial Cr T/ pH Cont. Dose Exp. Langmuir Freundlich Isotherm Ref
pe VD ggc K Emm) &/D ?;g jp mmg/ K@/ R R, Ke n R? model
(mg/1) ® mg)
of
KoCr,0;
Gliricidia Cr(VD) 50 313 2 120 0.3* 35.71 33.57 + 0.570 0.846 0.33 16.046 4.905 0.974 F [114]
sepiumLeaf aqueous 4.177 + 0.366 +1.204 +
(GSL) Powder solution 0.600
of
KCry07
Mangrove leaf Cr(VID) 400 283 2 30 4 - 54.3478 0.0141 0.9824 0.1505 2.1552 1.8807 0.9552 L [124]
powder aqueous 400 298 2 30 4 - 60.2409 0.0243 0.9827 0.0932 3.6544 2.1767 0.9942 F [124]
solution 400 313 2 30 4 - 52.6315 0.0221 0.9913 0.1015 3.1006 2.1477 0.9397 L [124]
Azadirachta Cr(VD) 7.1-24.8 300 5.5 180 1.6 - 14.38 0.407 0.95 0.122 0.876 0.58 0.99 F [115]
Indica (Neem) aqueous 7.1-24.8 300 5.5 180 2 - 19.49 0.283 0.99 0.166 0.733 0.57 0.99 F [115]
Leaf Powder solution 7.1-24.8 300 5.5 180 6 - 38.00 0.078 0.98 0.419 0.162 0.41 0.97 L [115]
of 7.1-24.8 300 5.5 180 10 - 83.62 0.046 0.98 0.554 0.128 0.42 0.99 F [115]
K,Cry0; 7.1-24.8 300 5.5 180 14 - 145.77 0.032 0.97 0.637 0.101 0.40 0.99 F [115]
Biochar NCBC Cr(VD) 25 298 1.5 720 2 - 3.53 0.5486 0.99 - 1.43 3.542 0.97 L [125]
NZCBC aqueous 25 298 1.5 720 2 - 3.97 0.3237 0.95 - 1.59 4.476 0.81 L [125]
ACBC solution 25 298 1.5 720 2 - 6.08 0.4067 0.97 - 1.96 2.799 0.98 L [125]
of
KoCr;07
Oak wood char Cr(VD) 1-100 298 2 2880 10 - 3.031 0.051 0.6460 - 0.436 2.475 0.6591 S [116]
Oak wood char aqueous 1-100 308 2 2880 10 — 4.076 0.082 0.5767 - 1.095 3.597 0.5854 S [116]
Oak wood char solution 1-100 318 2 2880 10 - 4.930 0.068 0.6658 - 1.038 3.012 0.6766 S [116]
Oak bark char of 1-100 298 2 2880 10 - 4.619 0.073 0.9672 - 0.523 2.016 0.9149 S [116]
Oak bark char K,Cry07 1-100 308 2 2880 10 - 7.433 0.010 0.8183 - 0.942 1.957 0.7809 S [116]
Oak bark char 1-100 318 2 2880 10 - 7.515 0.149 0.7475 1.332 2.315 0.6534 S [116]

D 30 wnfuy 'y

NCBC=Natural biochar derived from oily seeds of P. terebinthus L; NZCBC = Zeolite based biochar derived from oily seeds of P. terebinthus L; ACBC = Alumina based biochar derived from oily seeds of P.
terebinthus L; L = Langmuir adsorption isotherm; F=Freundlich adsorption isotherm; R-P=Redlich-Peterson adsorption isotherm; S=Sips adsorption isotherm.
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is linear), O<Ry, < 1 (adsorption is favorable), R;, = 0 (adsorption is reversible) [101].

2.1.1. Linearized Langmuir adsorption isotherm equation
The linearized Langmuir adsorption isotherm equation (1) is represented below:
C_c, !
e dn dnKe

@

where q represents the maximum monolayer adsorption capacity of the adsorbent (mg g~!), and Ky represents the Langmuir
adsorption constant (L mg’l) [101-103].

2.1.2. Non-linear Langmuir isotherm equation
The non-linearized Langmuir adsorption isotherm equation (2) is represented below:

C

- 2
1+ K. C, @

9. = dnKe
Separation Factor (Ry): The Langmuir isotherm can estimate the separation factor, i.e., the affinity between the adsorbate and
adsorbent. It can be calculated by using equation (3):

1

— 3
1+K.C, 3)

R
C, represents the highest initial adsorbate concentration in the solution (mg L™1). The value of R; shows whether the isotherm’s
shape is either unfavorable (Ry, > 1), linear (R = 1), favorable (0<Ry, < 1), or reversible (R = 0) [101].

2.2. Freundlich adsorption isotherm

The Freundlich isotherm model only applies to adsorption processes on heterogeneous surfaces and reflects multilayer adsorption
[104]. This model implies that (i) numerous layers of adsorbate can be linked to the adsorbent and that adsorbate will constantly bind
to the adsorbent, and (ii) the energy required for adsorption is not constant but fluctuates and is exponentially distributed [98,105]. It
is used to find out the capacity of the adsorbent (Kg) in mg g ! and the adsorption constant for Freundlich (n) in L mg ™}, and correlation
coefficients (R?) [98]. If the 1/n number is less than one, the adsorption process is chemical; if the value is more than one, the
adsorption process is favorable [100]. Freundlich adsorption isotherm can be represented by the linear (equation (4)) and non-linear
(equation (5)) forms as:

2.2.1. Linearized Freundlich adsorption isotherm equation

Ing, =InKf + ilnCc 4
2.2.2. Non-linear Freundlich adsorption isotherm equation

q. =KgC'" %)
where q. is the adsorption capacity at equilibrium (mg g ™), C, is the Cr(VI) concentration at equilibrium (mg ~%), K is the Freundlich

constant (I mg™!) which indicates the adsorption capacity on heterogenous sites of an adsorbent, and n is the intensity of adsorbent.
Adsorption is favorable when the value of 1/n lies between 0.1 and 1 [106]. In addition, the n values determine the degree of

a b c
3.5
0.00254
00020 -
s P =
X * o . &
i L 000154 et
3, 4 e =
< o000 ¢ Celge = 0.0045Ce +0.0009 5;;
J 2 . 0
0 R*=08825
0.00054
0.00 T T T T T 1 0.0 T T T T
0.00 0.05 0.10 0.15 020 025 0.30
00 00 400 0 40 80 120 160 200
Coimg/L) Ce (mg Iy C, (mgL")

Fig. 3. Langmuir Isotherm of biosorbents for Cr(VI) adsorption (a) Mango kernel bio-composite [112],(b) Cladosporium cladosporioides [106], and
(c¢) Melaleuca diosmifolia leaf [122].
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nonlinearity between solution concentration and adsorption in the following manner: if n = 1, then adsorption is linear; if n > 1, then
adsorption is a chemical process; and if n < 1, adsorption is considered as a physical process [107].

3. Adsorption & adsorption kinetics

The adsorption kinetic is important in determining the best conditions for a full-scale batch process. The adsorption kinetics of an
adsorption system is influenced by several steps, such as the transfer of solute to the surface of the sorbent particle, transfer from the
sorbent surface to the intra-particle active sites, and retention on these active sites via sorption, complexation, or intra-particle pre-
cipitation phenomena [108]. Experimental data is often analyzed using two different kinetics models, namely pseudo-first-order and
pseudo-second-order. These models are used to make predictions about the mechanisms involved in the sorption and identify potential
rate controlling, such as chemical reaction processes. In recent years, these models have been widely used to describe the adsorption of
heavy metals from wastewater [109].

3.1. Pseudo-first order kinetic model

The pseudo-first-order kinetic model is one of the most widely used rate equations to describe the adsorption of adsorbate from a
given liquid phase in non-linear (equation (6)) and linear (equation (7)) forms as:

dq
—_x — 6
a - Ki(Ge—a) 6
kit

2.303 )

log(q, —q,) =log q. —

3.2. Pseudo-first order kinetic model

The pseudo-second-order kinetic model assumes the adsorption process is chemisorption [110]. The mechanism may involve
sharing valence forces or exchanging electrons between adsorbents and adsorbates [111]. The pseudo-second-order adsorption kinetic
model can be expressed in non-linear (equation (8)) and linear (equation (9)) forms as shown below:

d

fzkl (q. — q.) ®
t 1 t

L +— (C)]
4 kgt q.

where, kg (g_1 min™}) represents the pseudo-second-order rate constant. The second-order sorption rate constant and q. can be
determined from the slope and intercept of the plot between t/q; and time. The best-fit model can be selected based on the regression
coefficient (Rz).

4. Classification of the novel adsorbents

Adsorbents can be classified into biosorbents, biomass-derived activated carbons, nanocomposites, and PANI composites. These

a b c

3 %7 0726x + 03333 3 6

E =0.9289 < 3

3 rd 25 ‘ 5

ot o M

Nd

L d . . 4
2 I i v - q
B 1 g %‘lE v=0.162x+ 21284 S

0k e - R=0453

08 g 1 2

F , < Inge=0.6321InCe+ 5.741

1 05 R:=09817 |

0.6 g

0.5 E« L L I 1 L I 0 Py

02 04 0.6 0.8 1 12 1.4 4 35 5 X 5 15 i 1

- o005 1 15 2 25 3 ol
log,

Fig. 4. Freundlich Isotherm of biosorbents for Cr(VI) adsorption (a) Pomegranate peel-Ppy [117], (b) Mango kernel bio-composite [112], and (c)
Cladosporium cladosporioides [106].



Table 3
Pseudo-first-order and pseudo-second-order kinetic model constants obtained for Cr(VI) heavy metal adsorption by biosorbents.
Adsorbent Adsorbent Initial Cr(VI) Conc. (mg/ T/ pH Dose (8/  Qeexp (mg/  Pseudo-first order kinetic model Pseudo-second order kinetic model Kinetic Ref
type b K b ® Qecal (mg/ Ky (1/ R? Qecal (mg/ ko (g/mg.min) R? model
g) min) g)
Fruit Waste Pomegranate peel-Ppy 50 298 55 1 - - - - - - - - [117]
Grape waste 20 293 2 0.5 15.9 15.2 0.079 0.977 15.6 0.43 0.982 PSO [118]
40 293 2 0.5 29.9 29.1 0.052 0.989 27.7 0.37 0.963 PFO
60 293 2 0.5 66.5 61.5 0.031 0.951 62.9 0.24 0.976 PSO
80 293 2 0.5 83.6 76.7 0.027 0.892 81 0.19 0.971 PSO
100 293 2 0.5 98.3 98.1 0.024 0.993 98.2 0.12 0.999 PSO
120 293 2 0.5 104.3 103.3 0.022 0.977 104.5 0.11 0.997 PSO
Olive waste 20 293 2 0.5 14.7 14.5 0.075 0.968 14.6 0.44 0.983 PSO [118]
40 293 2 0.5 34.6 33.9 0.071 0.984 339 0.34 0.983 PFO
60 293 2 0.5 64.7 61.5 0.029 0.961 63.9 0.24 0.989 PSO
80 293 2 0.5 86.7 82.9 0.035 0.973 87.6 0.07 0.986 PSO
100 293 2 0.5 95.3 95.3 0.019 0.987 96.4 0.06 0.978 PFO
120 293 2 0.5 99.9 97.3 0.018 0.978 100.5 0.06 0.991 PSO
Mango kernel bio-composite 75 306 3 0.5 139.25 10.05 —0.027 0.483 141 0.0058 0.999 PSO [112]
100 306 3 0.5 196.78 12.74 —0.027 0.488 200 0.0045 0.999 PSO
150 306 3 0.5 284.55 12.02 —0.027 0.485 286 0.0051 0.999 PSO
Fungus Cladosporium cladosporioides 100 298 1 3 - 20.227 0.0279* 0.9985 28.902 0.0045** 0.9908 PFO [106]
Rhizopussp. 50 298 2 5 5.5080 1.7165 0.0056 0.8826 5.5679 0.0103 0.9975 PSO [119]
Rhizopussp.+NaCl 50 298 2 5 7.4580 2.7925 0.0080 0.8830 7.5852 0.0085 0.9982 PSO [119]
Artist’s Bracket 50 298 2 3 15.63 1.61 0.044 0.932 16.13 0.074 0.999 PSO [120]
Aspergillus fumigatus 50 308 55 - - 4.8 0.0316* 0.99 - 0.001** 0.93 PFO [113]
Arthrinium malaysianum 100 303 3 8 - 4.36 0.0499 0.9837 5.45 0.0072 0.9907 PSO [121]
Leaf Melaleuca diosmifolia leaf 100-500 297 7 5 49.38 - — — 50 0.15 1 PSO [122]
Magnolia leaf 40 313 2 0.5% 3.97 3.59 0.235 0.885 4.01 0.798 0.987 PSO [123]
Gliricidia sepiumLeaf (GSL) Powder 50 313 2 0.3% - 1.659 0.0023 0.795 9.259 0.0071 0.996 PSO [114]
100 313 2 0.3% 2.07 0.0046 0.924 18.86 0.0019 0.973 PSO [114]
150 313 2 0.3% 2.208 0.0046 0.771 27.03 0.0014 0.988 PSO [114]
200 313 2 0.3% 1.967 0.0046 0.731 33.33 0.0013 0.986 PSO [114]
250 313 2 0.3% 1.936 0.0046 0.723 40 0.0011 0.998 PSO [114]
Mangrove leaf powder 100 - 2 4 - - 0.1119°  0.9600° - 0.0299" 0.8308” PFO [124]
100 - 2 4 - - 0.0875°¢ 0.9334¢ - 0.0556°¢ 0.9641¢ PSO [124]
100 - 2 4 - - 0.1545¢  0.9017¢ - 0.0623¢ 0.9499¢ PSO [124]
100 - 2 4 - - 0.1234¢ 0.9655°¢ - 0.0871°¢ 0.9738° PSO [124]
100 - 2 4 - - 0.1372f  0.9321f - 0.0691f 0.9471fF PSO [124]
Azadirachta Indica (Neem) Leaf 141 300 5.5 1.6 0.1474 —1.7338 0.0141 0.89-0.99 0.1478 2.65-28.93 ~0.99 PSO [115]
Powder 14.1 300 55 2 0.1186 —1.774% 0.0141 0.89-0.99 0.1191 2.65-28.93 ~0.99 PSO [115]
14.1 300 55 6 0.0402 —2.0978 0.0141 0.89-0.99 0.0410 2.65-28.93 ~0.99 PSO [115]
14.1 300 5.5 10 0.0261 —1.9698 0.0141 0.89-0.99 0.0252 2.65-28.93 ~0.99 PSO [115]
14.1 300 55 14 0.0184 —2.535% 0.0141 0.89-0.99 0.0185 2.65-28.93 ~0.99 PSO [115]

(continued on next page)
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Table 3 (continued)

Adsorbent Adsorbent Initial Cr(VI) Conc. (mg/ T/ pH Dose (8§/  Qeexp (mg/  Pseudo-first order kinetic model Pseudo-second order kinetic model Kinetic Ref
e b « b & Qecat (mg/ Ky (1/ R Qecal (mg/  kp(g/mg. min) R? model
g) min) g)
Biochar NCBC 25 298 1.5 2 1.86 0.302 0.012 0.78 1.85 0.2141 0.99 PSO [125]
NZCBC 25 298 1.5 2 1.94 0.331 0.0129 0.58 1.93 0.2127 0.99 PSO [125]
ACBC 25 298 1.5 2 2.43 0.9 0.0131 0.78 2.43 0.059 0.99 PSO [125]
Oak wood char 40 208 2 10 1.97 1.77 1.77* 0.9029 2 2.00%* 0.9151 PFO [116]
40 308 2 10 3.11 2.94 2.95* 0.8530 3.49 3.49** 0.8829 PSO [116]
40 318 2 10 3.54 3.21 3.21% 0.2930 3.49 0.9125 PSO [116]
Oak bark char 40 208 2 10 1.93 1.49 1.49* 0.6072 1.63 0.6542 PSO [116]
40 308 2 10 1.97 1.53 1.53* 0.6819 1.74 0.8071 PSO [116]
40 318 2 10 2.34 2.08 2.08* 0.8048 2.26 0.8986 PSO [116]
Oak wood char 20 208 2 10 1.82 1.71 1.71% 0.800 1.87 0.8510 PSO [116]
40 298 2 10 2.6 2.62 2.64* 0.7481 291 0.8111 PSO [116]
60 298 2 10 4.1 2.75 2.75* 0.6382 3 0.7172 PSO [116]
80 298 2 10 5.5 4.73 4.73* 0.6663 6.12 0.6808 PSO [116]
Oak bark char 20 208 2 10 1.8 2 2.00% 0.9520 2.34 0.9505 PFO [116]
40 298 2 10 2.58 2.17 2.18* 0.7931 2.39 0.8241 PSO [116]
60 298 2 10 3.4 3.18 3.18* 0.5030 3.37 0.5934 PSO [116]
80 208 2 10 4.09 3.65 3.65* 0.6960 3.92 3.92%* 0.7615 PSO [116]

D 30 wnfuy 'y

NCBC=Natural biochar derived from oily seeds of P. terebinthus L; NZCBC = Zeolite based biochar derived from oily seeds of P. terebinthus L; ACBC = Alumina based biochar derived from oily seeds of P.
terebinthus L; a = adsorbent dosage in g; * =k; in h™1; **k, in g.mg’l.h’l, b = at particle size 1.4 mm; ¢ = at particle size 1.0 mm; d = at particle size 0.6 mm; e = at particle size 0.5 mm,; f = at particle size
0.25 mm; g = 10g(qe,calc); PFO= Pseudo-first-order kinetic model; PSO= Pseudo-second-order kinetic model.
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Fig. 5. Pseudo-first-order kinetic model of biosorbents for Cr(VI) adsorption (a) Mango kernel bio-composite [112], (b) Cladosporium clado-
sporioides [106], and (c) Azadirachta Indica (Neem) Leaf Powder [115].
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Fig. 6. Pseudo-second-order kinetic model of biosorbents for Cr(VI) adsorption (a) Mango kernel bio-composite [112], (b) Cladosporium clado-
sporioides [106], and (c) Melaleuca diosmifolia leaf [122].

adsorbents are used for efficient heavy metal (Cr(VI)) removal from wastewater using Langmuir and Freundlich adsorption isotherms
and Pseudo-first-order and Pseudo-second-order kinetic models, which are discussed in detail below:

4.1. Biosorbents

Biomass-based adsorbents, commonly known as biosorbents, are extensively used to remove heavy metals. Biosorbents from low-
cost agricultural waste can remove and recover heavy metal contaminants such as chromium ions from wastewater streams [37-44].
Examples of biosorbents used for the removal of Cr(VI) from wastewater include Macadamia nutshells [45], pine cone biomass [46],
Cannabinus kenaf [47], Masau stones [48], sawdust [49], almond green hull [50], grape peelings [51], lemon peel powder [52], coir
pith [53] and fungal biomass [54]. Activated carbons are used extensively as adsorbent material for removing chromium due to their
high surface area (500-1500 m? g 1), well-developed microporous structure, and a wide spectrum of surface functional groups like the
carboxylic group [55,81]. It is the most commonly used adsorbent for chromium adsorption [93]. It is used extensively for chromium
adsorption during wastewater treatment [56,81,93].

4.1.1. Biosorbents and Langmuir adsorption isotherm

The maximum adsorption capacity is dependent on the type of biosorbent. Several biosorbents, such as fruit waste biosorbent,
fungal biosorbent, leaf biosorbent, and biochar biosorbent for Cr(VI) adsorption, have been used. The Langmuir adsorption isotherms
of the biosorbents are evaluated based on the maximum adsorption capacity, Langmuir constant (K;), and R? value. The best maximum
adsorption capacity of biosorbent is exhibited by the mango kernel bio-composite (fruit waste biosorbent) while representing the
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Table 4
Langmuir and Freundlich adsorption isotherm constants obtained for Cr(VI) heavy metal adsorption using biomass-derived activated carbon.
Adsorbent type Adsorbent Source of Cr Initial Cr T/ pH Cont. t Dose  Exp. Langmuir Freundlich Isotherm  Ref
(V1) (VD) Conc. K (min) (g/L) am 2 2 model
qm (mg/ Ky (L/ R Ry Kp n R
(mg/1) (mg/g) o mg)
Acid-treated Juniperus procera Leaves- Cr(VI) aqueous 50-300 298 4 120 10 - 23 0.01 0.991 - 24.45 0.20 0920 L [107]
activated H,S0,4 acid AC solution of
carbon KCrp0,
Phosphoric acid-activated Cr(VI) aqueous 100 283 4 60 6 - 111 0.010 0.994 - 1.95 1.45 0984 L [132]
Leucaena leucocephala waste  solution of 100 293 4 60 6 - 125 0.009 0.997 - 1.89 1.40 0989 L [132]
sawdust-based activated KCr20, 100 303 4 60 6 - 125 0.008 0.989 - 2.05 1.39 099 F [132]
carbon 100 313 4 60 6 - 143 0.007 0.979 - 2.02 1.39 0997 F [132]
100 323 4 60 6 - 143 0.006 0.956 - 2.21 1.4 0997 F [132]
H,S04-activated F. nitida Cr(VI) aqueous 50 298 1.5-4 25 8 - 21.0 0.185 0.9995 - 4.79 2.85 0.9343 L [133]
leaves derived activated solution of
carbon K,Cr,0,
PEI-HNOj3 acid-rice husk Cr(VI) aqueous 10-1000 303 6.8+ 1440 1 - 60.78 0.023 0.855 - 8.78 3.27 0968 L [130]
derived biochar based solution of 0.1
activated carbon KoCr20,
HCI modified Cashew husk Cr(VI) aqueous 100-350 303 2 1440 1 - 177.31 0.0698 0.9918 - 66.8452 5.534 0.9881 L [134]
based tannery residual solution of 100-350 313 2 1440 1 - 200.40 0.1090 0.9994 - 65.5994 4.395 0.9935 L [134]
biomass-derived activated K»Cr,0, 100-350 323 2 1440 1 - 217.39 0.1126 0.9977 - 74.2489 4.67 0.9907 L [134]
carbon
Sulphuric acid-treated Cr(VI) aqueous 250 298 2 120 4 - 53.8 0.12 0.9989 - 14.5 3.3 0.9663 L [135]
sunflower head activated solution of
carbon K,Cr,0,
Sulphuric acid-treated 250 298 2 120 4 - 56.5 0.21 0.9371 - 24.4 5.3 0.8813 L [135]
sunflower stem-activated
carbon
Phosphoric acid-treated bael Cr(VI) aqueous 50-125 RT 2 240 10 - 17.27 0.0848 0.9865 0.1908-0.0862 2.110 1.79 0.9996 F [136]
fruit shell-activated carbon solution of
K,Cry07
H,SO4 treated Tamarind seeds Cr(VI) aqueous 20-200 303 7 600 10 - 11.08 0.049 0.93 - 1.051 2.06 0.99 F [137]
activated carbon solution of
KoCr,0,
Phosphoric acid-treated Cr(VI) aqueous 50 303 2 1200 1 - 85.91 2.35 0.8927 - 53.47 6.71 0.9909 F [131]
tamarind hull-activated carbon solution of
K,Cr,0,
Base-treated KOH activated Chickpea-husk- Cr(VI) aqueous 100-400 293 8 360 3 - 126.5823 0.0265 0.9575 - 0.7781 1.3586 0.9837 F [138]
activated derived activated carbon solution of
carbon K,Cry07
PEI-KOH alkali-rice husk Cr(VI) aqueous 10-1000 303 6.8+ 1440 1 - 435.7 0.0046 0.972 - 14.04 2.06 0939 L [130]
derived biochar based solution of 0.1
activated carbon K»Cr,0,
Acid/base- NaOH/HCI activated P. Cr(VI) aqueous 25 298 1.5 720 2 - 9.97 0.4283 0.87 — 3.23 2.835 0.96 F [125]
treated terebinthus L oily seeds-based  solution of
activated activated carbon K»Cr,0,
carbon KOH/HCI activated CCAC Cr(VI) aqueous 10-100 294 1.5 150 8 - 38.5 0.14 0.986 - 5.1 1.515 0.973 L [139]
solution of
K>Cr,07

CCAC=Coconut coir activated carbon; RT = Room Temperature; L = Langmuir adsorption isotherm; F=Freundlich adsorption isotherm.
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mono-layer adsorption as shown by the R? value approaching unity [112]. It is evident from the literature cited in Table 2 that most of
the biosorbents followed the mono-layer adsorption except the Cladosporium cladosporioides (fungal biosorbent) [106], Aspergillus
fumigatus (fungal biosorbent) [113], Gliricidia sepium leaf (GSL) powder (leaf biosorbent) [114], and Azadirachta Indica (Neem) leaf
powder (leaf biosorbent) [115]. However, the oak wood biochar (biochar biosorbent) and oak bark char (biochar biosorbent) follow
Sips isotherm, which indicates that these biochar biosorbents followed both mono-layer and multi-layer adsorption [116].

