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ARTICLE INFO ABSTRACT

Keywords: Chemically activated cocoa leaves biochar (CLB) was successfully prepared from fallen cocoa leaves (CLs) via
A_ds"rpt“’“ ZnCly-activation and pyrolysis at 700 °C for sequestration of toxic crystal violet (CV) dye from aqueous solution.
Liu model CLs and CLB were characterized using elemental analysis (CHN/O), Brunauer-Emmett-Teller method (BET),
Modified Ritchie second order . . . ) . e e .

Sustainable thermogravimetric analysis (TGA), Fourier transform infrared (FTIR), X-ray diffraction (XRD) spectroscopy and
Wastewater scanning electron microscopy (SEM). The optimum conditions for effective removal of CV dye from aqueous

solution (75.67% for CLs and 99.87% for CLB) were pH 9, initial CV dye concentration 100 mg/L, adsorbent (CLs/
CLB) dose 0.4 g/L, contact time 160 min and temperature 300 K. Modified Ritchie second order best described
kinetic and Liu model described equilibrium adsorption. CLs and CLB with maximum adsorption capacities
190.70 and 253.3 mg/g respectively, compete favorably with adsorbents used for removal of CV dye from
wastewater in the literature. The high BET surface area (957.02 mz/g) and mean pore diameter (7.21 nm) were
indicators of better adsorption efficiency of CLB. CLs showed adsorption to proceed towards endothermic process,
while it was exothermic process for CLB. This study established the suitability of cocoa leaves as sustainable and
environmental friendly precursor for preparation of adsorbent for the treatment of dye-containing wastewater.

1. Introduction estimated to be an average of (0.7-2.0) x10° tons per year [8]. These

synthetic dyes can be divided into three main classes: azo, triphenyl-

Concerns about water scarcity seen in different parts of the world are
constantly increasing as a result of the continuous pollution of existing
waters by various factors. Among these factors are chemical compounds
like dyes [1], pesticides [2], heavy metals [3], drugs and emerging
contaminants [4] which are the leading factors that pollute the
ecosystem. These substances are released into the environment via in-
dustrial, hospital or domestic wastewater [5]. Among these pollutants,
dyes are eye-saw in wastewater owing to their color. Often used dyes in
textile, leather, plastic, cosmetics etc are synthetic ones [