Hence, the biochar biosorbents track the mono-layer and multi-layer adsorption mechanisms [116]. Hence, it can be stated that the
type of adsorption mechanism depends on the source of the biochar biosorbent. In addition, Cladosporium cladosporioides (fungal
biosorbent) resulted in the highest Langmuir constant (K ) value indicating a stronger interaction between Cr(VI) and Cladosporium
cladosporioides (fungal biosorbent) [106] among other types of biosorbents. Various biosorbents were used to absorb Cr(VI). The
Langmuir adsorption isotherms for Cr(VI) adsorption using biosorbents are presented in Fig. 3. The Langmuir adsorption isotherm
constants obtained for Cr(VI) heavy metal adsorption by using biosorbents as adsorbents are listed in Table 2.

The maximum adsorption capacity, Langmuir constant (K;) and R? depend on the type of biosorbents used. The mango kernel bio-
composite (fruit waste biosorbent) resulted in the best Langmuir adsorption isotherms for Cr(VI) adsorption as represented by its
highest maximum adsorption capacity and R? value approaching unity indicating the well-fitting of the Langmuir isotherm with the
experimental adsorption capacity as shown in Fig. 3 (a) [112] among other fruit waste biosorbents cited in Table 2 such as pome-
granate peel [117], grape waste [118], and olive waste [118]. Furthermore, it can be interpreted from the R? value approaching unity
that the mango kernel bio-composite (fruit waste biosorbent) follows a mono-layer adsorption mechanism.

However, the Cladosporium cladosporioides (fungal biosorbent) resulted in good Langmuir maximum adsorption capacity.
However, it does not exactly follow Langmuir adsorption isotherms for Cr(VI) adsorption as represented by its R? value is less than 0.9,
indicating that the Langmuir isotherm fairly fits with the experimental adsorption capacity as shown in Fig. 3 (b). The Ky, greater than
unity indicates a stronger interaction between Cr(VI) and Cladosporium cladosporioides (fungal biosorbent) [106].

Moreover, the Azadirachta Indica (Neem) leaf powder (leaf biosorbent) resulted in the highest Langmuir adsorption capacity
among other leaf biosorbents while showing weaker interactions between Cr(VI) and Azadirachta Indica (Neem) leaf powder (leaf
biosorbent) [115]. The Melaleuca diosmifolia leaf (leaf biosorbent) resulted in good Langmuir adsorption isotherms for Cr(VI)
adsorption as represented by its maximum adsorption capacity and R? value approaching unity, indicating that the Langmuir isotherm
fits well with the experimental adsorption capacity value as shown in Fig. 3 (c). Furthermore, it can be interpreted from the R? value
approaching unity that the Melaleuca diosmifolia leaf (leaf biosorbent) follows a mono-layer adsorption mechanism. The Ky, less than
unity, indicates a weaker interaction between Cr(VI) and Melaleuca diosmifolia leaf (leaf biosorbent) [122].

The biochar biosorbents generally resulted in poor Langmuir adsorption isotherms for Cr(VI) adsorption as represented by its
lowest maximum adsorption capacity and R? value ranging between 0.99 and 0.5767, indicating that the biochar biosorbents follow
monolayer and multilayer adsorption [116,125]. The oak bark char (biochar biosorbent) resulted in better Langmuir adsorption
isotherms for Cr(VI) adsorption as represented by its maximum adsorption capacity and R? value approaching unity [116], among
other biochar biosorbents cited in Table 2, such as NCBC [125], NZCBC [125], ACBC [125], and oak wood char [116]. The oak bark
char (biochar biosorbent) follows monolayer adsorption as the R? value approaches unity [116]. Hence, it can be stated that the type of
adsorption mechanism depends on the source of the biochar biosorbent. Furthermore, all biochar biosorbents cited in Table 2 showed a
Langmuir constant (Kp) value lesser than unity indicating weaker interaction between Cr(VI) and biochar biosorbents.

It can be concluded that the best Langmuir adsorption isotherm results for Cr(VI) adsorption are shown by mango kernel bio-
composite (fruit waste biosorbent) as indicated by its highest maximum adsorption capacity and R? value (provided that the K
value was missing in the literature) However, the best interaction between Cr(VI) and biosorbent is shown by Cladosporium clado-
sporioides (fungal biosorbent) as demonstrated by the highest Langmuir constant (K) value.
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Fig. 7. Langmuir Isotherm of biomass-derived activated carbons adsorbents for Cr(VI) adsorption (a) Juniperus procera Leaves-H,SO,4 acid acti-
vated carbon [107], (b) H,SO, treated Tamarind seeds activated carbon [137], and (c¢) Coconut Coir Activated Carbon (CCAC) and Commercial
Activated Carbon (CAC) [139].
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4.1.2. Biosorbents and Freundlich adsorption isotherm

The adsorption capacity of an adsorbent on heterogeneous sites (Kg) depends on the type of biosorbent used. Freundlich adsorption
isotherm of various biosorbents, such as fruit waste biosorbent, fungal biosorbent, leaf biosorbent, and biochar biosorbent, have been
used for Cr(VI) adsorption. The Freundlich adsorption isotherms of the biosorbents were evaluated based on the Freundlich constant
(Kp), the intensity of the adsorbent (n), and the R? value. Table 2 presents the Freundlich adsorption isotherm constants obtained for Cr
(VI) heavy metal adsorption by using biosorbents as adsorbents. However, Fig. 4 presents the Freundlich adsorption isotherms for Cr
(VI) adsorption using biosorbents as adsorbents.

The highest adsorption capacity of biosorbent was exhibited by the mango kernel bio-composite (fruit waste biosorbent) with the
highest value of Ky and the highest intensity (n) of the Freundlich adsorption isotherm. However, it followed the mono-layer
adsorption as shown by its lower R? value compared to Langmuir adsorption isotherm (Fig. 4 (a)) [112]. In contrast, the oak wood
char (biochar) achieved the lowest Freundlich constant (Kg) while observing the Sips isotherm model, which is a combination of
Langmuir and Freundlich isotherm models as R? values of Langmuir and Freundlich adsorption isotherms of oak wood char (biochar)
are less than 0.9 indicating the Cr(VI) adsorption on the heterogenous surface of the oak wood char (biochar) following Freundlich
adsorption isotherm at low initial Cr(VI) concentration and Langmuir adsorption isotherm at high initial Cr(VI) concentration [116].

All the biosorbents, including pomegranate peel-Ppy (fruit waste biosorbent) [117], grape waste (fruit waste biosorbent) [118],
olive waste (fruit waste biosorbent) [118], mango kernel bio-composite (fruit waste biosorbent) [112], Cladosporium cladosporioides
(fungus) [106], Melaleuca diosmifolia leaf (leaf) [122], NCBC (biochar) [125], NZCBC (biochar) [125], ACBC (biochar) [125], Oak
wood char [116], and Oak bark char [116] showed the adsorption as a chemical process as indicated by adsorption intensity values of
these biosorbents were greater than 1.

Moreover, only a few biosorbents followed the multi-layer adsorption, including Pomegranate peel-Ppy (Fig. 4 (b)) [117] and
Cladosporium cladosporioides (Fig. 4 (c)) [106], indicating the heterogeneous surfaces of these biosorbents. The oak wood (biochar)
showed the lowest Freundlich constant (Kg) [116], and Pomegranate peel-Ppy (fruit waste biosorbent) showed the lowest adsorption
intensity (n) [117].

4.1.3. Biosorbents and pseudo-first order and pseudo-second order kinetic models

The experimental amount of adsorbate adsorbed at equilibrium (ge exp) depends on the type of biosorbent used, such as fruit waste
biosorbent, fungal biosorbent, leaf biosorbent, and biochar biosorbent for Cr(VI) adsorption. The pseudo-first-order (PFO) and pseudo-
second-order (PSO) kinetic models of biosorbents for Cr(VI) adsorption were evaluated using the experimental and calculated amounts
of Cr(VI) adsorbed at equilibrium (qe,exp, qu,CaﬂIand qe,cal), as well as the pseudo-first-order rate constant (k;), pseudo-second-order rate
constant (ko) and R2 value. Table 3 lists the experimental and calculated amounts of Cr(VI) adsorbed at equilibrium, pseudo-first-order
and pseudo-second-order rate constants, and R? values obtained for various biosorbents for Cr(VI) adsorption.

The linear pseudo-first-order kinetic and pseudo-second-order kinetic models of biosorbents for Cr(VI) adsorption are shown in
Figs. 5 and 6, respectively.

The mango kernel bio-composite (fruit waste biosorbent) exhibited the highest experimental and calculated amounts of Cr(VI)
adsorbed at equilibrium (qe exp, and qgcal), with the highest R? value of the pseudo-second-order kinetic model as shown in Fig. 6 (a)
indicating chemical sorption involving valence forces through sharing or exchange of electrons between the biosorbent and Cr(VI) as
compared to pseudo-first-order kinetic model (Fig. 5 (a)) [112]. In contrast, the Azadirachta Indica (neem) leaf powder (leaf bio-
sorbent) achieved the lowest experimental and calculated amounts of Cr(VI) adsorbed at equilibrium (qe exp, and qlefcal), and while
observing the pseudo-second-order kinetic model [115].
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Fig. 8. Freundlich Isotherm of biomass-derived activated carbons adsorbents for Cr(VI) adsorption (a) Juniperus procera Leaves-H,SO4 acid
activated carbon [107], (b) Hy,SO4 treated Tamarind seeds activated carbon [137], and (¢) KOH/HCI activated Coconut Coir Activated Carbon
(CCAC) and Commercial Activated Carbon (CAC) [139].
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Table 5
Pseudo-first-order and pseudo-second-order kinetic model constants obtained for Cr(VI) heavy metal adsorption by biomass-derived activated carbon adsorbents.
Adsorbent type Adsorbent Initial Cr(VI) T/ pH Dose Qeexp Pseudo-first order kinetic model Pseudo-second order kinetic model Kinetic Ref
Cone. (mg/D K /L (mg/g) qle,cal k 1/ R? qlel,cal ks (g/mg. R? model
(mg/g) min) (mg/g) min)
Acid-treated Juniperus procera Leaves-H;S04 acid 70 298 4 10 - - - 0.991 - - — PFO [107]
activated AC
carbon Phosphoric acid-activated Leucaena 100 303 4 6 - 4.67 0.03 0.95 14.29 0.01 0.99 PSO [132]
leucocephala waste sawdust-based
activated carbon
HCI modified Cashew husk based 100 303 2 1 93.03 88.70 0.0193 0.9390 96.15 0.000516 0.9968 PSO [134]
tannery residual biomass-derived 150 303 2 1 119.89 94.93 0.0141 0.9552 126.58 0.000287 0.9981 PSO [134]
activated carbon 200 303 2 1 136.45 98.86 0.0136 0.9773 144.93 0.000253 0.9988 PSO [134]
250 303 2 1 145.40 80.91 0.0131 0.9846 151.52 0.00034 0.9995 PSO [134]
300 303 2 1 154.83 89.23 0.0145 0.9818 161.29 0.00038 0.9990 PSO [134]
350 303 2 1 174.25 122.80 0.0157 0.9577 185.19 0.00025 0.9993 PSO [134]
Sulphuric acid-treated sunflower 250 298 2 4 47.30 31.48 0.0267 0.9941 51.55 0.00127 0.9980 PSO [135]
head activated carbon
Sulphuric acid-treated sunflower 250 298 2 4 53.56 49.14 0.0301 0.9764 59.52 0.00087 0.9958 PSO [135]
stem-activated carbon
Phosphoric acid-treated bael fruit 50 RT 2 10 4.595 1.3187 0.0154 0.9410 4.661 0.0353 0.9999 PSO [136]
shell-activated carbon 75 RT 2 10 6.719 2.2480 0.0154 0.9423 6.873 0.0183 0.9999 PSO [136]
100 RT 2 10 8.719 3.7282 0.0200 0.9457 9.009 0.0119 0.9999 PSO [136]
125 RT 2 10 10.682 4.3521 0.0154 0.9287 11.049 0.00082488 0.9997 PSO [136]
Phosphoric acid-treated tamarind 50 298 2 1 - - 0.507* - - - - PFO [131]
hull-activated carbon 75 298 2 1 - - 0.513* - - - - PFO [131]
100 298 2 1 - - 0.493* - - - - PFO [131]
Base-treated PEI-KOH alkali-rice husk derived 100 303 6.8 1 65.47 - - - 65.78 0.192%* 0.999 PSO [130]
activated biochar based activated carbon +0.1
carbon 50 303 6.8 1 36.05 - - - 36.63 0.160%* 0.999 PSO [130]
+ 0.1
100 303 6.8 1 60.65 - - - 61.73 0.115%* 0.999 PSO [130]
+ 0.1
200 303 6.8 1 114.05 - - - 116.28 0.040%* 0.998 PSO [130]
+ 0.1
500 303 6.8 1 218.28 - - - 232.56 0.009%* 0.995 PSO [130]
+0.1
KOH activated Chickpea-husk- 400 293 8 3 - 19.0633 0.0223 0.9431 46.5116 0.0040 0.9973 PSO [138]
derived activated carbon
Acid/base-treated NaOH/HClI activated P. terebinthus L.~ 25 298 1.5 2 2.52 1 0.009 0.96 2.48 0.0454 0.97 PSO [125]
activated oily seeds-based activated carbon
carbon KOH/HCI activated CCAC 20 294 1.5 8 - - 3.567* 0.993 - 1.305%* 0.999 PSO [139]
40 294 1.5 8 - - 3.422* 0.982 - 0.251 ** 0.998 PSO [139]
60 294 1.5 8 - - 2.957* 0.961 - 0.185%* 0.992 PSO [139]

CCAC=Coconut coir activated carbon; RT = Room Temperature; **k, units in g/mg-h; PFO= Pseudo-first-order kinetic model; PSO= Pseudo-second-order kinetic model.
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Fig. 9. Pseudo-first-order kinetic model of biomass-derived activated carbon adsorbents for Cr(VI) adsorption (a) Juniperus procera Leaves-H;SO4
acid AC [107], (b) Phosphoric acid-treated tamarind hull activated carbon [131], and (¢) KOH/HCI activated CCAC [139].
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Fig. 10. Pseudo-second-order kinetic model of biomass-derived activated carbon adsorbents for Cr(VI) adsorption (a) HCl modified Cashew husk
based tannery residual biomass-derived activated carbon [134], (b) PEI-alkali-biochar with various initial Cr(VI) concentration [130], and (c)
KOH/HCI activated CCAC [139].

Furthermore, it was also observed that the increase in initial Cr(VI) concentration significantly enhances the amount of qe. Most
biosorbents, including Mango kernel bio-composite (fruit waste biosorbent) [112], Rhizopus sp. (fungal biosorbent) [119], Rhizopus
sp.+NaCl (fungal biosorbent) [119], Artist’s Bracket (fungal biosorbent) [120], Arthrinium malaysianum (fungal biosorbent) [121],
Melaleuca diosmifolia leaf (leaf biosorbent) (Fig. 6 (c)) [122], Magnolia leaf (leaf biosorbent) [123], Gliricidia sepium Leaf (GSL)
Powder (leaf biosorbent) [114], Mangrove leaf powder (leaf biosorbent) [124], Azadirachta Indica (Neem) Leaf Powder (leaf bio-
sorbent) [115], NCBC (biochar) [125], NZCBC (biochar) [125], and ACBC (biochar) [125], followed the chemical sorption as indicated
by their higher R? values of the pseudo-second-order kinetic model. Moreover, pseudo-second-order kinetics modeling of biosorbents
better described the experimental values than the pseudo-first-order kinetic model except for the Cladosporium cladosporioides (fungal
biosorbent) [106], Aspergillus fumigatus (fungal biosorbent) [113], which followed the pseudo-first-order kinetic model as shown in
Fig. 5 (b) and Fig. 5 (c) due to its higher R2 value as compared to R2 value of pseudo-second-order kinetics model as shown in Fig. 6 (b)
[106].

Additionally, Cr(VI) adsorption by biosorbents such as grape waste (fruit waste biosorbent) [118], olive waste (fruit waste bio-
sorbent) [118], oak wood char (biochar) [116], and oak bark char (biochar) [116] showed a complex process involving more than one
mechanism as these biosorbents followed both the pseudo-first-order kinetic model and pseudo-second-order kinetic models.

4.2. Biomass-derived activated carbon adsorbents

Biomass-derived activated carbon (AC) is an adsorbent material for heavy metal removal. It is mainly used as an adsorbent material
due to its larger microporous and mesoporous volumes and higher surface area. Researchers are working on activated carbon to
remove heavy metals [126,127]. Commercial activated carbons and biomass-waste-derived activated carbons, such as
nutshell-derived activated carbon, are examples of activated carbon-based adsorbents [57], wood apple shell-derived activated carbon
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Table 6

Langmuir and Freundlich adsorption isotherm constants obtained for Cr(VI) heavy metal adsorption by using Nanocomposites as adsorbent.

Adsorbent type Adsorbent Source of Cr(VI) Initial Cr T/K pH  Cont.t Dose (g/L) Exp. Langmuir Freundlich Isotherm  Ref
o min) o Gmng/ K/mg R R Kr nooow Mo
(mg/1) 9] §
Fe-based Chi@Fe304 Cr(VI) aqueous 40 295 2 180 0.5 - 142.381 0.24 0.969 0.041-0.303 53.151 4.012 0984 F [150]
nanocomposite nanocomposite solution of K,Cr;07
Peganum harmala Cr(VI) aqueous 25-100 283- 2 5-80 1-10 - 53.48 1.8 0.949 - 27.11 2.82 0923 L [151]
seed based GnZVI/ solution of K;Cr,0, 323
PAC
I0@CaCO3 Simulated wastewater 2.5-30 298 6.8 9 2 - 303.4 0.011 0.9995 - 245.02 11.185 0.5786 L [152]
(K,CO3, NaCl, MgSO,, +
KH,PO,4 and Ca(NO3), 0.2
DI solution + As(V),
Cr(VI) or Pb(II)
nZVI-Fe304 Cr(VI) aqueous 40-120 303 3 120 1.3 - 100.00 6.10 0.993 - 14.43997 2.36 0.984 F [153]
nanocomposites solution of KyCr,07 20-80 303 8 120 1.3 - 29.43 6.21 0.997 - 14.15404 6.17 0999 F [153]
PPY/ y-Fe;03 Cr(VI) aqueous 50 RT 2 35 0.2 - 208.8 2.3 0.99 - 106.7 4.545 0.66 L [154]
solution of K,Cr,0,
Mn-based MnF-MO-NPs Cr(VI) aqueous 100 303- 2 60 0.125-1.5 - 91.24 1.58 0.99 (0.36-2.06)  49.40 5.85 0.82 L [155]
nanocomposite solution of K5Cr,0; 338 x10?
MnO,/Fe304/0- Cr(VI) aqueous 50-300 275 2 150 0.5 - 150.8 0.0191 0.998 0.149-0.511 12.342 2114 0921 L [156]
MWCNTs solution of K2Cr;07 50-300 295 2 150 0.5 - 170.4 0.0175 0.974 0.160-0.533 11.727 2132 0895 L [156]
50-300 335 2 150 0.5 - 186.9 0.0164 0.970 0.168-0.549 13.479 2.347 0.866 L [156]
Cu-based CuO Cr(VI) aqueous 20 [157] 298 3 180 1.6 - 15.625 0.0359 0.998 0.0182 7.667 6.451 0946 L [158]
nanocomposite solution of K2Cr;07 20 [157] 308 3 180 1.6 - 17.636  0.388 0.994 0.0168 8.944 6.493 0926 L [158]
20 [157] 318 3 180 1.6 - 18.518 4.50 0.999 0.00147 11.279 7.751 0940 L [158]
Graphene-based pssN-GO Cr(VI) aqueous 5-100 298 - 1440 0.3 - 260.74 1.53 0.996 - 160.03 9.615 0929 L [159]
nanocomposite psN-GO solution of K,Cr,0, 5-100 298 - 1440 0.3 — 208.22 1.27 0.938 - 111.13 5.155 0.975 F [159]
PN-GO 5-100 298 - 1440 0.3 - 189.47 0.15 0.985 - 50.21 3.164 0993 F [159]
mimGO sponge Cr(VI) aqueous 10 296 2 360 1 - 208.3 0.03 0.99 - 5.8 5.263 0.9846 L [160]
GO sponge solution of K,Cr,0, 10 296 2 360 1 — 123.5 1.8 0.9568 — 5.1 5.555 0.8964 L [160]
EDA-GO sponge 10 296 2 360 1 - 126.6 0.12 0.9515 - 4.8 4.545 0.9278 L [160]
MGO-Trp Natural water samples 50-250  — 2 0.333 10 - 1000.0 2.163 x  0.976 0.38-0.78 0.3478 1.208 0999 F [161]
nanocomposite (tap water, seawater, 107°
and industrial
wastewater)
GO Cr(VI) aqueous 5-80 - 4 1-60  0.005-0.01 - 1.222 1.305 0.981 - 3.625 12.195 0.899 L [162]
solution of K,Cr,0,
n-GO@HTCS Cr(VI) aqueous 100 303 3 0-100 2 - 46.23 0.777 0.999 0.374 35.28 1.654 0.890 L [163]
biocomposite solution of K,Cr,07 100 313 3 0-100 2 - 47.48 1.516 0.999 0.517 35.62 1.731 0.890 L [163]
100 323 3 0-100 2 - 47.83 1.665 0.999 0.622 36.33 1.888 0.908 L [163]
CS-GO Cr(VI) aqueous 10-125 300 2 420 0.25 - 104.16  0.009 0.957 - 25.12 3.33 0.866 L [164]
solution of K,Cr;07 10-125 300 2 420 0.5 - 59.17 0.108 0.983 - 13.81 3.17 0942 L [164]
10-125 300 2 420 0.75 - 54.94 0.1 0.998 - 8.73 2.38 0951 L [164]
10-125 300 2 420 1 - 47.16 0.081 0.955 - 6.60 2.33 0.963 F [164]
10-125 300 2 420 2 - 40.65 0.329 0.982 - 10.73 2.65 0.784 L [164]
10-125 300 2 420 3 - 27.54 0.357 0.965 - 7.54 2.67 0.763 L [164]
GFM Cr(VI) aqueous 4.41 288- 6.79 180 2.98 - 100 0.00006 0.97 0.013 1.69 3.09 0933 L [165]
solution of K,Cr,07, 303

(continued on next page)
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Table 6 (continued)

Adsorbent type Adsorbent Source of Cr(VI) Initial Cr T/K pH  Cont.t Dose (g/L) Exp. Langmuir Freundlich Isotherm  Ref
o (i ey n(mg/ K(/mg) R® Ry Kr noor Mo
(mg/D) 9 ®
Chi@Fe30,GO Cr(VI) aqueous 40 295 2 180 0.5 - 100.514 0.36 0.968 0.027-0.217 40.373 4495 0985 L [150]
nanocomposite solution of K,Cr,0,
Fe304/G Cr(VI) aqueous 50 298 - - 2 - 78.5 0.000615 0.998 - 15.17 2.70 0986 L [166]
solution of K5Cr,0;
Chitosan/CDTA/ Cr(VI) aqueous 25 298 3.5 60 1 - 166.98 - 0.987 - - - 0956 L [167]
GO solution of K,Cr,0,
GO-1IN Cr(VI) aqueous 0.25 298 3.5 180 0.2 - 13.3 + 1.46 + 0.9969 - 8.0 + 51+ 09454 L [168]
solution of K,Cr,0, 0.61 0.079 0.55 0.28
GO-2N 0.25 298 3.5 180 0.2 - 151+ 0.38+ 0.9947 - 4.8 + 24+ 09770 L [168]
0.57 0.035 0.42 0.20
GO-3N 0.25 298 3.5 180 0.2 - 143+ 057 = 0.9820 - 59+ 3.0+ 0.9540 L [168]
0.69 0.040 0.47 0.27
RGO/NiO Cr(VI) aqueous 100 298 4 - 0.333 - 198 - 09717 - - - - L [169]

solution of K5Cr,0;

Chi@Fe304 nanocomposite = Magnetic chitosan nanocomposite; Peganum harmala seed based GnZVI/PAC= Peganum harmala seed based Green zero-valent iron nanoparticles/powdered activated
carbon; I0@CaCOs=Iron Oxide@Calcium Carbonate; PPY/y-Fe;O3 = polypyrrole/maghemite nanocomposite; MnF-MO-NPs = Magnetic manganese ferrite and manganese oxide nanoparticles composite;
CuO= Copper oxides nanocomposites; MnO2/Fe304/0-MWCNTs = Manganese dioxide/iron oxide/acid oxidized multi-walled carbon nanotube magnetic nanocomposite; nZVI-Fe304 nanocomposites =
nanoscale zero-valent iron (nZVI)-Fe304 nanocomposites; pssN-GO = 3-[2-(2-aminoethylamino)ethylamino]propyl-trimethoxysilane GO (AEAEAPTMS-GO); psN-GO = [3-(2-aminoethylamino)propyl]
trimethoxysilane Graphene Oxide (AEAPTMS-GO); pN-GO=(3-aminopropyl)trimethoxysilane Graphene Oxide (APTMS-GO); mimGO sponge = 1-aminopropyl-3- methylimidazolium bromide func-
tionalized based graphene oxide sponge; GO sponge = Graphene oxide sponge; EDA-GO sponge = Ethylenediamine-Graphene Oxide sponge; MGO-Trp nanocomposite = Magnetic graphene oxide
functionalized tryptophan; GO = graphene oxide nanocomposite; n-GO@HTCS biocomposite = nano-graphene oxide assisted hydrotalcite/chitosan biocomposite; CS-GO = chitosan grafted graphene
oxide; GFM = magnetic graphene oxide functionalized with 2-mercaptobenzothiazole; Chi@Fe304GO nanocomposite = Graphene oxide modified magnetic chitosan nanocomposite; Fe304/G = Fe304
nanoparticles hybridized with graphene; Chitosan/CDTA/GO = Chitosan-1,2-Cyclohexylenedinitrilotetraacetic acid-graphene oxide; GO-1N = Graphene oxide modified with (C2Hs0)3Si(CH2)3NHy; GO-
2N = Graphene oxide modified with (CH30)3Si(CH2)sNH(CH2)2NHy; GO-3N = Graphene oxide modified with (CH30)3Si(CH2)3sNH(CH2)>,NH(CH)>NHy; RGO/NiO=Reduced graphene oxide/NiO; L =

Langmuir adsorption isotherm; F=Freundlich adsorption isotherm.
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Fig. 11. Langmuir Isotherm of nanocomposite adsorbents for Cr(VI) adsorption (a) IO@CaCO3 (Needle-like Iron Oxide@Calcium Carbonate) [172],
(b) CuO nanoparticles [158], and (¢) MGO-Trp nanocomposite [161].

[58], and mango kernel-derived activated carbon [59]. Termite feces-derived activated carbon [60]. As commercial activated carbons
are expensive, researchers focus on generating activated carbon using low-cost biomass waste adsorbents [58,59,128]. Nanomaterials
range from 1 to 100 nm, offering various unique features, including optical, mechanical, and magnetic properties [61]. They
commonly use adsorbent materials due to the large surface area-to-volume ratio [129].

4.2.1. Biomass-derived activated carbon adsorbents and Langmuir adsorption isotherm

The maximum adsorption capacity depends on the type of chemical treatment of activated carbon adsorbents. Several activated
carbon adsorbents have been used, including acid-treated activated carbon, base-treated activated carbon, and acid/base-treated
activated carbon for Cr(VI) adsorption. The Langmuir adsorption isotherms of the activated carbon adsorbents are evaluated based
on the maximum adsorption capacity, Langmuir constant (K), and R? value. The PEI-KOH alkali-rice husk exhibits the best maximum
adsorption capacity of activated carbon adsorbents derived biochar (base-treated activated carbon) while representing the mono-layer
adsorption shown by the R? value approaching unity [130]. It is evident from the literature cited in Table 4 that all activated carbon
adsorbents followed the monolayer adsorption. However, the NaOH/HCl-activated P. terebinthus L oily seeds (acid/base activated
carbon adsorbent) show the lowest maximum adsorption capacities following the mono-layer adsorption mechanisms [125]. Hence, it
can be stated that the maximum adsorption capacity depends on the type of chemical treatment of the activated carbon adsorbents.
However, phosphoric acid-treated tamarind hull (acid-treated activated carbon adsorbent) resulted in the highest Langmuir constant
(Ky) value indicating a stronger interaction between Cr(VI) and phosphoric acid-treated tamarind hull (acid-treated activated carbon
adsorbent) [131] among other types of activated carbons. Therefore, base-treated activated carbon adsorbents result in the best results
of Langmuir adsorption isotherms for Cr(VI) adsorption but have a drawback of lower Kj, value showing weaker interaction between Cr
(VI) and base-treated activated carbon adsorbent.

The Langmuir adsorption isotherms for Cr(VI) adsorption by using biomass-derived activated carbons as an adsorbent are pre-
sented in Fig. 7. The Langmuir adsorption isotherm constants obtained for Cr(VI) heavy metal adsorption by using biomass-derived
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Fig. 12. Freundlich Isotherm of nanocomposite adsorbents for Cr(VI) adsorption (a) IO@CaCO3; (Needle-like Iron Oxide@Calcium Carbonate)
[172], (b) MGO-Trp nanocomposite [161], and (¢) MnF-MO-NPs (Mn-based nanocomposite) [155].
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Table 7
Pseudo-first-order and pseudo-second-order kinetic model constants obtained for Cr(VI) heavy metal adsorption by nanocomposite adsorbents.
Adsorbent type Adsorbent Initial Cr(VI) T/K pH Dose (g/L) Qe exp Pseudo-first order kinetic model Pseudo-second order kinetic model Kinetic Ref
Conc. (mg/1) (mg/g) qé,cal K (1/ R2 Qo cal ky (g/mg. R2 Model
(mg/g) min) (mg/g) min)
Fe-based Chi@Fe304 nanocomposite 40 295 2 0.5 - 69.457 0.194 0.976 79.466 0.005 0.995 PSO [150]
nanocomposite Cr(VI) Peganum harmala 25-100 283- 2 1-10 - 13.39 0.064 0.74 27.32 0.0089 0.996 PSO [151]
seed-based GnZVI/PAC 323
solution
I0@CaCO3 10 298 6.8 + 2 - 180.09 0.6073 0.8030 256.41 0.0029 0.9976 PSO [152]
0.2
nZVI-Fe;0,4 nanocomposites 20 303 8 1.3 - - - - 15.5 0.052 0.999 PSO [153]
40 303 8 1.3 - - - - 21.28 0.023 0.999 PSO [153]
60 303 8 1.3 - - - - 24.39 0.011 0.999 PSO [153]
80 303 8 1.3 - - - - 26.32 0.013 0.999 PSO [153]
20 303 7 1.3 - - - - 16.05 0.588 1 PSO [153]
20 303 9 1.3 - - - - 4.61 0.049 0.997 PSO [153]
20 303 10 1.3 - - - - 5.89 0.045 0.996 PSO [153]
20 303 11 1.3 - - - - 3.58 0.05 0.99 PSO [153]
PPY/ y-Fe;O3 50 RT 2 0.2 208.8 5.8 0.019 0.49 207.9 0.02 0.99 PSO [154]
Mn-based MnF-MO-NPs 30 303- 2 0.75 39.38 29.35 1180 0.97 40.16 8520 0.99 PSO [155]
nanocomposite 338
50 303- 2 0.75 64.74 56.54 1280 0.93 65.79 4680 0.99 PSO [155]
338
70 303- 2 0.75 81.20 60.89 1020 0.93 84.32 3490 0.99 PSO [155]
338
90 303- 2 0.75 93.34 60.80 870 0.98 95.23 3180 0.99 PSO [155]
338
110 303- 2 0.75 104.45 68.62 900 0.94 109.90 2740 0.99 PSO [155]
338
MnOy/Fe304/0-MWCNTSs 100 275 2 0.5 56.8 94.1 0.0221 0.854 74.1 0.652 0.972 PSO [156]
200 295 2 0.5 117.1 263.1 0.0349 0.831 147.9 0.959 0.976 PSO [156]
300 335 2 0.5 135.6 148.8 0.0202 0.947 157.7 1.412 0.992 PSO [156]
Cu-based CuO 20[157] 298 3 1.6 - 5.566 0.0287 0.982 11.111 0.00955 0.998 PSO [158]
nanocomposite
Graphene-based pssN-GO 50 298 - 0.2 - 201.91 0.0295 0.963 221.82 0.0002 0.987 PSO [159]
nanocomposite mimGO sponge 10 296 2 0.25 16.0 7.8 0.007 0.7894 16.2 0.005 0.9942 PSO [160]
10 296 2 0.5 13.2 6.3 0.006 0.8069 13.2 0.006 0.9928 PSO [160]
10 296 2 1 9.8 4.5 0.0051 0.7272 9.8 0.008 0.9916 PSO [160]
10 296 2 1.5 6.7 2 0.0044 0.3204 6.8 0.02 1 PSO [160]
MGO-Trp nanocomposite 50-250 - 2 10 1000 1096.6 0.337 0.949 1010 0.000491 0.990 PSO [161]
GO 5-80 - 4 0.005-0.01 - 12.389 0.03376 0.863 0.692 0.26954 0.780 PFO [162]
CS-GO 20 300 2 2 11.78 9.82 0.00898 0.862 12.25 0.029 0.983 PSO [164]
50 300 2 2 23.15 18.86 0.00713 0.927 23.69 0.038 0.997 PSO [164]
75 300 2 2 27.35 18.97 0.0086 0.974 28.16 0.04 0.997 PSO [164]
100 300 2 2 33.45 14.54 0.00736 0.948 33.89 0.048 0.995 PSO [164]

(continued on next page)
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Table 7 (continued)

Adsorbent type Adsorbent Initial Cr(VI) T/K pH Dose (g/L) Qe,exp Pseudo-first order kinetic model Pseudo-second order kinetic model Kinetic Ref
Cone. (mg/D (mg/) qg,cal k (1/ R? qg,cal ko (g/mg. R? Model
(mg/g) min) (mg/g) min)
GFM 3 288- 6.79 2.98 0.58 1.28 0.018 0.956 3.84 0.0039 0.955 PFO [165]
303
6 288- 6.79 2.98 1.14 3.16 0.011 0.995 20 0.00011 0.908 PFO [165]
303
9 288- 6.79 2.98 1.5 5.74 0.013 0.994 20 0.00011 0.972 PFO [165]
303
Chi@Fe304GO 40 295 2 0.5 - 76.098 0.265 0.965 73.164 0.006 0.985 PSO [150]
nanocomposite
Chitosan/CDTA/GO 20 298 3.5 1 18.66 3.52 0.0041 0.86 18.18 0.014 0.999 PSO [167]
40 298 3.5 1 35.86 14.06 0.0066 0.944 36.76 0.002 0.999 PSO [167]
60 298 3.5 1 46.22 13.98 0.0049 0.985 47.16 0.0089 0.998 PSO [167]
GO-1IN 0.25 298 3.5 0.25 - - - - 1.206 + 0.12 + 1 PSO [168]
0.005 0.02
0.25 298 3.5 0.17 - - - - 1.24 + 0.07 + 0.9997 PSO [168]
0.01 0.01
0.25 298 3.5 0.13 - - - - 1.239 + 0.050 + 0.9999  PSO [168]
0.007 0.003
0.25 298 3.5 0.08 - - - - 1.288 + 0.030 + 0.9999  PSO [168]
0.008 0.001
0.25 298 3.5 0.06 - - - - 1.34 + 0.017 + 0.9995 PSO [168]
0.02 0.001
0.25 298 3.5 0.05 - - - - 1.31 + 0.014 + 0.9976  PSO [168]
0.04 0.001
GO-2N 0.25 298 3.5 0.25 - - - - 1.073 £ 0.13 £ 1 PSO [168]
0.004 0.01
0.25 298 3.5 0.17 - - - - 1.114 + 0.065 + 0.9998  PSO [168]
0.009 0.007
0.25 298 3.5 0.13 - - - - 1.108 + 0.060 + 0.9999  PSO [168]
0.008 0.005
0.25 298 3.5 0.08 - - - - 1.14 + 0.038 + 0.9998  PSO [168]
0.01 0.003
0.25 298 3.5 0.06 - - - - 1.17 + 0.026 + 0.9987  PSO [168]
0.03 0.003
0.25 298 3.5 0.05 - - - - 1.18 + 0.019 + 0.9921  PSO [168]
0.07 0.005
GO-3N 0.25 298 3.5 0.25 - - - - 1.091 + 0.34 + 1 PSO [168]
0.003 0.06
0.25 298 3.5 0.17 - - - - 1.052 + 0.52 + 0.9999 PSO [168]
0.006 0.03

(continued on next page)
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Table 7 (continued)

Adsorbent type Adsorbent Initial Cr(VI) T/K pH Dose (g/L) Qeexp Pseudo-first order kinetic model Pseudo-second order kinetic model Kinetic Ref
Conc. (mg/1) (mg/g) e ky (1/ R? Qecal ko (g/mg. R2 Model
(mg/g) min) (mg/g) min)
0.25 298 3.5 0.13 - - - - 1.056 + 0.27 + 0.9999  PSO [168]
0.005 0.06
0.25 298 3.5 0.08 - - - - 1.09 + 0.07 + 0.9997 PSO [168]
0.01 0.01
0.25 298 3.5 0.06 - - - - 1.10 + 0.043 + 0.9996  PSO [168]
0.01 0.005
0.25 298 3.5 0.05 - - - - 1.08 + 0.03 £ 0.9988 PSO [168]
0.02 0.04
RGO/NiO 100 298 4 0.333 - - - - - - - PSO [169]

Chi@Fe304 nanocomposite = Magnetic chitosan nanocomposite; Peganum harmala seed based GnZVI/PAC= Peganum harmala seed based Green zero-valent iron nanoparticles/powdered activated
carbon; I0@CaCO3z=Iron Oxide@Calcium Carbonate; PPY/y-Fe,O3 = polypyrrole/maghemite nanocomposite; MnF-MO-NPs = Magnetic manganese ferrite and manganese oxide nanoparticles composite;
CuO= Copper oxides nanocomposites; MnO2/Fe304/0-MWCNTs = Manganese dioxide/iron oxide/acid oxidized multi-walled carbon nanotube magnetic nanocomposite; nZVI-Fe304 nanocomposites =
nanoscale zero-valent iron (nZVI)-Fe304 nanocomposites; pssN-GO = 3-[2-(2-aminoethylamino)ethylamino]propyl-trimethoxysilane GO (AEAEAPTMS-GO); psN-GO = [3-(2-aminoethylamino)propyl]
trimethoxysilane Graphene Oxide (AEAPTMS-GO); pN-GO=(3-aminopropyl)trimethoxysilane Graphene Oxide (APTMS-GO); mimGO sponge = 1-aminopropyl-3- methylimidazolium bromide func-
tionalized based graphene oxide sponge; GO sponge = Graphene oxide sponge; EDA-GO sponge = Ethylenediamine-Graphene Oxide sponge; MGO-Trp nanocomposite = Magnetic graphene oxide
functionalized tryptophan; GO = graphene oxide nanocomposite; n-GO@HTCS biocomposite = nano-graphene oxide assisted hydrotalcite/chitosan biocomposite; CS-GO = chitosan grafted graphene
oxide; GFM = magnetic graphene oxide functionalized with 2-mercaptobenzothiazole; Chi@Fe304GO nanocomposite = Graphene oxide modified magnetic chitosan nanocomposite; Fe304/G = Fe304
nanoparticles hybridized with graphene; Chitosan/CDTA/GO = Chitosan-1,2-Cyclohexylenedinitrilotetraacetic acid-graphene oxide; GO-1N = Graphene oxide modified with (C2Hs0)3Si(CH2)3NHy; GO-
2N = Graphene oxide modified with (CH30)3Si(CH3)3sNH(CH3)>NHs; GO-3N = Graphene oxide modified with (CH30)3Si(CH3)3NH(CH3)2NH(CH,)2NH,; RGO/NiO=Reduced graphene oxide/NiO; PFO=
Pseudo-first-order kinetic model; PSO= Pseudo-second-order kinetic model.
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activated carbon as an adsorbent are listed in Table 4.

The maximum adsorption capacity, Langmuir constant (K;) and R? depend on the type of biomass-derived activated carbon used,
such as (acid-treated, based-treated, and acid/base-treated). The HCl modified cashew husk based tannery residual biomass (acid-
treated activated carbon) resulted in the best langmuir adsorption isotherms for Cr(VI) adsorption as represented by its highest
maximum adsorption capacity and R? value approaching unity indicating the well-fitting of the Langmuir isotherm with the experi-
mental adsorption capacity [134] among other acid-treated activated carbon adsorbents cited in Table 4 such as juniperus procera
Leaves-H,SO4 acid AC [107] as shown in Fig. 7 (a), phosphoric acid activated leucaena leucocephala waste sawdust based activated
carbon [132], HySO4 activated F. nitida leaves derived activated carbon [133], PEI-HNO3 acid-rice husk derived biochar based
activated carbon [130], sulphuric acid treated sunflower head activated carbon [135], phosphoric acid treated bael fruit shell acti-
vated carbon [136], HoSO4 treated Tamarind seeds activated carbon [137] as shown in Fig. 7 (b), and phosphoric acid treated tamarind
hull activated carbon [131]. Furthermore, it can be interpreted from the R? value approaching unity that the HCl-modified cashew
husk-based tannery residual biomass (acid-treated activated carbon) follows a mono-layer adsorption mechanism. However, the lower
value of Langmuir constant (K) of HCl-modified cashew husk-based tannery residual biomass (acid-treated activated carbon) [134]
showed weaker interactions between Cr(VI) and HCl-modified cashew husk-based tannery residual biomass (acid-treated activated
carbon adsorbent).

However, the PEI-KOH alkali-rice husk-derived biochar (base-treated activated carbon adsorbent) resulted in the best Langmuir
adsorption isotherms for Cr(VI) adsorption as represented by its maximum adsorption capacity and R? value approaching unity
indicated that the Langmuir adsorption isotherm fits well with the experimental adsorption capacity value [130] as compared to
another base-treated activated carbon adsorbent such as KOH activated Chickpea-husk (base-treated activated carbon adsorbent)
[101]. Furthermore, it can be interpreted from the R? value approaching unity that the PEI-KOH alkali-rice husk-derived biochar
(base-treated activated carbon adsorbent) follows a mono-layer adsorption mechanism. The Langmuir constant (Kp), smaller than
unity and closely approaching zero, indicates one of the weakest interactions between Cr(VI) and PEI-KOH alkali-rice husk-derived
biochar (base-treated activated carbon adsorbent) [130]. It has been interpreted that the base-treated activated carbons follow the
monolayer adsorption mechanism; however, observing weaker interactions between Cr(VI) and base-treated activated carbons.

The KOH/HCI activated CCAC (acid/base-treated activated carbon adsorbent) resulted in good Langmuir adsorption isotherms for
Cr(VI) adsorption as represented by its maximum adsorption capacity and R? value approaching unity, indicating that the Langmuir
adsorption isotherm fits well with the experimental adsorption capacity value [139] as shown in Fig. 7 (c) than another
acid/base-treated activated carbon adsorbent such as NaOH/HCI activated P. terebinthus L oily seeds based activated carbon
(acid/base-treated activated carbon adsorbent) [125]. Furthermore, it can be interpreted from the R? value approaching unity that the
KOH/HCI activated CCAC (acid/base-treated activated carbon adsorbent) follows a mono-layer adsorption mechanism. The Langmuir
constant (Kp), smaller than unity and closely approaching zero, indicates one of the weakest interactions between Cr(VI) and KOH/HCl
activated CCAC (acid/base-treated activated carbon adsorbent) [139]. It has been interpreted that the acid/base-treated activated
carbons follow the monolayer adsorption mechanism; however, observing weaker interactions between Cr(VI) and acid/base-treated
activated carbons.

It can be concluded that the best Langmuir adsorption isotherm results for Cr(VI) adsorption are represented by PEI-KOH alkali-rice
husk-derived biochar (base-treated activated carbon adsorbent) as indicated by its highest maximum adsorption capacity and R? value
but with a lower K, value representing weaker interactions between Cr(VI) and adsorbent. However, the best interaction between Cr
(VD) and activated carbon is shown by phosphoric acid-treated tamarind hull (acid-treated activated carbon adsorbent), as demon-
strated by the highest Langmuir constant (K) value.
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Fig. 13. Pseudo-first-order kinetic model of nanocomposite adsorbents for Cr(VI) adsorption (a) MGO-Trp nanocomposite [161], (b) IO@CaCO3
[152], and (c¢) MnOy/Fe304/0-MWCNTs [156].
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4.2.2. Biomass-derived activated carbon adsorbents and Freundlich adsorption isotherm

The adsorption capacity on heterogenous sites of an adsorbent (Kg) depends on the type of biomass-derived activated carbon used,
such as (acid-treated activated carbon, based-treated activated carbon, and acid/base-treated activated carbon). The Freundlich
adsorption isotherms for Cr(VI) adsorption using biomass-derived activated carbon adsorbents are presented in Fig. 8. However, the
Freundlich adsorption isotherm constants obtained for Cr(VI) heavy metal adsorption by using biomass-derived activated carbon as
adsorbents are listed in Table 4.

It can be observed from Table 4 that the HCl-modified cashew husk-based tannery residual biomass (acid-treated activated carbon)
resulted in the highest value of K¢ for Cr(VI) adsorption. However, the value of R? for Cr(VI) adsorption using this type of activated
carbon through Freundlich adsorption isotherm is lower than Langmuir adsorption isotherm [134]. However, the lowest value of Kg is
shown by KOH-activated Chickpea-husk-derived activated carbon (base-treated activated carbon) [138] among other activated carbon
adsorbents.

Furthermore, it can be interpreted from the adsorption intensity (n) of the biomass-derived activated carbon that the adsorption of
Cr(VI) adsorption is majorly a chemical process except for Juniperus procera Leaves-H2SO4 acid AC which indicates the Cr(VI)
adsorption as a physical process as shown in Fig. 8 (a) [107].

Moreover, phosphoric acid-activated Leucaena leucocephala waste sawdust-based activated carbon (acid-treated activated carbon)
[132], phosphoric acid-treated bael fruit shell activated carbon (acid-treated activated carbon) [136], phosphoric acid-treated
tamarind hull activated carbon (acid-treated activated carbon) [131], HySO4 treated Tamarind seeds activated carbon (acid-treated
activated carbon) (Fig. 8 (b)) [137], and KOH activated Chickpea-husk-derived activated carbon (base-treated activated carbon) [138]
followed the multi-layer adsorption of Cr(VI) on the heterogenous surface of these activated carbon adsorbents due to their higher R?
values of Freundlich adsorption isotherms than Langmuir adsorption isotherms. In contrast, Freundlich adsorption isotherm modelling
of Juniperus procera Leaves-H;SO4 acid AC (acid-treated activated carbon) [107], phosphoric acid-activated Leucaena leucocephala
waste sawdust based activated carbon (acid-treated activated carbon) [132], HoSO4 activated F. nitida leaves derived activated carbon
(acid-treated activated carbon) [133], PEI-HNO3 acid-rice husk derived biochar based activated carbon (acid-treated activated carbon)
[130], HCI modified Cashew husk based tannery residual biomass-derived activated carbon (acid-treated activated carbon) [134],
Sulphuric acid treated sunflower head activated carbon (acid-treated activated carbon) [135], Sulphuric acid-treated sunflower stem
activated carbon (acid-treated activated carbon) [135], PEI-KOH alkali-rice husk derived biochar based activated carbon (base-treated
activated carbon) [130], and KOH/HCI activated CCAC (acid-base treated activated carbon) [139] (Fig. 8 (c)) followed the mono-layer
adsorption as their adsorption data fitted well with a Langmuir adsorption isotherm model rather than Freundlich adsorption isotherm
model.

4.2.3. Biomass-derived activated carbon adsorbents and pseudo-first order and pseudo-second order kinetic models

The experimental amount of adsorbate adsorbed at equilibrium (qe exp) depends on the type of biomass-derived activated carbon
adsorbent used, such as acid-treated activated carbon, base-treated activated carbon, and acid/base-treated activated carbon for Cr(VI)
adsorption. The pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models of biomass-derived activated carbon adsor-
bents for Cr(VI) adsorption were evaluated using the experimental and calculated amounts of Cr(VI) adsorbed at equilibrium (qe exp, e,
Call, ;‘nd qe,cal), as well as the pseudo-first-order rate constant (k;), pseudo-second-order rate constant (k) and R? value. Table 5 lists the
experimental and calculated amounts of Cr(VI) adsorbed at equilibrium, pseudo-first-order and pseudo-second-order rate constants,
and R? values obtained for various biomass-derived activated carbon adsorbents for Cr(VI) adsorption.

The linear pseudo-first-order kinetic and linear pseudo-second-order kinetic models of biomass-derived activated carbon adsor-
bents for Cr(VI) adsorption are shown in Figs. 9 and 10, respectively.

The PEI-KOH alkali-rice husk derived biochar based activated carbons (base-treated activated carbon) exhibited the highest
experimental and calculated amounts of Cr(VI) adsorbed at equilibrium by the pseudo-second-order kinetic model (ge exp, and qgcal)
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Fig. 14. Pseudo-second-order kinetic model of nanocomposite adsorbents for Cr(VI) adsorption (a) MGO-Trp nanocomposite [161], (b) IO@CaCO3
[152], and (c) MnO2/Fe304/0-MWCNTs [156].
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Table 8
Langmuir and Freundlich adsorption isotherm constants obtained for Cr(VI) heavy metal adsorption by using PANI polymer composites as adsorbent.
Adsorbent Source of Cr Initial Cr T/ pH  Cont.t Dose Exp. Langmuir Freundlich Isotherm Ref
(VD (VI) Conc. K (min) (g/L) m . K (/mg) R R, Ke N R model
(mg/1) (mg/
(mg/g)
g)
PANi/SD/PEG Cr(VD) 50 RT 2 30 5-80 - 3.2 0.691578 0.9994 - - 4 0.9328 L [172]
aqueous
solution of
K5Cr,0,

(PANI/PI) Cr(VD) 20 298 1 300 0.4 - 70.08 2.70 0.999 - 43.17 5.46 0.946 L [185]
microfiber aqueous 20 313 1 300 0.4 - 81.43 2.96 0.999 - 50.96 5.24 0.971 L [185]
membranes solution of 20 328 1 300 0.4 - 96.53 3.91 0.998 - 63.93 5.15 0.982 L [185]

K>Cr,0,

PPy-PANI/Fe304 Cr(VD) 100 288 2 270 1 - 243.90 0.191 0.9995 0.0195 101.30 6.05 0.8420 L [186]
aqueous 100 298 2 270 1 - 303.03 0.340 0.9994 0.0111 143.39 6.78 0.8872 L [186]
solution of 100 308 2 270 1 - 384.62 0.186 0.9990 0.02 132.26 4.63 0.7350 L [186]
K2Cr207 100 318 2 270 1 - 434.78 0.25 0.9984 0.0150 157.69 4.61 0.5792 L [186]

PANI nanosheets Cr(VD) 10-60 298 2 - 0.2 - 263.2 2.262 0.9999 0.007314-0.01452° 192.9 8.078 0.9303 L [187]

PANI nanotubes aqueous 10-60 298 2 - 0.2 - 259.7 1.930 0.9973 0.008562-0.01698* 181.2 7.215 0.9973 L [187]

PANI nanofibers solution of 10-60 298 2 - 0.2 - 248.8 1.853 0.9994 0.008914-0.01767° 182.2 8.787 0.9883 L [187]

K5Cry07

(PANI/EVOH) Cr(VD) 25-200 293 2 100 - - 291.55 9.026 x 0.95207 - 3.2846 1.1665 0.99859 F [188]
nanofiber aqueous 1072
composite solution of 25-200 303 2 100 - - 271.00 10.762 x 0.91866 - 3.7386 1.1944 0.99969 F [188]
membranes K2Cr207 103

25-200 313 2 100 - - 278.55 11.098 x 0.85419 - 3.973 1.1978 0.99924 F [188]
103
25-200 323 2 100 - - 248.76 13.867 x 0.87084 - 4.489 1.2281 0.99947 F [188]
1073
PANI Cr(VD) - 293 3 20 0.1 - 357.1 0.27 0.99 - 160.66 0.19 0.96 L [189]
PANI@MoS, aqueous - 293 3 20 0.1 - 526.3 0.98 0.99 - 134.59 0.07 0.93 L [189]
solution of
K>Cry0,

PANI/LDHs Cr(VD) 40 288 3 - 0.2 - 393.7 0.24 0.999 - 103.06 0.32 0.907 L [190]
(LDHs/aniline aqueous 40 303 3 - 0.2 - 434.78 0.45 0.999 - 154.21 0.26 0.868 L [190]
mass ratio of solution of 40 318 3 — 0.2 - 510.2 0.69 0.995 - 226.52 0.21 0.828 L [190]
1:8) K2Cr,0,

PANI/H-TNB (H- Cr(VD) 20 298 5 - 0.3 - 156.9 0.156 0.971 - 50.56 4.00 0.923 L [191]
TNBs/aniline aqueous
mol ratio of 1: solution of
20) K-Cr»07

PANI/PVA Cr(VD) 200-250 303 4 60 2 - 111.23 0.725 0.999 0.005 81.801 12.987 0.995 L [192]
composite aqueous 200-250 313 4 60 2 — - — - - 82.695 0.083 0.946 F [192]

200-250 323 4 60 2 - - - - - 83.416 0.088 0.980 F [192]

(continued on next page)
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Table 8 (continued)

Adsorbent Source of Cr Initial Cr T/ pH Cont. t Dose Exp. Langmuir Freundlich Isotherm Ref

(VD EVI) Conc. K (min) (g/L) dm o K. (L/mg) R2 R, K a 2 model
mg/1) (mg/
(mg/g)
g)

solution of
KoCr,0

SA-PANI Cr(VD) 100 303 4.2 60 2 - 73.34 0.049 0.993 0.091 15.47 3.285 0.992 F [193]
aqueous 100 313 42 60 2 - 74.46 0.064 0.996 0.071 18.43 3.555 0.997 F [193]
solution of 100 323 4.2 60 2 - 75.82 0.100 0.995 0.047 24.50 4.226 0.994 L [193]
K>Cr,0,

PANI/ y-Fe;0O3 Cr(VD) 50 RT 2 35 0.2 - 195.7 3.0 0.99 - 100.8 4.545 0.65 L [154]
aqueous
solution of
K5Cr207

PANI-MWCNT Cr(VD) 20-100 288 45 600 0.5 - 28.25 0.56 0.967 - 14.45 4.70 0.984 F [194]
aqueous 20-100 298 4.5 600 0.5 - 31.75 0.48 0.983 - 15.49 6.50 0.984 F [194]
solution of 20-100 308 4.5 600 0.5 - 36.76 0.41 0.929 - 23.3 9.56 0.984 F [194]
K5Cry07

PANI/PA Cr(VD) 2.5-30 288 5.5 400 0.5 - 11.52 8.35 0.999 - 8.79 9.78 0.922 L [195]

composite aqueous 2.5-30 298 5.5 400 0.5 - 14.79 1.77 0.996 - 10.14 8.22 0.945 L [195]

solution of 2.5-30 308 5.5 400 0.5 - 16.45 1.54 0.999 - 10.17 6.33 0.95 L [195]
K5Cry07

PANi/SD/PEG=Poly, aniline/polyethylene glycol, coated on sawdust; RT = Room Temperature; (PANI/PI) microfiber membranes = Dodecylbenzene sulfonic acid (DBSA) doped-polyaniline; (PANI)
coated conductive polyimide (PI) microfiber membrane; PPy-PANI/Fe30,4 = Polypyrrole- Polyaniline/magnetic nanocomposite; PANI nanosheets = Polyaniline nanosheets;  The RL values with the initial
Cr(VI) concentration (CO) of 30-60nullmg/1; PANI nanotubes = Polyaniline nanotubes; PANI nanofibers = Polyaniline nanofibers; (PANI/EVOH) nanofiber composite membranes= (polyaniline/ethylene
vinyl alcohol) nanofiber composite membranes; PANI=Polyaniline; PANI@MoS,=Polyaniline-Molybdenum disulfide; PANI/LDHs = Polyaniline/Layered Double Hydroxides; PANI/H-TNB = polyani-
line/hydrogen-titanate nanobelt nanocomposite; PANI/PVA composite = polyaniline/Poly(vinyl acetate) composite; SA-PANI= Sodium alginate-polyaniline nanofibers; PANI/ y -Fe;O3 = polyaniline/
maghemite nanocomposite; PANI-MWCNT = polyaniline-multiwalled carbon nanotubes; PANI/PA composite = polyaniline/palygorskite composites; L = Langmuir adsorption isotherm; F=Freundlich
adsorption isotherm.
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Fig. 15. Langmuir Isotherm of PANI polymer adsorbents for Cr(VI) adsorption (a) PANI, MoS, and PANI@MoS, [189], (b) PANI/PI microfiber
membranes [185], and (c¢) PPy-PANI/Fe;04 [186].

among acid-treated, base-treated and acid/base-treated activated carbons while following pseudo-second-order kinetic model indi-
cating chemisorption of Cr(VI) on base-treated activated carbon [130].

The HCl modified Cashew husk based tannery residual biomass-derived activated carbon (acid-treated activated carbon) exhibited
the highest experimental and calculated amounts of Cr(VI) adsorbed at equilibrium (qe exp, and qf,_,cal) among acid-treated activated
carbons, with the highest R? value of the pseudo-second-order kinetic model as shown in Fig. 10 (a) indicating chemical sorption
involving valence forces through sharing or exchange of electrons between the acid-treated activated carbon and Cr(VI) as compared to
pseudo-first-order kinetic model [134]. In contrast, the NaOH/HCI activated P. terebinthus L oily seeds-based activated carbon
(acid/base-treated activated carbon) achieved the lowest experimental and calculated amounts of Cr(VI) adsorbed at equilibrium (qe,
exp» and Qe ca) While observing the pseudo-second-order kinetic model [125].

Furthermore, it was also observed that the increase in initial Cr(VI) concentration significantly enhances the amount of qe. Most
biomass-derived activated carbon adsorbents, including Phosphoric acid-activated Leucaena leucocephala waste sawdust based
activated carbon (acid-treated activated carbon) [132], HCl modified Cashew husk based tannery residual biomass-derived activated
carbon (acid-treated activated carbon) [134], Sulphuric acid treated sunflower head activated carbon (acid-treated activated carbon)
[135], Sulphuric acid-treated sunflower stem activated carbon (acid-treated activated carbon) [135], Phosphoric acid-treated bael
fruit shell activated carbon (acid-treated activated carbon) [136], PEI-KOH alkali-rice husk derived biochar based activated carbon
(base-treated activated carbon) (Fig. 10 (b)) [130], KOH activated Chickpea-husk-derived activated carbon (base-treated activated
carbon) [138], NaOH/HCl activated P. terebinthus L oily seeds based activated carbon (acid/base-treated activated carbon) [125], and
KOH/HCl activated CCAC (acid/base-treated activated carbon) (Fig. 10 (c)) [139] followed the chemical sorption as indicated by their
higher R? values of pseudo-second order kinetic model except for Juniperus procera Leaves-H,SO4 acid AC (acid-treated activated
carbon) (Fig. 9 (a)) [107] and Phosphoric acid-treated tamarind hull activated carbon (acid-treated activated carbon) (Fig. 9 (b))
[131]. Thus, it can be concluded that pseudo-second-order kinetics modeling of biomass-derived activated carbon adsorbents better
described the experimental values than the pseudo-first-order kinetic model except for the Juniperus procera Leaves-HSO4 acid AC
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Fig. 16. Freundlich Isotherm of PANI polymer adsorbents for Cr(VI) adsorption (a) (PANI/EVOH) nanofiber composite membranes [188], (b)
PANI/PVA [192], and (c) PANI/ y-Fe,03 [154].
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Table 9

Pseudo-first-order and pseudo-second-order kinetic model constants obtained for Cr(VI) heavy metal adsorption by PANI polymer composites as adsorbents.

Adsorbent type Adsorbent Initial Cr(VI) Conc. T/ pH Dose (8/ Qqeexp (mg/ Pseudo-first order kinetic model Pseudo-second order kinetic model ~ Kinetic Ref
(me/b K Y & Qecal (mg/ Ky (1/min) R? Qecal (mg/  ky (g/mg. R? model
g) g) min)
PANI polymer (PANI/PI) microfiber membranes 20 2981 0.4 48.9 41.89 0.018447 0.96894 52.74 0.0007 0.99826 PSO [185]
composite PPy-PANI/Fe304 50 2982 1 - 7 0.0147 0.8551 49.75124 0.01 1 PSO [186]
75 2982 1 - 22.99 0.0175 0.9573 75.18797 0.003109 0.9999 PSO [186]
100 298 2 1 - 46.04 0.0168 0.9667 100 0.001395 0.9997 PSO [186]
100 2882 1 - - - - 97.66 0.000594 0.9974 PSO [186]
100 2982 1 - - - - 100.30 0.001386 0.9997 PSO [186]
100 3082 1 - - - - 100.60 0.002023 0.9999 PSO [186]
100 3182 1 - - - - 100.30 0.004168 0.9999 PSO [186]
PANI nanosheets 20 298 2 0.5 100 24.08 0.00898 0.9903 102.1 0.000795 0.9997 PSO [187]
PANI nanotubes 20 298 2 0.5 100 17.38 0.0414 0.9822 101.4 0.00546 0.9998 PSO [187]
PANI nanofibers 20 298 2 0.5 100 10.86 0.0966 0.9986 101 0.0187 0.9999 PSO [187]
(PANI/EVOH) nanofiber composite 25 3032 - 12.35 10.15 0.0578 0.98526 12.66 0.01543 0.99926 PSO [188]
membranes 50 3032 - 24.49 7.02 0.0203 0.84955 24.98 0.0077169 0.99991 PSO [188]
100 3032 - 47.97 10.61 0.64 0.81523 48.78 0.003963 0.99988 PSO [188]
150 3032 - 70.94 30.29 0.0243 0.97882 73.10 0.001816 0.99984 PSO [188]
200 3032 - 93.09 41.31 0.0288 0.98084 95.97 0.001485 0.99969 PSO [188]
PANI/LDHs (LDHs/aniline mass ratio of 1:8) 40 288 3 0.2 - 110.39 0.66 0.938 182.48 0.024 0.999 PSO [190]
PANI/H-TNB (H-TNBs/aniline mol ratio of 1: 20 298 5 0.3 56.13 60.26 0.262 0.915 58.65 0.0017 0.999 PSO [191]
20)

PANI/PVA composite 200 3034 2 - - 0.086 0.870 109.17 0.0009 0.998 PSO [192]
225 3034 2 - - 0.076 0.892 116.95 0.0008 0.998 PSO [192]
250 3034 2 - - 0.065 0.994 120.33 0.001 0.999 PSO [192]
200 3134 2 - - 0.143 0.803 109.76 0.0009 0.999 PSO [192]
225 3134 2 - - 0.142 0.799 118.34 0.0008 0.999 PSO [192]
250 3134 2 - - 0.064 0.964 121.80 0.0009 0.999 PSO [192]
200 3234 2 - - 0.096 0.949 110.37 0.001 0.999 PSO [192]
225 3234 2 - - 0.082 0.962 119.61 0.001 0.999 PSO [192]
250 3234 2 - - 0.053 0.984 122.85 0.001 0.998 PSO [192]
SA-PANI 100 303 4.2 2 - - 0.0649 0.979 48.169 0.001104 0.999 PSO [193]
150 303 4.2 2 - - 0.0554 0.982 54.854 0.001855 0.999 PSO [193]
200 303 4.2 2 - - 0.0624 0.955  66.269 0.001529 0.999 PSO [193]
PANI/y-Fe;0O3 50 RT 2 0.2 195.7 183.2 0.095 0.56 215.5 0.0007.5 0.99 PSO [154]
PANI-MWCNT 20 288 4.5 0.5 24.24 08.80 0.00415 0.874 19.19 0.00260 0.996 PSO [194]
40 298 4.5 0.5 27.25 10.61 0.00392 0.938 23.20 0.00167 0.995 PSO [194]
80 308 4.5 0.5 33.39 10.49 0.00345 0.941 27.25 0.00189 0.994 PSO [194]
PANI/PA composite 2.5 298 5.5 0.5 4.94 0.74 0.00495 0.852 4.94 0.31 0.999 PSO [195]
5 298 5.5 0.5 9.76 5.06 0.00829 0.974 9.83 0.00573 0.999 PSO [195]
10 298 5.5 0.5 12.34 5.65 0.00553 0.975 12.61 0.00527 0.998 PSO [195]
30 298 5.5 0.5 14.37 15.60 0.00714 0.979 14.62 0.00388 0.998 PSO [195]

PANi/SD/PEG=Poly, aniline/polyethylene glycol, coated on sawdust; RT = Room Temperature; (PANI/PI) microfiber membranes = Dodecylbenzene sulfonic acid (DBSA) doped-polyaniline; (PANI)
coated conductive polyimide (PI) microfiber membrane; PPy-PANI/Fe30,4 = Polypyrrole- Polyaniline/magnetic nanocomposite; PANI nanosheets = Polyaniline nanosheets;  The RL values with the initial
Cr(VI) concentration (CO) of 30-60nullmg/1; PANI nanotubes = Polyaniline nanotubes; PANI nanofibers = Polyaniline nanofibers; (PANI/EVOH) nanofiber composite membranes= (polyaniline/ethylene
vinyl alcohol) nanofiber composite membranes; PANI=Polyaniline; PANI@MoS,=Polyaniline-Molybdenum disulfide; PANI/LDHs = Polyaniline/Layered Double Hydroxides; PANI/H-TNB = polyani-
line/hydrogen-titanate nanobelt nanocomposite; PANI/PVA composite = polyaniline/Poly(vinyl acetate) composite; SA-PANI= Sodium alginate-polyaniline nanofibers; PANI/ y -Fe;O3 = polyaniline/
maghemite nanocomposite; PANI-MWCNT = polyaniline-multiwalled carbon nanotubes; PANI/PA composite = polyaniline/palygorskite composites; PFO= Pseudo-first-order kinetic model; PSO=

Pseudo-second-order kinetic model.
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(acid-treated activated carbon) and Phosphoric acid-treated tamarind hull activated carbon (acid-treated activated carbon) which
followed the pseudo-first-order kinetic model due to its higher R? value as compared to R? value of pseudo-second-order kinetics model
[107].

4.3. Nanocomposite adsorbents

Nanocomposite-based adsorbents are gaining the attention of researchers as they offer better adsorption by coupling particles with
other adsorbents [129,140]. Examples of nanocomposite-based adsorbents include Chitosan-g-poly(butylacrylate)/silica gel
(Cs-g-PBA/SG) nanocomposite [141], Chitosan-magnetite (Chitosan-Fe3O4) nanocomposite strip [142], Magnetite/bacterial cellulose
(Fe304/BC) nanocomposites [143], and Zero-valent copper-chitosan (Ch-(Cu®) nanocomposites [144]. Polyaniline-modified adsor-
bents are commonly used for heavy metal removal due to their excellent biodegradability, biocompatibility [145-148], non-toxicity
[145-149], electrical conductivity, electrical/optical capabilities, ion exchange properties, environmental stability, simple and
low-cost production, a strong affinity for metal ions, and effectiveness in reducing harmful contaminants are all advantages [149].

The Langmuir adsorption isotherm constants obtained for Cr(VI) heavy metal adsorption by using nanocomposites as adsorbents
are listed in Table 6.

4.3.1. Nanocomposite adsorbents and Langmuir adsorption isotherm

The maximum adsorption capacity is dependent on the element-modified nanocomposite adsorbents. Several nanocomposite
adsorbents have been used: Fe-based, Mn-based, Cu-based, and graphene-based. The Langmuir adsorption isotherms of the nano-
composite adsorbents are evaluated based on the maximum adsorption capacity, Langmuir constant (K;), and R? value. The best
maximum adsorption capacity of nanocomposite adsorbents is exhibited by the MGO-Trp nanocomposite (graphene-based nano-
composite) while representing the mono-layer adsorption shown by the R? value approaching unity [170]. It is evident from the
literature cited in Table 6 that all nanocomposite adsorbents followed the monolayer adsorption. Hence, it can be stated that the
maximum adsorption capacity depends on the modification of the graphene nanocomposite adsorbents.

However, nZVI-Fe304 (Fe-based nanocomposite adsorbent) resulted in the highest Langmuir constant (K) value indicating the
strongest interaction between Cr(VI) and nZVI-Fe304 (Fe-based nanocomposite adsorbent) [171] among other nanocomposite ad-
sorbents. Therefore, graphene-based nanocomposite adsorbents result in the best results of Langmuir adsorption isotherms for Cr(VI)
adsorption with the highest maximum adsorption capacity and Ky, value greater than unity the strongest interaction between Cr(VI)
and graphene-based nanocomposite adsorbents while following monolayer adsorption. Various nanocomposite adsorbents were used
to absorb Cr(VI). The Langmuir adsorption isotherms for Cr(VI) adsorption by using nanocomposite as adsorbents are presented in
Fig. 11.

The maximum adsorption capacity, Langmuir constant (K;) and R? depend on the elements-modified nanocomposite adsorbent
used, such as (Fe-based nanocomposite, Mn Cu-based nanocomposite, and graphene-based nanocomposite). The IO@CaCOg (Fe-based
nanocomposite) resulted in the best Langmuir adsorption isotherms for Cr(VI) adsorption as represented by its highest maximum
adsorption capacity and R? value approaching unity indicating the well-fitting of the Langmuir adsorption isotherm with the exper-
imental adsorption capacity as shown in Fig. 11 (a) [173] among other Fe-based nanocomposite adsorbents cited in Table 6 such as
Chi@Fe304 nanocomposite [174], Peganum harmala seed-based GnZVI/PAC [175], nZVI-Fe304 nanocomposites [171], and PPY/
y-Fe,03 nanocomposite [176]. Furthermore, it can be interpreted from the R? value approaching unity that the I0@CaCOj3 (Fe-based
nanocomposite) follows a mono-layer adsorption mechanism. However, the lower value of Langmuir constant (K;) of [0@CaCOj3
(Fe-based nanocomposite) showed weaker interactions between Cr(VI) and IO@CaCOs (Fe-based nanocomposite) [173]. The higher
Langmuir constant (K) values of nZVI-Fe304 (Fe-based nanocomposite) [171], peganum harmala seed-based GnZVI/PAC (Fe-based
nanocomposite) [175], and PPY/ y-FexO3 nanocomposite [176] showed stronger interactions between Cr(VI) and Fe-based nano-
composite adsorbents. Hence, zero-valent iron nanoparticles (nZVI) significantly enhance the Langmuir constant (K;) values due to the
strong interactions between Cr(VI) and the nZVI-based nanocomposite adsorbents.

However, the MnO5/Fe304/0-MWCNTs (Mn-based nanocomposite) resulted in the best Langmuir adsorption isotherms for Cr(VI)
adsorption as represented by its maximum adsorption capacity, R, value between 0 and 1 indicating favorable Langmuir adsorption
isotherm, and R? value approaching unity indicated that the Langmuir adsorption isotherm fits well with the experimental adsorption
capacity value but with a lower Ky, value [177] as compared to another Mn-based nanocomposite adsorbent such as MnF-MO-NPs
(Mn-based nanocomposite adsorbent) [155]. Furthermore, it can be interpreted from the R? value approaching unity that the
MnOy/Fe304/0-MWCNTs (Mn-based nanocomposite adsorbent) follow the mono-layer adsorption mechanism. The Langmuir constant
(Kp), smaller than unity and closely approaching zero, indicates one of the weakest interactions between Cr(VI) and MnO,/-
Fe304/0-MWCNTs (Mn-based nanocomposite adsorbent) [177]. It can be interpreted that the Mn-based nanocomposite adsorbents
follow the monolayer adsorption mechanism; however, observing weaker interactions between Cr(VI) and MnO3/Fe304/0-MWCNTs
(Mn-based nanocomposite adsorbent) due too-MWCNTs. Moreover, MnF-MO-NPs (Mn-based nanocomposite adsorbent) showed a
stronger interaction between Cr(VI) and MnF-MO-NPs (Mn-based nanocomposite adsorbent) due to K, value greater than one [155].
The Mn-based nanocomposite adsorbents follow a favorable Langmuir adsorption isotherm as the Ry, value is between 0 and 1, as
shown in Table 6.

The CuO (Cu-based nanocomposite adsorbent) resulted in good Langmuir adsorption isotherms for Cr(VI) adsorption as repre-
sented by its maximum adsorption capacity, Ry, value between 0 and 1, indicating favorable Langmuir adsorption isotherm, and R?
value approaching unity indicates the well-fitting of Langmuir adsorption isotherm with the experimental adsorption capacity value as
shown in Fig. 11 (b) [158]. Furthermore, it can be interpreted from the R? value approaching unity that the CuO (Cu-based
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nanocomposite adsorbent) follows a mono-layer adsorption mechanism. The Langmuir constant (Ki), more significant than unity,
indicates a stronger interaction between Cr(VI) and CuO (Cu-based nanocomposite adsorbent) at a higher temperature [158]. It has
been interpreted that the Cu-based nanocomposite adsorbents result in a lower maximum adsorption capacity while following the
monolayer adsorption mechanism, observing stronger interactions between Cr(VI) and Cu-based nanocomposite adsorbents at
elevated temperature and favorable Langmuir adsorption isotherm.

The MGO-Trp nanocomposite (graphene-based nanocomposite adsorbent) resulted in the best Langmuir adsorption isotherms for
Cr(VI) adsorption as represented by its highest maximum adsorption capacity, Ry, value between 0 and 1, indicating favorable
Langmuir adsorption isotherm, and R? value approaching unity indicates the well-fitting of Langmuir adsorption isotherm with the
experimental adsorption capacity value [161] but with a lower Langmuir constant (K;) value showing the weakest interaction between
Cr(VI) and MGO-Trp nanocomposite (graphene-based nanocomposite adsorbent) as shown in Fig. 11 (c) than other graphene-based
nanocomposite adsorbents such as pssN-GO, psN-GO, pN-GO [159], mimGO sponge, GO sponge, EDA-GO sponge [178],
rGO/PEI-KOH nanocomposite [179], GO [162], n-GO@HTCS biocomposite [163], CS-GO [164], GFM [165], Chi@Fe304GO nano-
composite [174], Fe304/G [166], Chitosan/CDTA/GO [167], GO-1N, GO-2N, GO-3N [168], and RGO/NiO [169]. Furthermore, it can
be interpreted from the R? value approaching unity that MGO-Trp nanocomposite (graphene-based nanocomposite adsorbent) follows
a mono-layer adsorption mechanism. Again, the worst maximum adsorption capacity is shown by the GO-1N following mono-layer
adsorption as the R? value approaches unity, but a stronger interaction between Cr(VI) and GO-1N (graphene-based nanocomposite
adsorbent) [168].

However, GO sponge (graphene-based nanocomposite adsorbent) resulted in the highest Langmuir constant (K;) value indicating
the strongest interaction between Cr(VI) and GO sponge (graphene-based nanocomposite adsorbent) [178] among other
graphene-based nanocomposite adsorbents. It has been interpreted that the graphene-based nanocomposite adsorbents result in the
highest maximum adsorption capacity while following the monolayer adsorption mechanism and favorable Langmuir adsorption
isotherm. However, interactions between Cr(VI) and graphene-based nanocomposite adsorbent depend on the compound/component
attached to the graphene-based nanocomposite.

It can be concluded that the best Langmuir adsorption isotherm results for Cr(VI) adsorption are represented by MGO-Trp nano-
composite (graphene-based nanocomposite adsorbent) as indicated by its highest maximum adsorption capacity and R? value but with
a lower K, value representing weaker interactions between Cr(VI) and adsorbent. However, the best interaction between Cr(VI) and
graphene-based nanocomposite adsorbent is shown by nZVI-Fe3O4 nanocomposites (Fe-based nanocomposite adsorbent) as repre-
sented by the highest Langmuir constant (K) > 1.

4.3.2. Nanocomposite adsorbents and Freundlich adsorption isotherm

The adsorption capacity on heterogenous sites of an adsorbent (Kg) depends on the type of nanocomposite adsorbents used, such as
(Fe-based nanocomposite, Mn-based nanocomposite, Cu-based nanocomposite, and graphene-based nanocomposite). The Freundlich
adsorption isotherms for Cr(VI) adsorption using nanocomposite adsorbents are presented in Fig. 12. However, the Freundlich
adsorption isotherm constants obtained for Cr(VI) heavy metal adsorption by using these nanocomposite adsorbents are listed in
Table 6.

It can be observed from Table 6 that the IO@CaCO3 (Fe-based nanocomposite) resulted in the highest value of Kg for Cr(VI)
adsorption. However, the value of R? for Cr(VI) adsorption using this type of activated carbon through Freundlich adsorption isotherm
(Fig. 12 (a)) is lower as compared to Langmuir adsorption isotherm [152]. However, the lowest value of Kg is shown by the MGO-Trp
nanocomposite (Graphene-based nanocomposite) while following multi-layer adsorption on the heterogenous surface of MGO-Trp
nanocomposite (Graphene-based nanocomposite) (Fig. 12 (b)) [161] among other nanocomposite adsorbents.

a b c
o T T T T T T ™ 2] e
I c
+ SOppm 10k = " 25mgl
13F . a Tsppm ] g8l * Omgl
L LENCN * 100ppm | 10+ 4 100 mg/L
1 Ny 08 v 150 mgL
sk 4 04} o 05h * 200 mg/L
T ~ 021 -g;
ol o 19 g
g ) g 00 | ¥ 0.0F
B AP 18 02} &
- - W .05 -
10 F 4 04t ®  PANI nanotubes 8 =
a5l ¢ PANI nanosheets
15F b 4 PANI nanofibers 10k y
08 -
20k E *
- 10+ .
1.5F
Y S S T S S R ST S TRV S PPY 2 i T i i AR e e e e g e
S0000 500 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 0 20 40 60 80 100 120 140 160 180 200 220 240
t (min) t(s)

Time (minute)

Fig. 17. Pseudo-first-order kinetic model of PANI polymer adsorbents for Cr(VI) adsorption (a) PPy-PANI/Fe30, at different Cr(VI) concentrations
[186], (b) PANI nanosheets, PANI nanotubes, and PANI nanofibers [187], and (¢) (PANI/EVOH) nanofiber composite membranes [188].

30



A. Anjum et al. Heliyon 9 (2023) e15575

a b c
0.5 - T T T T T T T T o T T T T T T T
¢ Experimental data PANI-Cr (V1)
* 45 ]
—— Pseudo-second order o sk
0.4 ® S0ppm 10 ]
v 4 T5pm
’a /_/ 4 . 100ppm 35 4
E o34 ] 3 0 ]
o 3 s J
£ / 240 =
£ 0.2 /'/ 5“ \30 i
~ / o [
- Q". - 15 1
o [ % )
T 04 [ 3 19 1
P d y = 0.02852 + 0.00464 x o ]
s R® = 0.99095 0 { .,
0.0 . ) . y ' :v :u ILA'U 1:ﬂ ‘-:u ';0 il‘m ‘~:u ullu 450 0 S0 100 150 200 250 300 350 400 4:0
0 20 40 60 80 10 \ (min) o,
t (min)

Fig. 18. Pseudo-second-order kinetic model of PANI polymer adsorbents for Cr(VI) adsorption (a) PANI/y-Fe;O3 [154], (b) PPy-PANI/Fe30, at
different concentrations [186], and (c) PPy-PANI/Fe30, at different Cr(VI) temperatures [186].
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Fig. 19. Effect of initial Cr(VI) concentration (C,) on the Langmuir’s maximum adsorption capacity (qm).

The highest adsorption intensity is observed by I0O@CaCOg (Fe-based nanocomposite) and GO (Graphene-based nanocomposite)
following mono-layer adsorption [162]. Furthermore, it can be interpreted from the adsorption intensity (n) of the nanocomposite
adsorbents that the adsorption of Cr(VI) is mainly a chemical process.

Furthermore, the removal of 2-aminoethyl from the pssN-GO (Graphene-based nanocomposite) leads to the dominance of multi-
layer adsorption with a decline in Freundlich constant (Kg) and adsorption intensity (n), which is quite evident in psN-GO (Graphene-
based nanocomposite) and pN-GO (Graphene-based nanocomposite) [159]. MnF-MO-NPs (Mn-based nanocomposite) resulted in good
values of Freundlich constant and adsorption intensity while following mono-layer adsorption, as shown in Fig. 12 (c) [155].

Moreover, Fe-based nanocomposites (Chi@Fe304 nanocomposite [150], and nZVI-FegO4 nanocomposites [153]), and
Graphene-based nanocomposite (psN-GO [159], pN-GO [159], and MGO-Trp nanocomposite [161]), followed the multi-layer
adsorption of Cr(VI) on the heterogenous surface of these activated carbon adsorbents due to their higher R? values of Freundlich
adsorption isotherms than Langmuir adsorption isotherms. In contrast, Freundlich adsorption isotherm modelling of Fe-based
nanocomposites (Peganum harmala seed-based GnZVI/PAC [151], I0@CaCOs [152], PPY/ y-Fe;O3 [154]), Mn-based nano-
composites (MnF-MO-NPs [155], MnO,/Fe304/0-MWCNTs [156]), Cu-based nanocomposite (CuO [158]), and Graphene-based
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Fig. 20. Effect of temperature (T) on the Langmuir’s maximum adsorption capacity (qum).

nanocomposite (pssN-GO [159], mimGO sponge [160], GO sponge [160], EDA-GO sponge [160], GO [162], n-GO@HTCS bio-
composite [163], GFM [165], Chi@Fe304GO nanocomposite [150], Fe304/G [166], Chitosan/CDTA/GO [167], GO-1N, GO-2N,
GO-3N [168], and RGO/NiO) [169] followed the mono-layer adsorption as their adsorption data fitted well with a Langmuir
adsorption isotherm model rather than Freundlich adsorption isotherm model.

However, CS-GO (Graphene-based nanocomposite) followed the Langmuir adsorption isotherm at adsorbent dosages of 0.25, 0.5,
0.75, 2, and 3 g L™}, while Freundlich adsorption isotherm at an adsorbent dosage of 1 g L™! [164].

4.3.3. Nanocomposite adsorbents and pseudo-first order and pseudo-second order kinetic models

The experimental amount of adsorbate adsorbed at equilibrium (qe exp) depends on the type of nanocomposite adsorbent used, such
as Fe-based nanocomposite, Mn-based nanocomposite, Cu-based nanocomposite, and graphene-based nanocomposite for Cr(VI)
adsorption. The pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models of nanocomposite adsorbents for Cr(VI)
adsorption were evaluated using the experimental and calculated amounts of Cr(VI) adsorbed at equilibrium (qe,exp, qle)calfland qe,cal); as
well as the pseudo-first-order rate constant (k;), pseudo-second-order rate constant (ky) and R? value. Table 7 lists the experimental
and calculated amounts of Cr(VI) adsorbed at equilibrium, pseudo-first-order and pseudo-second-order rate constants, and R? values
obtained for various nanocomposite adsorbents for Cr(VI) adsorption.

The linear pseudo-first-order kinetic and pseudo-second-order kinetic models of nanocomposite adsorbents for Cr(VI) adsorption
are shown in Figs. 13 and 14, respectively.

The MGO-Trp nanocomposite (Graphene-based nanocomposite) exhibited the highest experimental and calculated amounts of Cr
(VD) adsorbed at equilibrium (qe,exp, qle,cal, and qgcal) among all types of nanocomposite adsorbents, with the highest R? value of the
pseudo-second-order kinetic model as shown in Fig. 13 (a) indicating chemical sorption involving valence forces through sharing or
exchange of electrons between the graphene-based nanocomposite and Cr(VI) as compared to pseudo-first-order kinetic model as
shown in Fig. 13 (a) [161]. In contrast, the GO (Graphene-based nanocomposite) achieved the lowest calculated amount of Cr(VI)
adsorbed at equilibrium (qle{cal) by pseudo-second-order kinetic model among all types of nanocomposite adsorbents and indicated that
the adsorption of Cr(VI) using GO is not a chemisorption process and hence validated the pseudo-first-order kinetic model [162].

The I0O@CaCOj3 (Fe-based nanocomposite) showed the highest calculated amounts of Cr(VI) adsorbed at equilibrium (qu,Cal, and qe,
caln) among other Fe-based nanocomposite adsorbents, with the highest R? value of the pseudo-second-order kinetic model (Fig. 14 (b))
than pseudo-first-order kinetic model (Fig. 13 (b)) [152].

The MnOy/Fe304/0-MWCNTs (Mn-based nanocomposite) showed the highest experimental and calculated amounts of Cr(VI)
adsorbed at equilibrium by the pseudo-second-order kinetic model (qe,exp, and qgcal) among other Mn-based nanocomposite adsor-
bents, with the highest R? value of the pseudo-second-order kinetic model (Fig. 14 (c)) than pseudo-first-order kinetic model (Fig. 13
(c)) [156].
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Fig. 21. Effect of pH on the Langmuir’s Maximum Adsorption Capacity (qy,).

The GFM (Graphene-based nanocomposite) showed the lowest experimental amount of Cr(VI) adsorbed at equilibrium (qe exp),
which best fits with the calculated amount of Cr(VI) adsorbed at equilibrium (qu,cal) by pseudo-first-order kinetic model and indicated
that the adsorption of Cr(VI) follows pseudo-first-order kinetic model [165].

Furthermore, it was also observed that the increase in initial Cr(VI) concentration significantly enhances the amount of qe. Most
nanocomposite adsorbents, including Fe-based nanocomposites (Peganum harmala seed-based GnZVI/PAC [151], Chi@Fe304
nanocomposite [150], IO@CaCOs [152], nZVI-Fe304 nanocomposites [153], and PPY/ y-Fe3O3 [154]), Mn-based nanocomposites
(MnF-MO-NPs [155], MnOy/Fe304/0-MWCNTs [156]), Cu-based nanocomposite (CuO [158]), and Graphene-based nanocomposite
(pssN-GO [159], psN-GO [159], pN-GO [159], mimGO sponge [160], GO sponge [160], EDA-GO sponge [160], MGO-Trp nano-
composite [161], n-GO@HTCS biocomposite [163], CS-GO [164], Fe304/G [166], Chitosan/CDTA/GO [167], GO-1N, GO-2N, GO-3N
[168], and RGO/NiO [169]) followed the chemical sorption as indicated by their higher R? values of the pseudo-second-order kinetic
model except for the few Graphene-based nanocomposites (GO [162], and GFM [165]). Thus, it can be concluded that the
pseudo-second-order kinetics modeling of nanocomposite adsorbents better described the experimental values than pseudo-first-order
kinetic model except for the for few Graphene-based nanocomposites (GO [162], and GFM [165]) which followed the pseudo-first
order kinetic model due to its higher R? value as compared to R? value of pseudo-second-order kinetics model.

4.4. PANI polymer composite adsorbents

Several studies have recommended PANI-based biosorbents due to their broad spectrum of efficacy. Adsorbents based on Fe304/G/
PANI can be utilized to remove heavy metal ions effectively. PANI is employed in many applications, such as catalysts, energy storage,
corrosion inhibitors, chemical and biological sensors, and selective ion-transport switchable membranes [149,180-184].

The Langmuir adsorption isotherm constants obtained for Cr(VI) heavy metal adsorption by using PANI polymer composites as
adsorbents are listed in Table 8.

4.4.1. PANI polymer composite adsorbents and Langmuir adsorption isotherm

The maximum adsorption capacity is dependent on the type of compound/element attached to the PANI-based adsorbents. Several
PANI-based adsorbents have been used for Cr(VI) adsorption. The Langmuir adsorption isotherms of the PANI-based adsorbents are
evaluated based on the maximum adsorption capacity, Langmuir constant (K;), and R? value. The best maximum adsorption capacity
of PANI-based adsorbents is exhibited by the PANI@MoS, (PANI-based adsorbent) while representing the mono-layer adsorption as
shown by the R? value approaching unity [189] but with a K; value approximately equals to 1 indicating a stable interaction between
Cr(VI) and PANI@MoS, (PANI-based adsorbent). It is evident from the literature cited in Table 8 that almost all PANI-based adsorbents
followed mono-layer adsorption. However, the PANi/SD/PEG shows the worst maximum adsorption capacities following the
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mono-layer adsorption mechanisms [172]. Hence, it can be stated that the maximum adsorption capacity depends on the compound
attached to the PANI-based adsorbents. However, PANI/PA composite (PANI-based adsorbent) resulted in the highest Langmuir
constant (Ky), indicating a stronger interaction between Cr(VI) and PANI/PA composite (PANI-based adsorbent) value at a lower
temperature [195] among other PANI-based adsorbents. Therefore, PANI@MoS, (PANI-based adsorbent) results in the best results of
Langmuir adsorption isotherms for Cr(VI) adsorption but has a drawback of showing stable interactions between Cr(VI) and PAN-
I@MoS; (PANI-based adsorbent) [189]. Various PANI-based adsorbents were used to adsorb Cr(VI). The Langmuir adsorption iso-
therms for Cr(VI) adsorption by using PANI as adsorbents are presented in Fig. 15.

The maximum adsorption capacity, Langmuir constant (K;) and R? depend on the type of compound/element attached to the PANI-
based adsorbents. The PANI@MoS; (PANI-based adsorbent) resulted in the best Langmuir adsorption isotherms for Cr(VI) adsorption
as represented by its highest maximum adsorption capacity and R? value approaching unity indicating the well-fitting of the Langmuir
adsorption isotherm with the experimental adsorption capacity as shown in Fig. 15 (a) [189] among other PANI-based adsorbents cited
in Table 8 such as PANi/SD/PEG [172], (PANI/PI) microfiber membranes [185], PPy-PANI/Fe304 [186], PANI nanosheets, PANI
nanotubes, PANI nanofibers [187], (PANI/EVOH) nanofiber composite membranes [188], PANI [189], PANI/LDHs (LDHs/aniline
mass ratio of 1:8) [190], PANI/H-TNB (H-TNBs/aniline mol ratio of 1: 20) [191], PANI/PVA composite [192], SA-PANI [193],
PANI/y-Fe;03, PANI-MWCNT [194], and PANI/PA composite [195] for Cr(VI) adsorption. Furthermore, it can be interpreted from the
R? value approaching unity that the PANI@MoS; (PANI-based adsorbent) follows a mono-layer adsorption mechanism. However, the
value of the Langmuir constant (K;) of PANI@MoS, (PANI-based adsorbent) showed stable interactions between Cr(VI) and PAN-
I@MoS; (PANI-based adsorbent) [189]. The higher Langmuir constant (K;) values of PANI/PA (polyaniline/palygorskite) composite
[195] showed stronger interactions between Cr(VI) and PANI/PA composite (PANI-based adsorbent). Hence, palygorskite at a lower
temperature significantly enhances the Langmuir constant (Ky) values due to the strong interactions between Cr(VI) and the PANI/PA
composite adsorbent. In addition, the PANi/SD/PEG shows the worst maximum adsorption capacities following the mono-layer
adsorption mechanisms and weaker interactions between Cr(VI) and PANi/SD/PEG adsorbent as shown by the lower K value
[172]. Hence, it can be stated that the maximum adsorption capacity depends on the compound attached to the PANI-based
adsorbents.

It can be concluded that the best Langmuir adsorption isotherm results for Cr(VI) adsorption are represented by PANI@MoS,
(PANI-based adsorbent) as indicated by its highest maximum adsorption capacity and R? value but with a Ky value of approximately
approaching unity representing stable interactions between Cr(VI) and adsorbent. Therefore, molybdenum disulfide-modified PANI
adsorbent significantly helps achieve a high adsorption capacity. However, the best interaction between Cr(VI) and PANI-based is
shown by PANI/PA composite (PANI-based adsorbent) as represented by the highest Langmuir constant (Ki) > 1.

4.4.2. PANI polymer composite adsorbents and Freundlich adsorption isotherm
The adsorption capacity on an adsorbent (KF) ‘s heterogenous sites depends on the type of compound/element attached to the
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PANI-based adsorbents. The Freundlich adsorption isotherms for Cr(VI) adsorption using PANI-based adsorbents are presented in
Fig. 16. However, the Freundlich adsorption isotherm constants obtained for Cr(VI) heavy metal adsorption by using the PANI-based
adsorbents are listed in Table 8.

It can be observed from Table 8 that the PANI/LDHs (LDHs/aniline mass ratio of 1:8) resulted in the highest value of K for Cr(VI)
adsorption with the adsorption intensity less than 1 indicating the absorption of Cr(VI) using PANI/LDHs (LDHs/aniline mass ratio of
1:8) is a physical process. However, the value of R? for Cr(VI) adsorption using PANI/LDHs through Freundlich adsorption isotherm is
lower as compared to Langmuir adsorption isotherm [190]. However, the lowest value of Ky is shown by the PANI/EVOH nanofiber
composite membranes while following the chemical adsorption process and multi-layer adsorption on the heterogenous surface of
PANI/EVOH nanofiber composite membranes (Fig. 16 (a)) [188] among other PANI-based adsorbents.

The highest adsorption intensity is observed by PANI/PVA composite while following mono-layer adsorption (Fig. 16 (b)) [192].
Furthermore, it can be interpreted from the adsorption intensity (n) of the PANI-based adsorbents that the adsorption of Cr(VI)
adsorption is mainly a chemical process except for PANI [189], PANI@MoS; [189], PANI/LDHs (LDHs/aniline mass ratio of 1:8)
[190], PANI/PVA composite [192] while following mono-layer adsorption.

Moreover, (PANI/EVOH) nanofiber composite membranes [188], SA-PANI [193], and PANI-MWCNT [194] followed the
multi-layer adsorption of Cr(VI) on the heterogenous surface of these activated carbon adsorbents due to their higher R? values of
Freundlich adsorption isotherms than Langmuir adsorption isotherms. In contrast, Freundlich adsorption isotherm modelling of
PANi/SD/PEG [172], (PANI/PI) microfiber membranes [185], PPy-PANI/Fe304 [186], PANI nanosheets [187], PANI nanotubes
[1871, PANI nanofibers [187], (PANI/EVOH) nanofiber composite membranes [188], PANI [189], PANI@MoS, [189], PANI/LDHs
(LDHs/aniline mass ratio of 1:8) [190], PANI/H-TNB (H-TNBs/aniline mol ratio of 1: 20) [191], PANI/PVA composite [192], PANI/
y-Fex0s3 (Fig. 16 (c)) [154], and PANI/PA composite [195] followed the mono-layer adsorption as their adsorption data fitted well with
a Langmuir adsorption isotherm model rather than Freundlich adsorption isotherm model.

It can be concluded that the best Freundlich isotherm results for Cr(VI) adsorption are represented by PANI/LDHs (PANI-based
adsorbent) as indicated by its highest adsorption capacity on heterogenous sites and R? value greater than 0.9 but with a weak
adsorption intensity value indicating adsorption of Cr(VI) a physical process. Therefore, Polyaniline/Layered Double Hydroxides
significantly helps achieve a high adsorption capacity. However, the best interaction adsorption intensity is shown by PANI/PVA
(polyaniline/Poly(vinyl acetate) composite) as represented by the highest adsorption intensity>1 indicating adsorption of Cr(VI) by
using PANI-based adsorbent, a chemical process. However, the best-fit result of Freundlich adsorption isotherm is observed in (PANI/
EVOH) nanofiber composite membranes (polyaniline/ethylene vinyl alcohol) nanofiber composite membranes).

4.4.3. PANI polymer composite adsorbents and pseudo-first order and pseudo-second order kinetic models
The experimental amount of adsorbate adsorbed at equilibrium (qe,exp) depends on the type of compound/element attached to the
PANI-based adsorbents used for Cr(VI) adsorption. The pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models of

Effect of Adsorbent Dosage on q,,

1000
950
900
850
800
750
700

650

20600

80550
£ 500
~ 450 &

400

350

300

250

200

150

100

50

i
<

>
N

1
O

B &g
(>4

KEP
DDA

e , %
4 5 6 7 8 9

Adsorbent Dosage (g/L)

© Biomass-Fruit Waste O Biomass-Fungus Biomass-Leaves
Biomass-Biochar X Activated Carbon-Acid Treated O Activated Carbon-Base Treated
+ Activated Carbon-Acid/Base Treated ==Nanocomposites-Fe Based © Nanocomposites-Mn based

o ¥ .
A

o Ml

o
N

Fig. 23. Effect of adsorbent dosage on the Langmuir’s maximum adsorption capacity (qpm)-

35



9€

Table 10

Langmuir and Freundlich adsorption isotherm constants obtained for Cr(VI) heavy metal adsorption by using adsorbents in industrial wastewater.

Source of Adsorbent type  Adsorbent Initial Cr T/ pH Cont. Dose(g/L) Exp.qn Langmuir Freundlich Isotherm  Ref
wastewater (c\ggc K Emin) /8 (mg/ K (L/mg R R, Ke n Rz model
(mg/1) 2
Tannery Biosorbent Tea waste 455 303 3.9 240 6 - 90.90 0.265 0.9994 — 23.06 2.21 0.9669 L [197]
wastewater Syzygium cumini bark  2920.2 293 39 15 37 - 500 —0.18182 0.847 - 0.05602 0.1224 0995 F [198]
+ 0.7 +
0.1
Corn cob 100 298 2 1440 0.1% - 111.11 0.0052 0.969 - 1.640 1.5337 099 F [199]
Avocado kernel seeds 4085 298 1 160 0.5*,16.66 - 10.08 3.367 0.963 0.0059" 1.0162 1.724 0998 F [200]
(AKS)
Juniperus procera 4085 298 1 160 0.5%,16.66 - 16.03 3.0303 0.968 0.0066" 1.2823 2.049 099 F [200]
sawdust (JPS)
Papaya peels (PP) 4085 298 1 160 0.5*,16.66 - 7.16 3.861 0.966 0.0052" 0.8109 1.508 0997 F [200]
Banana peel 0.1-100 293 2 60 10 - 131.5, 2.05 + 0.98 0.34-0.99 - - - L [201]
253+  0.14
0.15¢
0.1-100 298 2 60 10 - 1.85 + 2.87 + 0.99 0.27-0.99 - - - L [201]
006  0.12¢
0.1-100 303 2 60 10 - 1.62 + 3.07 £ 0.99 0.25-0.98 - - - L [201]
0.07°¢  0.02¢
0.1-100 308 2 60 10 - 1.52 £ 3.06 + 0.99 0.25-0.99 - - - L [201]
0.05¢  0.12¢
0.1-100 313 2 60 10 - 1.16 + 3.99 + 0.98 0.21-0.98 - - - L [201]
0.04¢  0.169
Orange (Citrus cinensis) 46.71 RT 2 920 2.5 - 5.0800 0.3469 0.730 - 3.6520 6.0800 0.08 L [202]
peel adsorbent
Coconut Coir pith 60 AT 7.33 60 40 1.2045* - - - - 158.8 1.8375 0.9988 F [203]
Banana waste (BW) 50 303 3 60 5 24.38 31.51 0.0301 0.8614 0.33 1.38 0.54 0.9755 F [204]
1000 303 3 180 25 39.02 105.84 0.0016 0.9998 0.43 0.77 0.73 0.9988 L [204]
Sugarcane bagasse 50 303 3 60 5 8.88 13.49 0.0102 0.7747 0.56 0.78 0.52 0.9200 F [204]
(SCB) 400- 303 3 - - 37.34 73.83 0.0015 0.9493 0.48 0.88 0.60 0.9642 F [204]
1000
Sawdust (SD) 50 303 3 60 5 11.13 13.02 0.0327 0.9531 0.31 1.34 0.34 0.9405 L [204]
1000 303 2 180 10 26.58 29.86 0.0122 1 0.1 2.72 0.15 0.9891 L [204]
Phragmites Australis 50 303 3 60 5 11.07 19.72 0.0076 0.7611 0.62 0.70 0.63 0.9693 F [204]
(PA) 400- 303 3 - - 18.59 19.30 0.0415 1 0.03 3.12 0.05 0.9950 L [204]
1000
Teak Sawdust 60 AT 597 60 40 0.8931* - - - 1481.7 26.7379 09375 F [203]
Rice husks 60 AT 6.68 60 40 0.6335% - - - - 56.6 1.5656 0.9389 F [203]
Cactus 6 298 2 60 0.125% - 4.587 7.5 0.999 0.062-0.013 5.57 1.98 0956 L [205]
Tannery Biomass-derived H3POg4-treated rice husk 3.249 298 6.28 180 0.3% - 3.55 0.00062 0.997 0.08 0.00046 3.096 0973 L [206]
wastewater  activated carbon (RH-AC)

(continued on next page)
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Table 10 (continued)

Source of Adsorbent type  Adsorbent Initial Cr T/ pH Cont. Dose (g/L) Exp.qn Langmuir Freundlich Isotherm  Ref
wastewater (C\ggc K Emin) Mg/8) | (mg/ K (L/mg R R, K n R? model
(mg/D) ®
H3PO, treated potato  3.249 208 6.28 180  0.3% - 0.94 0.00083  0.920  0.247 0.00036  1.888 0.989 F [206]
peel (PP-AC)
Charcoal-activated 50 303 3 60 5 21.46  26.20 0.0424 0986  0.26 1.46 0.49 0.9905 F [204]
carbon (AC)
Granular activated 150 293 05 240 01%-2%  _ 8.02¢ 0.14° 0.97 0.98 1.441217° -1.69° 090 L [207]
carbon 150 203 1 240  01¥-2% - 1.03f 0.02f 0.90 0.99 1.441217° —1.69° 095 F [207]
150 203 1.5 240 0172  — 8.02° 0.14° 0.97 0.98 1.441217*° -1.69° 090 L [207]
150 293 2 240  01¥-2% - 1.03f 0.02f 0.90 0.99 1.120689° -7.03® 095 F [207]
150 203 3 240  01¥2% - 8.02¢ 0.14° 0.97 0.98 1.120689° —7.03°> 090 L [207]
150 293 4 240  01¥-2% - 1.03f 0.02f 0.90 0.99 1.120689° —7.03> 095 F [207]
150 203 48 240 01727  — 8.02¢ 0.14° 0.97 0.98 1.120689° —7.03> 090 L [207]
150 293 56 240 0.1%-2% 1.03f 0.02f 0.90 0.99 1.120689° —7.03°> 095 L [207]
150 293 58 240 01%-2%  _ 8.02¢ 0.14° 0.97 0.98 1.120689° —7.03> 090 L [207]
150 203 6.7 240 01727 _ 1.03f 0.02f 0.90 0.99 1.120689° —7.03> 095 L [2071
150 293 7.6 240 01%-2%  _ 8.02¢ 0.14° 0.97 0.98 1.441217° —1.69° 090 L [207]
150 293 8 240  01¥-2% - 1.03f 0.02f 0.90 0.99 1.120689° —7.03®> 095 L [207]
25 203 55 240 01%-2%  — 11.13 0.18 0.99 0.99 0.35 217 097 L [2071
50 293 55 240 01%-2%  — 11.13 0.18 0.99 0.99 0.35 2.17 097 L [207]
75 293 55 240 01%-2%  _ 11.13 0.18 0.99 0.98 0.35 2.17 097 L [207]
100 203 55 240 01%-2%  _ 11.13 0.18 0.99 0.98 0.35 217 097 L [207]
120 293 55 240 01%-2%  — 11.13 0.18 0.99 0.97 0.35 2.17 097 L&F [207]
120 293 55 240 01%-2%  _ 9.72 0.93 0.99 0.90 1.14 -9.98 098 F [207]
120 313 55 240 01%-2%  _ 9.72 0.93 0.99 0.90 1.14 -9.98 098 F [207]
120 333 55 240 01%-2%  — 9.72 0.93 0.99 0.90 1.14 -9.98 098 F [207]
120 343 55 240 01%-2%  — 9.72 0.93 0.99 0.90 1.14 -9.98 098 F [207]
Tannery Nanocomposite ~ MNPs/rGO/PMMA 1640 - 2 30 15 - 240.96  4.021 0.991 - 6.85 2.85 0972 L [208]
wastewater nanocomposite
GO-Fe30, 8238+ - 43 120 10 - 16.88 68.83 0.999  0.0062 15.45 -3.225 0994 L [209]
3.21
Tannery PANI polymer  Fe30,@PANI/IA 100 298 8-10 60 20 - 218 0.72 0.968  0.05 86.21 0.925 0.995 F [210]
wastewater ~ composite magnetic
nanocomposite
Electroplating Biosorbent Coconut coir pith 1647 288 2 1080 0.01-0.18% - 138.04  0.011 0.996 0.058 - - - L [211]
wastewater 1647 303 2 1080 0.01-0.18" - 197.23  0.018 0.997  0.036 - - - L [211]
1647 318 2 1080 0.01-0.18% - 262.89  0.022 0.995  0.030 - - - L [211]
1647 333 2 1080 0.01-0.18% - 317.65  0.033 0.984  0.020 - - - L [211]
Leechi (Litchi chinensis) 50 303 2 1440 10 - —34.48 —0.020 0.894  —10.00 0.686 0.599 0.947 F [212]
fruit peel 50 313 2 1440 10 - 101.10  0.012 0.977  0.625 1.330 1.125 0.967 L [212]
50 323 2 1440 10 - 75.98 0.024 0.956  0.454 2.450 1.580 0.837 L [212]
Walnut Shell Powder 40 303 2 60 0.5 - 138.89  0.039 0.999 - 14.09 2.16 0.969 L [213]

(continued on next page)
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Table 10 (continued)

Source of Adsorbent type  Adsorbent Initial Cr T/ pH Cont. Dose (g/L) Exp.q, Langmuir Freundlich Isotherm  Ref
wastewater (ijc K Emin) Mg/8) | (mg/ K (L/mg R R, Ke n Rz model
(mg/D ®
Powdered pistachio hull 85.5 - 3.2 720 5 119 117.6 0.16 0.986 - 41.1 4.0 0945 L [214]
(PHP)
Aspergillus niger fungal 30 208 2 60 12 - 17.61 0.0026 0.98 - 17.92 1.18 0.99 F [215]
biosorbent
Aspergillus sydoni 30 298 2 60 16 - 9.07 0.0022 0.97 - 8.06 1.01 0.95 L [215]
fungal biosorbent
Penicillium 30 298 2 60 16 - 9.35 0.0042 0.95 - 9.05 1.1 0.91 L [215]
janthinellum fungal
biosorbent
Aspergillus niger fungal 20 303 2 60 4.59 - 17.51 0.0025 0.98 - 17.92 1.18 0.99 F [216]
biosorbent
Aspergillus niger fungal 117 301 41 - 1 - 16.3934 0.3041 0.9893 0.0318 - - - L [217]
biosorbent
P. orientalis bark 86.39 298 5 300 2 - 13.423 0.670 0.995 - 1.316 1.282 0.996 F [218]
Corn straw biochar 112 298 3 960 1 175.44 176.37  0.16 0.9955 - 93.66 8.5251 0.9899 L [219]
112 313 3 960 1 218.38 21598 0.14 0.9803 - 106.25 8.0515 0.8865 L [219]
112 328 3 960 1 236.72  234.74 0.19 0.9862 - 112.51 7.2411 0.9272 L [219]
Electroplating Biomass-derived HNOj-treated 86.39 298 5 300 2 - 19.920 0.524 0.998 - 1.695 1.175 0998 F [218]
wastewater  activated carbon P. orientalis bark-
activated carbon
H,S0, treated 117 301 4.1 - 1 - 20.1613 0.10894 0.9987 0.0841 - - - L [217]
Aspergillus niger fungal
biosorbent
NaOH-treated 117 301 4.1 - 1 - 26.666 0.3495 0.9910 0.0278 - - - L [217]
Aspergillus niger fungal
biosorbent
NaOH treated corncob 1080 298 4.5 1440 15 - 12.6817 0.103554 0.91384 - 3.34 3.741495 0.9962 F [220]
based activated (CAC)
KOH-treated peanut 670.31 298 3 1440 1 - 208.33  0.9057 0.9986 - 99.46 4.4914 0.6759 L [221]
shell-based activated
carbon (PAC)
Magnetic KOH-treated ~ 670.31 298 3 1440 2 - 192.31  0.4094 0.9984 - 78.63 4.5562 0.8384 L [221]
peanut shell-based
activated carbon
(MPAC)
Commercial Activated ~ 670.31 298 3 1440 1 - 138.89  0.3789 0.9988 - 56.66 5.1501 0.8231 L [221]
Carbon (CAC)
Commercial activated 1647 288 2 1080 0.01-0.18" - 137.61  0.007 0.999 0.089 - - - L [211]
carbon based on 1647 303 2 1080 0.01-0.18" - 185.01  0.013 0.999 0.049 - - - L [211]
coconut coir pith 1647 318 2 1080 0.01-0.18% - 246.16 0.016 0.997 0.038 - - L [211]
1647 333 2 1080 0.01-0.18" - 302.80 0.023 0.991 0.028 - - - L [211]
Powdered Activated 85.5 - 3.2 720 5 125 47.6 0.09 0.980 - 8 2.1 0.354 L [214]
Carbon (PAC)
Electroplating Nanocomposite  Thioacetamide (TAA) 109.56 303 212 - 0.02% - 125.97 0.0688 0.9421 - 19.22 0.4398 0.9767 F [222]
wastewater sulfur precursor-based  9.48 303 2.14 - 0.02% - 140.97 0.1576 0.9821 - 26.38 0.5285 0.9778 L [222]

Bi,Sznanostructures

(continued on next page)

D 30 wnfuy 'y

$/SST2 (£202) 6 Uof1joH



6€

Table 10 (continued)

Source of Adsorbent type  Adsorbent Initial Cr T/ pH Cont. Dose(g/L) Exp.q, Langmuir Freundlich Isotherm  Ref
wastewater (VD) K t (mg/g) 2 2 model
Conc. (min) q;n (mg/ K (L/mg) R Ry Kg n R
(mg/) &
L-cysteine (L-Cys) sulfur 109.56 303 212 - 0.02% - 223.33 0.9271 0.9417 - 110.17 0.2596 0.9613 F [222]
precursor-based 9.48 303 214 - 0.02% - 240.25 0.4983 0.9939 - 87.32 0.4223 0.9739 L [222]
Bi;Ssnanostructures
Amino-functionalized 20 303 5 60 0.625 - 59.17 3.8409 0.9887 - 40.0809 6.1 0.6968 L [223]

vermiculite-supported
nanoscale zero-valent
iron (AVT-nZVI)

y-Fe;03 nanoparticles 50 298 25 - 5 - 17.43 0.327 0.995 0.058 - - - L [224]
Petroleum Nanocomposite G nanosheets 1.45 + 298 — 180 12 — 80 0.014 0.8714 0.0094 7.9 2.9 0.9883 F [225]
refinery 0.89
wastewater GO nanosheets 1.45 + 298 - 180 12 - 65.71 0.02 0.8938 0.18 18.33 2.5 0982 F [225]
0.89
CdO NPs 1.45 + 298 - 180 12 - 400 0.46 0.9304 0.29 110 4.5 0.9929 F [225]
0.89
G-CdO nanocomposite 145+ 298 - 180 12 - 430 0.89 0.9543 0.0179 149 6 0.9969 F [225]
0.89
CdO-GO 1.45 + 298 - 180 12 - 699.46 0.8 0.9834 0.0134 11.61 13 0.9993 F [225]
nanocomposites 0.89

Fe304@PANI/IA magnetic nanocomposite = polyaniline-itaconic acid magnetic nanocomposite; y-Fe;O3 nanoparticles = Maghemite nanoparticles; G nanosheets = Graphene nanosheets; GO nanosheets
= Graphene Oxide nanosheets; CdO NPs = CdO nanoparticles; G-CdO nanocomposite = Graphene modified CdO nanocomposite; CdO-GO nanocomposites = CdO modified Graphene Oxide nano-
composite; MNPs/rGO/PMMA composite = magnetic nanoparticle (MNP)-reduced graphene oxide (rGO) and polymethylmethacrylate (PMMA) composite; a’ = Adsorbent dose in g; b’ = Ry, at 50nullmg/1
initial Cr(VI) concentration; ¢’ = gy, units in mmol/g; d’ = Kj, units in L/g; AT = Ambient Temperature; * = Calculated based on the total volume of influent passed through the column and total weight of
the adsorbents in the column; a = 50nullmg/L < Ce < 140nullmg/L; b = 10nullmg/L < Ce < 50nullmg/L; ¢ = 1.6nullmg/L < Ce < 2.5nullmg/L; d = 1.0nullmg/L < Ce < 1.6nullmg/L; e = 9.0nullmg/L <
Ce < 70nullmg/L; f = 70nullmg/L < Ce < 135nullmg/L; L. = Langmuir adsorption isotherm; F = Freundlich adsorption isotherm.
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Fig. 24. Langmuir isotherm model of Cr(VI) removal for Tannery industrial wastewater using (a) Tea waste [197], (b) H3PO, treated rice husk

(RH-AC) [206], and (¢) MNPs/rGO/PMMA nanocomposite [208].
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Fig. 27. Freundlich isotherm model of Cr(VI) removal for Electroplating industrial wastewater using (a) Corn straw biochar [219], (b) KOH-treated
peanut shell-based activated carbon (PAC), Magnetic KOH-treated peanut shell-based activated carbon (MPAC), and Commercial activated carbon
(CACQ) [2211], and (c) Amino-functionalized vermiculite-supported nanoscale zero-valent iron (AVT-nZVI) [223].

PANI-based adsorbents for Cr(VI) adsorption were evaluated using the experimental and calculated amounts of Cr(VI) adsorbed at
equilibrium (qe,exp, qu,caLHand qe,cal), as well as the pseudo-first-order rate constant (k;), pseudo-second-order rate constant (kz) and R?
value. Table 9 lists the experimental and calculated amounts of Cr(VI) adsorbed at equilibrium, pseudo-first-order and pseudo-second-
order rate constants, and R? values obtained for PANI-based adsorbents for Cr(VI) adsorption.

The linear pseudo-first-order kinetic and pseudo-second-order kinetic models of PANI-based adsorbents for Cr(VI) adsorption are
shown in Figs. 17 and 18, respectively.

The PANI/y-Fe03 exhibited the highest experimental and calculated amounts of Cr(VI) adsorbed at equilibrium (qe,exp, qle’calfland qe,cal)
among other PANI-based adsorbents, with the highest R? value of the pseudo-second-order kinetic model as shown in Fig. 18 (a) indicating
chemical sorption involving valence forces through sharing or exchange of electrons between the PANI-based adsorbent and Cr(VI) as
compared to pseudo-first-order kinetic model [154]. However, the lowest pseudo-second-order kinetic constant is observed in the PANI/
y-Fe03 [154]. In contrast, PANI/PA composite achieved the lowest experimental and calculated amounts of Cr(VI) adsorbed at equi-
librium (Qe,exp, qu,calfIand qe,cal) by pseudo-first-order and pseudo-second-order kinetic models among others PANI-based adsorbents while
following pseudo-second-order kinetic model [195].

However, PPy-PANI/Fe304 (PANI-based adsorbent) best fits with the calculated amount of Cr(VI) adsorbed at equilibrium (qu,wl)
by the pseudo-second-order kinetic model as indicated by its correlation of coefficient for a pseudo-second-order kinetic model is unity
(Fig. 18 (b)) [186]. However, pseudo-second-order kinetic modelling of PPy-PANI/Fe304 (PANI-based adsorbent) at different tem-
peratures also shows good best-fit results (Fig. 18 (c)) [186].

Furthermore, it was also observed that the increase in initial Cr(VI) concentration and temperature significantly enhanced the
amount of ge. All of the PANI-based adsorbents, including (PANI/PI) microfiber membranes [185], PPy-PANI/Fe304 [186], PANI
nanosheets [187], PANI nanotubes [187], PANI nanofibers [187], (PANI/EVOH) nanofiber composite membranes [188], PANI/LDHs
(LDHs/aniline mass ratio of 1:8) [190], PANI/H-TNB (H-TNBs/aniline mol ratio of 1: 20) [191], PANI/PVA composite [192], SA-PANI
[193], PANI/y-Fe203 [154], and PANI-MWCNT [194], PANI/PA composite [195] followed the chemical sorption as indicated by their
higher R? values of the pseudo-second-order kinetic model. However, the worst fit pseudo-first-order kinetic model was observed as
their R? values were less than 0.9 in the order PANI/ y-Fex03 [154]< PANI/PVA composite [192]< (PANI/EVOH) nanofiber composite
membranes (Fig. 17 (c)) [188]< PANI/PA composite [195]< PANI-MWCNT [194]. Thus, it can be concluded that pseudo-second-order
kinetics modeling of PANI-based adsorbents better described the experimental values than a pseudo-first-order kinetic model of
(PANI/PI) microfiber membranes [185], PPy-PANI/Fe304 (Fig. 17 (a)) [186], PANI nanosheets [187], PANI nanotubes [187], PANI
nanofibers (Fig. 17 (b)) [187], (PANI/EVOH) nanofiber composite membranes [188], PANI/LDHs (LDHs/aniline mass ratio of 1:8)
[190], PANI/H-TNB (H-TNBs/aniline mol ratio of 1: 20) [191], PANI/PVA composite [192], SA-PANI [193], PANI/y-Fe503 [154], and
PANI-MWCNT [194], PANI/PA composite [195].

5. Effect of operational parameters on the Langmuir’s maximum adsorption capacity (qum,)

The operational parameters have significant effects on the qn,. The operational parameters used for the adsorption of Cr(VI) using
various adsorbents are enlisted below: Initial Cr(VI) concentration; temperature; pH; contact time; adsorbent dosage.

5.1. Effect of Initial Cr(VI) concentration

The effect of initial concentration on the maximum adsorption capacity of various types of adsorbents such as biosorbents (fruit
waste, fungus, leaf, and biochar), activated carbon (acid-treated, base-treated, and acid/base-treated), nanocomposite (Fe-based, Mn-
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Table 11
Pseudo-first-order and pseudo-second-order kinetic model constants obtained for Cr(VI) heavy metal adsorption by using adsorbents in industrial wastewater.
Source of Adsorbent type Adsorbent Initial Cr T/K pH Dose Qe,exp Pseudo-first order kinetic model Pseudo-second order kinetic model Kinetic Ref
wastewater (c\gic @ e ey K 1/ R? Qe (mg/ ko (g/mg R’ model
(mg/1) g) min) ) min)
Tannery Biosorbent Tea waste 455 303 3.9 6 73.35 78.91 0.0173 0.9666 88.49 0.000212 0.9901 PSO [197]
wastewater Syzygium cumini bark  2920.2 293 3.9 3? - —0.00223 0.101 0.997 —2.29885 —0.0654 0.92 PFO [198]
+ 0.7 +
0.1
Corn cob 100 298 2 0.1* - 82.22 0.002441 0.488 29.41 944 0.999 PSO [199]
Avocado kernel seeds 5 298 1 0.5%, - 0.0646 0.0253 0.820 0.2803 2.6413 0.999 PSO [200]
(AKS) 16.66
Juniperus procera 5 298 1 0.5%, - 0.0592 0.0253 0.807 0.2986 1.1916 0.998 PSO [200]
sawdust (JPS) 16.66
Papaya peels (PP) 5 298 1 0.5%, - 0.0678 0.0253 0.827 0.2691 3.1837 1.000 PSO [200]
16.66
Banana peel 0.1-100 293 2 10 - 3.643 x 0.183 + 0.993 - - - PFO [201]
107° % 0.005
Oil-free Moringa 0.75 301.85 7 1.5% - 0.7819 0.049 0.841 0.66697 0.000 82 0.115 PFO [201]
oleifera cake
(OFMOC)
Sweet potatoes peels 0.75 301.85 7 2.5% - 0.3712 0.032 0.84 1.8698 x 0.117 7 0.772 PFO [201]
(SPP) 1071 2
Orange (Citrus 46.71 RT 2 2.5 - 5.3585 0.009 0.9641 6.5617 0.0036 0.99 PSO [202]
cinensis) peel
adsorbent
Banana waste (BW) - 303 3 5 9.02 0.51 0.481 0.9975 8.798 6.12 0.9987 PFO [204]
Sugarcane Bagasse - 303 3 5 6.52 3.83 0.405 0.6318 7.972 0.091 0.9352 PSO [204]
(SCB)
Sawdust (SD) - 303 3 5 8.41 6.76 0.787 0.7866 10.05 0.104 0.9924 PSO [204]
Phragmites Australis - 303 3 5 5.04 2.24 0.404 0.9911 5.21 0.435 0.9837 PFO [204]
(PA)
Tannery Biomass-derived H3PO,-treated rice 3.249 298 6.28 0.3% - - - - - - >0.9 PSO [206]
wastewater activated carbon husk (RH-AC)
H3PO, treated potato 3.249 298 6.28 0.3% - - - - - - >0.9 PSO [206]
peel (PP-AC)
Charcoal Activated - 303 3 5 9.05 8.26 2.76 0.9712 8.473 1.24 0.9977 PSO [204]
Carbon (AC)
Granular activated 120 293.15 5.5 0.1%- - - 1.96 x 0.96 - 1.77 x 0.85 PFO [207]
carbon 22 10% 10%
120 313.15 5.5 0.1%- - - 2.25 x 0.95 - 3.62 x 0.93 PFO [207]
22 10? 10?
120 333.15 5.5 0.1%- - - 2.93 x 0.96 - 3 x 102 0.98 PSO [207]
22 10?
120 343.15 5.5 0.1% - - 3.29 x 0.98 - 3.68 x 0.99 PSO [207]
22 10? 10?
Tannery Nanocomposite MNPs/rGO/PMMA 1640 - 2 15 109.33 23.93 0.151 0.86 166.66 0.362 0.98 PSO [208]
wastewater nanocomposite
Electroplating Biosorbent Leechi (Litchi 10 303 2 10 0.23 0.17 0.060 0.9868 0.26 0.660 0.9852 PFO [212]
wastewater chinensis) fruit peel 20 303 2 10 1.04 0.19 0.060 0.9227 1.06 0.750 0.9996 PSO [212]
50 303 2 10 2.50 1.28 0.070 0.9293 2.67 0.100 0.9983 PSO [212]

(continued on next page)
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Table 11 (continued)

Source of Adsorbent type Adsorbent Initial Cr T/K pH Dose Qe exp Pseudo-first order kinetic model Pseudo-second order kinetic model Kinetic Ref
wastewater o WO ey w0 R damy kemg R
(mg/D) g) min) g) min)
60 303 2 10 3.60 3.41 0.014 0.9857  3.64 0.003 0.9357 PFO [212]
80 303 2 10 5.00 4.49 0.010 0.9610 6.78 0.001 0.9078 PFO [212]
100 303 2 10 6.70 5.38 0.008 0.9668  7.59 0.002 0.9915  PSO [212]
Walnut Shell Powder 40 303 2 0.5 - 10.186 0.014 0.926 71.429 0.0002 0.999 PSO [213]
Powdered pistachio 85.5 - 3.2 1 - - - - - 0.004 0.991 PSO [214]
hull (PHP) 85.5 - 3.2 2 - - - - - 0.006 0.993 PSO [214]
85.5 - 3.2 3 - - - - - 0.013 0.997 PSO [214]
85.5 - 3.2 4 - - - - - 0.015 0.994 PSO [214]
85.5 - 3.2 5 - - - - - 0.030 0.997 PSO [214]
Aspergillus niger 20 303 2 1 19.23 14.35 0.043 0.970 20.83 0.0049 0.999 PSO [216]
fungal biosorbent
Corn straw biochar 112 298 3 1 98.48 19.45 0.36" 0.8300  98.91 0.08°¢ 0.9995  PSO [219]
Aspergillus niger 100 301 1.5 12 - - - - - - - PFO [217]
Electroplating Biomass-derived H,S0, treated 100 301 1.5 12 - - - - - - - PFO [217]
wastewater activated carbon Aspergillus niger
NaOH-treated 100 301 1.5 12 - - - - - - - PFO [217]
Aspergillus niger
NaOH treated corncob 72 298 4.5 15 - 4.32 0.0119 0.9951 4.87 0.00054 0.999 PSO [220]
based activated (CAC)
KOH-treated peanut 100 298 3 1 97.73 21.10 24.3 0.765 98.04 6.42 1.000 PSO [221]
shell-based activated
carbon (PAC)
Magnetic KOH- 100 298 3 2 98.88 13.98 21.5 0.629 99.01 10.52 1.000 PSO [221]
treated peanut shell-
based activated
carbon (MPAC)
Powdered Activated 85.5 - 3.2 1 - - - - - 0.001 0.994 PSO [214]
Carbon (PAC) 85.5 - 3.2 2 - - - - - 0.002 0.976 PSO [214]
85.5 - 3.2 3 - - - - - 0.005 0.994 PSO [214]
85.5 - 3.2 4 - - - - - 0.014 0.992 PSO [214]
85.5 - 3.2 5 - - - - - 0.028 0.998 PSO [214]
Commercial Activated 100 298 3 1 87.69 42.23 13.6 0.848 89.93 1.26 0.999 PSO [221]
Carbon (CAC)
Electroplating Nanocomposite Amino-functionalized 10 303 5 0.625 - - 0.8629 0.9965  16.07 0.9354 1 PSO [223]
wastewater vermiculite-supported 20 303 5 0.625 - — 0.1201 0.9564 32.91 0.0154 0.9998 PSO [223]
nanoscale zero-valent 30 303 5 0.625 - - 0.0437 0.8830 47.35 0.0070 0.9993  PSO [223]
iron (AVT-nZVI) 40 303 5 0.625 - - 0.0246 0.7665 53.02 0.0071 0.9989 PSO [223]
50 303 5 0.625 - - 0.0203 0.7194  60.94 0.0059 0.9949  PSO [223]
y-Fe,03 nanoparticles 50 298 2.5 5 17 - - - - - - - [224]
Petroleum Nanocomposite G nanosheets 1-1500 298 1-10 1%-6* - 24.72 3.76 0.9834  48.17 3.23 0.9993 PSSO [225]
refinery GO nanosheets 1-1500 298 1-10 1%-67 - 35.1 8.5 0.9587 86.12 7.33 0.9990 PSO [225]
wastewater CdO NPs 1-1500 298 1-10 1%-67 - 44.53 4.9 0.9323  168.39 3.61 0.9994  PSO [225]
G-CdO 1-1500 298 1-10 1%-6% - 119.86 12.89 0.9767 249 2.33 0.9995 PSO [225]
nanocomposite
CdOo-GO 1-1500 298 1-10 1%-67 - 51.27 54.2 0.7231  311.40 3.83 0.9995 PSO [225]
nanocomposites

a = Adsorbent Dosage units in g; b = k; units in 1/h; ¢ = ko units in g/mg h; * = qf,,cal units in mol/g; PFO= Pseudo-first-order kinetic model; PSO= Pseudo-second-order kinetic model.
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Fig. 28. Pseudo-first-order kinetic model of Cr(VI) removal for Tannery industrial wastewater using (a) Tea waste [197], (b) Tannery wastewater
using Banana waste (BW), Sawdust (SD), Phragmites Australis (PA), Sugarcane Bagasse (SCB), and Charcoal activated carbon (AC) [204], and (c)
MNPs/rGO/PMMA nanocomposite [208].

based, Cu-based, and graphene-based), and PANI are shown in Fig. 19 which is discussed in detail below:

The study found that fruit waste biosorbents demonstrated an exponential increase in the maximum adsorption capacity as the
initial Cr(VI) concentration increased [112,117,118]. On the other hand, biochar biosorbents showed an increase in maximum
adsorption capacity with initial Cr(VI) concentration [116,125]. Fungal biosorbents had a smooth rising peak, followed by a decline in
maximum adsorption capacity [106,113,119-121]. Similarly, leaf biosorbents showed a slowly declining peak followed by a slow
increase in maximum adsorption capacity with initial Cr(VI) concentration [114,115,122-124]. Therefore, the data suggest that an
increase in initial Cr(VI) concentration results in higher maximum adsorption capacity in the case of fruit waste and biochar bio-
sorbents [112,116-118,125].

For acid-treated activated carbons, multiple peaks of incline and decline in maximum adsorption capacity with increased initial Cr
(VD) concentration [107,130-137]. In contrast, base-treated and acid/base-treated activated carbon demonstrated an increase in
maximum adsorption capacity with an increase in initial Cr(VI) concentration [125,130,138,139]. Thus, the effect of initial Cr(VI)
concentration on the maximum adsorption capacity of activated carbons depends on the type of treatment applied.

Fe-based nanocomposite showed a parabolic decline followed by increased maximum adsorption capacity as the initial Cr(VI)
concentration increased [150-154]. Conversely, Mn-based nanocomposite adsorbents demonstrated an exponential rise in maximum
adsorption capacity with increasing initial Cr(VI) concentration [155,156]. Graphene-based nanocomposite adsorbents showed
multiple peaks of maximum adsorption capacity, increasing with initial Cr(VI) concentration [150,159-169]. Therefore, the findings
suggest that the functional group or component attached to the nanocomposite adsorbents significantly alters the effect of initial Cr(VI)
concentration on maximum adsorption capacity.

Similarly, PANI-based adsorbents demonstrated multiple peaks of maximum adsorption capacity, increasing and declining with
increasing initial Cr(VI) concentration [154,185-188,190-195]. Hence, it could be interpreted that the functional group or component
attached to the PANI-based adsorbents plays a significant role in the impact of initial Cr(VI) concentration on maximum adsorption
capacity.

Therefore, it could be interpreted from the data that the effect of initial Cr(VI) concentration on the maximum adsorption capacity
of adsorbents depends on the type of adsorbent used, the attached component/functional group, and the chemical treatments (acid,
base, combination of acid/base) applied to the adsorbents.

5.2. Effect of temperature

The effect of temperature on the maximum adsorption capacity of various types of adsorbents such as biosorbents (fruit waste,
fungus, leaf, and biochar), activated carbon (acid-treated, base-treated, and acid/base-treated), nanocomposite (Fe-based, Mn-based,
Cu-based, and graphene-based), and PANI are shown in Fig. 20 which is discussed in detail below:

The results show that fruit waste bio sorbents show a decline in the maximum adsorption capacity due to pomegranate peel (fruit
waste biosorbent) and then a rise in maximum adsorption capacity at higher temperatures [112,117,118]. Fungal and leaf biosorbents,
on the other hand, have a peak followed by a decline in maximum adsorption capacity with increased temperature [106,113-115,
119-124]. However, biochar biosorbents showed little increase in maximum adsorption capacity with increased temperature [116,
125]. Therefore, the data suggest that an increase in the temperature of biosorbents results in higher maximum adsorption capacity in
the case of fruit waste and biochar biosorbents [112,116-118,125].

Acid-treated activated carbons show inclined and declined peaks [107,130-137], while base-treated activated carbon shows a
linear rise in the maximum adsorption capacity at higher temperatures [130,138]. Acid/base-treated activated carbon exhibit a decline
in maximum adsorption capacity with increasing temperature [125,139]. Thus, the effect of temperature on the maximum adsorption

44



A. Anjum et al. Heliyon 9 (2023) e15575

AC x BW ¢ SD » PA & SCB=—AC=—BW==5D—PA—S(B Equation y=a+b%
Adj. R-Squ 0.9832

Value Standard E
B Intercep  1E-4 0.00715
B Slope  6E-6 3.66977E-

y=00113x + 0.6008
R?=09901 12

y=01284+ 01714
R=0931
¥=00993x+ 0.0949

1 =199

08

vqt
t/qt

Pscudo 2nd order

206
N

04

05 02

y=01138x-0.0021
0 0 R=09%7 T T T
)

0 40 80 120 160 200 240 ] | 3 ] 5 6 10 20 30

t. time Time (hrs) Time (min)

Fig. 29. Pseudo-second-order kinetic model of Cr(VI) removal for Tannery industrial wastewater using (a) Tea waste [197], (b) Tannery waste-
water using Banana waste (BW), Sawdust (SD), Phragmites Australis (PA), Sugarcane Bagasse (SCB), and Charcoal activated carbon (AC) [204], and
(c) MNPs/rGO/PMMA nanocomposite [208].
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Fig. 30. Pseudo-first-order kinetic model of Cr(VI) removal for Electroplating industrial wastewater using (a) Corn straw biochar at 298 K [219], (b)
H2S04 treated Aspergillus niger fungal biosorbent (represented as 4p), NaOH treated Aspergillus niger fungal biosorbent (represented as a), and
Aspergillus niger fungal biosorbent (represented as W) [217], and (¢) Amino-functionalized vermiculite-supported nanoscale zero-valent iron
(AVT-nzZVI) [223].

capacity of activated carbons depends on the type of treatment applied.

Fe-based and Mn-based nanocomposites show a rapid rise and a broader rise peak followed by declining peaks in the maximum
adsorption capacity with increased temperature [150-156]. Cu-based nanocomposite adsorbents exhibit a linear rise in maximum
adsorption capacity [158]. In contrast, graphene-based nanocomposite adsorbents show multiple sharp rising and declining peaks of
maximum adsorption capacity with increased temperature [150,159-169].

Finally, PANI-based adsorbents exhibit multiple rise and decline peaks of maximum adsorption capacity with increased temper-
ature [154,185-188,190-195]. Hence, the effect of temperature on maximum adsorption capacity depends on the type of adsorbent,
the source of adsorbent, the element/component/functional group attached to the adsorbent, and chemical treatments (acid, base,
combination of acid/base) of adsorbents.

5.3. Effect of pH

The effect of pH on the maximum adsorption capacity of various types of adsorbents such as biosorbents (fruit waste, fungus, leaf,
and biochar), activated carbon (acid-treated, base-treated, and acid/base-treated), nanocomposite (Fe-based, Mn-based, Cu-based, and
graphene-based), and PANI are shown in Fig. 21 which is discussed in detail below:

The fruit waste biosorbents show a rise in maximum adsorption capacity in the pH range (2-3). However, beyond pH 5, the
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Fig. 31. Pseudo-second-order kinetic model of Cr(VI) removal for Electroplating industrial wastewater using (a) Corn straw biochar at 298 K [219],
(b) KOH treated peanut shell based activated carbon (PAC), Magnetic KOH treated peanut shell based activated carbon (MPAC), and Commercial
Activated Carbon (CAC) [221], and (¢) Amino-functionalized vermiculite-supported nanoscale zero-valent iron (AVT-nZVI) [223].

maximum adsorption capacity declined [112,117,118]. Fungal biosorbents, on the other hand, show a decline in maximum adsorption
capacity with an increase in the acidic pH range (1-5.5) [106,113,119-121]. However, leaf and biochar biosorbents show a little rise in
maximum adsorption capacity with an increase in the acidic pH ranges (2-5.5 and 1.5-2) [114-116,122-125]. Therefore, it could be
interpreted that within the acidic pH range (2), the biosorbents showed a maximum adsorption capacity.

Acid-treated activated carbons decline maximum adsorption capacity with an increased pH range (2-7) [107,130-137]. However,
base-treated activated carbon showed a linear decrease in the maximum adsorption capacity with increased pH (6.8-8) [130,138].
Moreover, acid/base treated activated carbon increased maximum adsorption capacity in an acidic pH range [125,139]. However, it
could be interpreted that the maximum adsorption capacity increases within the acidic pH range and decreases in the basic pH range.
Hence, acid-treated activated carbon adsorbents have the maximum adsorption capacity compared to base-treated activated carbon
and acid/base-treated activated carbon.

Fe-based nanocomposite showed a rapid decline and then a rise in maximum adsorption capacity on the increase in pH range
(within the acidic region) and declines rapidly in the basic pH range [150-154]. Furthermore, Mn-based nanocomposite showed a
linear increase in maximum adsorption capacity at a constant pH (2) [155,156]. Moreover, the Cu-based nanocomposite adsorbent
showed a linear increase in the maximum adsorption capacity at a stable pH (3) [158]. Graphene-based nanocomposite adsorbent
showed a rapid decline and a slight rise in maximum adsorption capacity with increased pH within the acidic range [150,159-169]. So,
it could be interpreted that within the acidic pH range (2-6.8), the nanocomposite adsorbents show a higher maximum adsorption
capacity.

PANI-based adsorbents showed a rise in maximum adsorption capacity with an increase in pH within the acid region (1-3) and then
rapidly declined to a further rise in pH value. So, it could be interpreted that within the acidic pH range (1-3), the PANI-based ad-
sorbents show a higher maximum adsorption capacity of PANI-based adsorbents [154,185-188,190-195].

Therefore, it could be stated that the effect of pH on the maximum adsorption capacity of adsorbents depends on the type of
adsorbent used and the chemical treatments (acid, base, combination of acid/base) of adsorbents. The adsorbents show the highest
maximum adsorption capacity within the acidic pH (1-3). Hence, an acidic pH range would be preferred for the adsorbents.

5.4. Effect of contact time

The effect of contact time on the maximum adsorption capacity of various types of adsorbents such as biosorbents (fruit waste,
fungus, leaf, and biochar), activated carbon (acid-treated, base-treated, and acid/base-treated), nanocomposite (Fe-based, Mn-based,
Cu-based, and graphene-based), and PANI are shown in Fig. 22 which is discussed in detail below:

The fruit waste biosorbents show an exponential decline in the maximum adsorption capacity with increased contact time [112,
117,118]. Fungal biosorbents, on the other hand, show a decline in maximum adsorption capacity with an increase in contact time of
around 240 minutes, followed by an increase in maximum adsorption capacity with a further increase in contact time [106,113,
119-121]. Leaf biosorbents show a gradual declining and rising peak of the maximum adsorption capacity with increased contact time
[114,115,122-124]. However, biochar biosorbents showed little increase in maximum adsorption capacity with increased contact
time [116,125]. Therefore, it could be interpreted that the biosorbents showed a decline in the maximum adsorption capacity with the
increase in contact time.

Acid-treated activated carbons show inclined and declined peaks with the increase in contact time and a rapid ready peak at a
contact time of 600nullmin on further growth in contact time [107,130-137]. However, base-treated activated carbon showed a linear
rise in the maximum adsorption capacity with increased contact time [130,138]. Moreover, acid/base treated activated carbon
declined maximum adsorption capacity with increased contact time [125,139]. However, it could be interpreted that the effect of
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contact time on the maximum adsorption capacity depends on whether the activated carbon is acid-treated or base treated, or a
combination of both.

Fe-based nanocomposite showed a rapid increase in maximum adsorption capacity on increasing contact time [150-154].
Furthermore, Mn-based nanocomposite showed a rise in the maximum adsorption capacity with increased contact time [155,156].
Graphene-based nanocomposite showed increasing peaks of maximum adsorption capacity with increased contact time [150,
159-169]. So, it could be interpreted that the functional group or component attached to the nanocomposite significantly alters the
effect of contact time on the maximum adsorption capacity.

PANI-based adsorbents showed multiple rise and decline peaks of maximum adsorption capacity with increased contact time. So, it
could be interpreted that the functional group or component attached to the PANI-based adsorbents significantly alters the effect of
contact time on the maximum adsorption capacity [154,185-188,190-195]. Overall, it could be stated that the effect of contact time
on the maximum adsorption capacity of adsorbents depends on the type of adsorbent used, the component/functional group attached
to the adsorbent, and chemical treatments (acid, base, the combination of acid/base) of adsorbents.

5.5. Effect of adsorbent dosage

The effect of adsorbent dosage on the maximum adsorption capacity of various types of adsorbents such as biosorbents (fruit waste,
fungus, leaf, and biochar), activated carbon (acid-treated, base-treated, and acid/base-treated), nanocomposite (Fe-based, Mn-based,
Cu-based, and graphene-based), and PANI are shown in Fig. 23 which is discussed in detail below:

The fruit waste and fungal biosorbents show a decline in maximum adsorption capacity with increased adsorbent dosage [106,112,
113,117-121]. Contrarily, the leaf biosorbents showed an exponential rise in the maximum adsorption capacity up to an adsorbent
dosage of 5 g L. ™! and a decline on further increase in adsorbent dosage [114,115,122-124]. However, biochar biosorbents show a little
rise in maximum adsorption capacity with increased dosage [116,125]. Therefore, it could be interpreted that the effect of adsorbent
dosage of bio sorbents depends on the type of biosorbent.

Acid-treated activated carbons show multiple rise and decline peaks of maximum adsorption capacity with increased adsorbent
dosage [107,130-137]. However, base-treated activated carbon showed a linear decline in the maximum adsorption capacity with
increased adsorbent dosage [130,138]. Moreover, acid/base treated activated carbon increased maximum adsorption capacity with
increased adsorbent dosage [125,139]. However, it could be interpreted that the effect of adsorbent dosage on maximum adsorption
capacity depends on the type of chemically treated activated carbon adsorbent, i.e., acid-treated activated carbon, base-treated
activated carbon and acid/base-treated activated carbon.

Fe-based nanocomposite showed a rapid decline and then a rise and decline peak in maximum adsorption capacity on the increase
in adsorbent dosage [150-154]. Furthermore, Mn-based nanocomposite showed a linear decline in the maximum adsorption capacity
with increased adsorbent dosage [155,156]. Moreover, Cu-based nanocomposite adsorbent showed a linear increase in maximum
adsorption capacity at a constant adsorbent dosage (1.6nullg L) [158]. Graphene-based nanocomposite adsorbent showed an in-
crease and decline peaks till adsorbent dosage (3 g L™!) and then a rapid rise in maximum adsorption capacity with an increase in
adsorbent dosage [150,159-169]. So, it could be interpreted that the effect of the adsorbent dosage of the nanocomposite adsorbents
on maximum adsorption capacity depends on the functional group or component attached to the nanocomposite adsorbent.

PANI-based adsorbents showed a decline in maximum adsorption capacity with increased adsorbent dosage. So, it could be
interpreted that the PANI-based adsorbents show a higher maximum adsorption capacity of PANI-based adsorbents at less adsorbent
dosage [154,185-188,190-195].

Therefore, it could be stated that the effect of adsorbent dosage on the maximum adsorption capacity of adsorbents depends on the
type of adsorbent used and chemical treatments (acid, base, combination of acid/base) of adsorbents.

6. Chromium (VI) adsorption in industrial wastewater

Cr(VI) is an important naturally occurring metal widely used in various areas, including leather tanning, electroplating, petroleum
refinery, metal finishing, mining, wood preservation, paint pigments, and textile [196]. Table 10 shows the Langmuir and Freundlich
isotherm constants obtained for Cr(VI) adsorption for industrial wastewater treatment in the tannery, electroplating, and petroleum
refinery using several adsorbents.

Several adsorbents have been used in Tannery industrial wastewater treatment for Cr(VI) adsorption, such as biosorbents (Tea
waste [197] (Fig. 24 (a)), Syzygium cumini bark [198], corn cob [199], avocado kernel seeds (AKS) [200], Juniperus procera sawdust
(JPS) [200], papaya peels (PP) [200], banana peel [201], orange (citrus cinensis) peel adsorbent [202], coconut Coirpith [203],
banana waste (BW) [204], sugarcane bagasse (SCB) [204], sawdust (SD) [204], Phragmites Australis (PA) [204], teak sawdust [203],
rice husks [203], and cactus [205]), biomass-derived activated carbons (H3PO4 treated rice husk (RH-AC) (Fig. 24 (b)) [206], H3PO4
treated potato peel (PP-AC) [206], charcoal activated carbon (AC) [204], and granular activated carbon [207]), nanocomposites
(MNPs/rGO/PMMA nanocomposite [208], and GO-Fe304 [209]), and PANI (Fe3O04@PANI/IA magnetic nanocomposite [210]) as
shown in Table 10.

Fig. 24 shows the Langmuir isotherm Cr(VI) removal model for Tannery industrial wastewater using different adsorbents.

Fig. 25 shows the Freundlich isotherm Cr(VI) removal model for Tannery industrial wastewater using different adsorbents.

It has been observed that the Syzygium cumini bark biosorbent showed the highest maximum adsorption capacity following
Freundlich adsorption isotherm representing heterogeneous adsorption surfaces of Syzygium cumini bark biosorbent and multilayer
adsorption of Cr(VI) on Syzygium cumini bark biosorbent as shown in Fig. 25 (a) among other biosorbents and biomass-derived
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activated carbons, nanocomposite, and PANI-based adsorbents [198]. However, charcoal-activated carbon (AC) and Fe304@PANI/IA
magnetic nanocomposite showed the highest adsorption capacities following Freundlich adsorption isotherms representing hetero-
geneous adsorption surfaces of charcoal-activated carbon (AC) and Fe304@PANI/IA magnetic nanocomposite and multilayer
adsorption of Cr(VI) on charcoal activated carbon (AC) and Fe304@PANI/IA magnetic nanocomposite as shown in Fig. 25 (b-c) among
other biomass-derived activated carbons and PANI-based adsorbents [204,210]. MNPs/rGO/PMMA nanocomposite showed the
highest adsorption capacity following Langmuir adsorption isotherm representing homogeneous adsorption surfaces of
MNPs/rGO/PMMA nanocomposite and mono-layer adsorption of Cr(VI) on MNPs/rGO/PMMA nanocomposite as shown in Fig. 25 (c)
among other nanocomposites [208].

Several adsorbents have been used in Electroplating industrial wastewater treatment for Cr(VI) adsorption such as biosorbents
(coconut coir pith [211], leechi (Litchi chinensis) fruit peel [212], walnut shell powder (Fig. 26 (a)) [212], powdered pistachio hull
(PHP) [214], Aspergillus niger fungal biosorbent [215], Penicillium janthinellum fungal biosorbent [215], Aspergillus niger fungal
biosorbent [216], Aspergillus niger fungal biosorbent [217], P. orientalis bark [218], and corn straw biochar (Fig. 27 (a)) [219]),
biomass-derived activated carbons (HNOs-treated P. orientalis bark activated carbon [218], HySO4 treated Aspergillus niger fungal
biosorbent [217], NaOH treated Aspergillus niger fungal biosorbent [217], NaOH treated corncob based activated (CAC) [220], KOH
treated peanut shell based activated carbon (PAC) [221], magnetic KOH treated peanut shell based activated carbon (MPAC) [221],
commercial activated carbon (CAC) (Fig. 26 (b) and Fig. 27 (b)) [221], commercial activated carbon based on coconut coir pith [211],
and powdered activated carbon (PAC) [214]), and nanocomposites (thioacetamide (TAA) sulfur precursor based BisS3 nanostructures
[222], 1-cysteine (L-Cys) sulfur precursor based BisS3 nanostructures [222], amino-functionalized vermiculite-supported nanoscale
zero-valent iron (AVT-nZVI) (Fig. 26 (c) and Fig. 27 (c)) [223], and y-Fe303 nanoparticles [224]) as shown in Table 10.

Fig. 26 shows the Langmuir isotherm Cr(VI) removal model for Electroplating industrial wastewater using different adsorbents.

Fig. 27 shows the Freundlich isotherm Cr(VI) removal model for Electroplating industrial wastewater using different adsorbents.

It has been observed that the coconut coir pith biosorbent showed the highest adsorption capacity following Langmuir adsorption
isotherm representing homogeneous adsorption surfaces of coconut coir pith biosorbent and mono-layer adsorption of Cr(VI) on
coconut coir pith biosorbent among other biosorbents, biomass-derived activated carbons, and nanocomposites [211]. However,
commercial activated carbon based on coconut coir pith and r-cysteine (L-Cys) sulfur precursor-based Bi2S3 nanostructures showed
the highest adsorption capacities following Langmuir adsorption isotherms representing homogeneous adsorption surfaces of coconut
coir pith and 1-cysteine (L-Cys) sulfur precursor based Bi2S3 nanostructures and mono-layer adsorption of Cr(VI) on coconut coir pith
and 1-cysteine (L-Cys) sulfur precursor based Bi2S3 nanostructures among other biomass-derived activated carbons and nano-
composites adsorbents [211,222].

In the case of Cr(VI) adsorption in petroleum refinery wastewater treatment using nanocomposites, CdO-GO nanocomposites
showed the highest adsorption capacity following Freundlich adsorption isotherm representing heterogeneous adsorption surfaces of
CdO-GO nanocomposite and multilayer adsorption of Cr(VI) on CdO-GO nanocomposite [225] among other nanocomposites used such
as G nanosheets [225], GO nanosheets [225], CdO NPs [225], G-CdO nanocomposite [225], and CdO-GO nanocomposites [225].

Overall, it can be concluded that the Tannery wastewater treatment for Cr(VI) adsorption using Syzygium cumini bark biosorbent
resulted in the highest maximum adsorption capacity among other adsorbents and other sources of industrial wastewater due to the
higher initial Cr(VI) concentration while following Freundlich adsorption isotherm and pseudo-second-order kinetic model indicating
the multi-layer adsorption, Syzygium cumini bark biosorbent heterogeneity, and Cr(VI) chemisorption.

Table 11 shows the pseudo-first-order and pseudo-second-order kinetic model constants obtained for Cr(VI) adsorption for in-
dustrial wastewater treatment in the tannery, electroplating, and petroleum refinery using several adsorbents.

Several adsorbents have been used in Tannery industrial wastewater treatment for Cr(VI) adsorption, such as biosorbents (Tea
waste [197], Syzygium cumini bark [198], corn cob [199], avocado kernel seeds (AKS) [200], Juniperus procera sawdust (JPS) [200],
papaya peels (PP) [200], banana peel [201], orange (citrus cinensis) peel adsorbent [202], coconut Coirpith [203], banana waste (BW)
[204], sugarcane bagasse (SCB) [204], sawdust (SD) [204], Phragmites Australis (PA) [204], teak sawdust [203], rice husks [203], and
cactus [205]), biomass-derived activated carbons (H3POy4 treated rice husk (RH-AC) [206], H3POy4 treated potato peel (PP-AC) [206],
charcoal activated carbon (AC) [204], and granular activated carbon [207]), nanocomposites (MNPs/rGO/PMMA nanocomposite
[208], and GO-Fe304 [209]), and PANI (Fe304@PANI/IA magnetic nanocomposite [210]) as shown in Table 11.

Fig. 28 shows the Pseudo-first-order kinetic Cr(VI) removal model for Tannery industrial wastewater using different adsorbents.

Fig. 29 shows the Pseudo-second-order kinetic model of Cr(VI) removal for Tannery industrial wastewater using different
adsorbents.

Several adsorbents have been used in Electroplating industrial wastewater treatment for Cr(VI) adsorption, such as biosorbents
(leechi (Litchi chinensis) fruit peel [212], walnut shell powder [212], powdered pistachio hull (PHP) [214], Aspergillus niger fungal
biosorbent [216], corn straw biochar [219], and Aspergillus niger (Fig. 30 (b)) [217]), biomass-derived activated carbons (H2SO4
treated Aspergillus niger (Fig. 30 (b)) [217], NaOH treated Aspergillus niger (Fig. 30 (b)) [217], NaOH treated corncob based activated
(CAC) [220], KOH treated peanut shell based activated carbon (PAC) [221], Magnetic KOH treated peanut shell based activated carbon
(MPAC) [221], powdered activated carbon (PAC) [214], and commercial activated carbon (CAC) [221]), and nanocomposites
(amino-functionalized vermiculite-supported nanoscale zero-valent iron (AVT-nZVI) [223], and y-Fe3Os nanoparticles [224]) as
shown in Table 11.

Fig. 30 shows the Pseudo-first-order kinetic model of Cr(VI) removal for Electroplating industrial wastewater using different
adsorbents.

Fig. 31 shows the Pseudo-second-order kinetic model of Cr(VI) removal for Electroplating industrial wastewater using different
adsorbents.
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It has been observed that the corn straw biochar showed the highest calculated amounts of Cr(VI) adsorbed at equilibrium (qle,cal,
and qg,cal), as shown in Fig. 30 (a) and Fig. 31 (a) among other biosorbents while following pseudo-second-order kinetic model
indicating chemical sorption involving valence forces through sharing or exchange of electrons between the corn straw biochar and Cr
(VD) [219]. However, magnetic KOH-treated peanut shell-based activated carbon (MPAC) showed the highest experimental and
calculated amounts of Cr(VI) adsorbed at equilibrium (qe exp, and qle{cal) among biosorbents, biomass-derived activated carbons, and
nanocomposites as shown in Fig. 31 (b) [221]. However, the highest calculated amounts of Cr(VI) adsorbed at equilibrium by the
pseudo-first-order kinetic model (qé,cal) is shown by the Commercial Activated Carbon (CAC) among other activated carbons, bio-
sorbents, and nanocomposites, while following pseudo-second-order kinetic model indicating chemical sorption between the CAC and
Cr(VI) [221]. Amino-functionalized vermiculite-supported nanoscale zero-valent iron (AVT-nZVI) exhibited the highest calculated
amounts of Cr(VI) adsorbed at equilibrium (qlel,cal) with an increase in initial Cr(VI) concentration among other nanocomposites while
following pseudo-second-order kinetic model (Fig. 31 (c)) as compared to pseudo-first-order kinetic model (Fig. 30 (c)) indicating
chemical sorption between the AVT-nZVI and Cr(VI) [223]. The lowest calculated amounts of Cr(VI) adsorbed at equilibrium by
pseudo-first-order and pseudo-second-order kinetic models (qle,cal, qle{cal) is shown by the Leechi (Litchi chinensis) fruit peel among
other biosorbents, activated carbons, and nanocomposites while following pseudo-first-order kinetic model indicating Cr(VI)
adsorption using Leechi (Litchi chinensis) fruit peel is not chemisorption [212].

In the case of Cr(VI) adsorption in petroleum refinery wastewater treatment using nanocomposites, G-CdO nanocomposite showed
the highest calculated amounts of Cr(VI) adsorbed at equilibrium by the pseudo-first-order kinetic model (qle,cal) [225] as compared to
other nanocomposites including CdO-GO [225], G nanosheets [225], GO nanosheets [225], CdO NPs [225], and CdO-GO nano-
composites [225]. However, the highest calculated amounts of Cr(VI) adsorbed at equilibrium by pseudo-second-order kinetic models
(qlel,cal) is observed in CdO-GO nanocomposites, while following pseudo-second-order kinetic model indicating chemical sorption
between the CdO-GO nanocomposite and Cr(VI) [225].

Overall, it can be concluded that the Petroleum refinery wastewater treatment for Cr(VI) adsorption using CdO-GO nanocomposites
resulted in the highest calculated amounts of Cr(VI) adsorbed at equilibrium by the pseudo-second-order kinetic model (qgcal) among
other adsorbents and other sources of industrial wastewater due to the higher initial Cr(VI) concentration while following pseudo-
second-order kinetic model and Freundlich adsorption isotherm indicating the Cr(VI) chemisorption, multi-layer adsorption, and
CdO-GO nanocomposites heterogeneity.

7. Conclusions

Heavy metals in wastewater are a severe concern for human and marine life. Hexavalent chromium in wastewater leads to various
diseases, such as cancer, lung tumors, and allergies. Different adsorbents are being used to remove the hexavalent chromium from
wastewater, such as biosorbents (fruit waste, leaves, fungus, and biochar), activated carbon (acid-treated, base treated, and acid/base
treated), nanocomposites (Fe-based, Mn-based, Cu based, and graphene-based) and PANI. It is observed that the magnetic graphene
oxide functionalized amino acid and PANI functionalized transition metal adsorbents have been found to have the highest Langmuir’s
maximum adsorption capacity. Furthermore, the magnetic graphene oxide functionalized amino acid has been found to have the
highest experimental and pseudo-second-order kinetic model equilibrium adsorption capacities while following the multilayer
adsorption and chemisorption. The highest heterogenous adsorption capacity is found in iron oxide functionalized calcium carbonate
nanocomposites following mono-layer adsorption and chemisorption.

It is important to consider operational parameters such as initial Cr(VI) concentration, temperature, pH, contact time, and
adsorbent dosage for optimal results in adsorption experiments. These operational parameters play a vital role in Langmuir’s
maximum adsorption capacity.

The Langmuir isotherm plays a significant role in determining the adsorption mechanism of the adsorbents by correlation co-
efficients (R2). It has been observed that the source of the adsorbent significantly highlights the monolayer and multilayer adsorption
mechanisms. Several adsorbents showed monolayer adsorption, such as biosorbent, activated carbon adsorbent, nanocomposite, and
PANI-based adsorbent.

Hexavalent chromium is an important naturally occurring metal extensively found in several industrial wastewaters, including
leather tanning and electroplating. Tannery wastewater treatment for hexavalent chromium adsorption using syzygium cumini bark
biosorbent has the highest Langmuir’s maximum adsorption capacity among other adsorbents and other sources of industrial
wastewaters due to the higher initial hexavalent chromium concentration, while following Freundlich adsorption isotherm and
pseudo-second-order kinetic model indicating multi-layer adsorption, heterogeneity of syzygium cumini bark biosorbent, and
chemisorption.
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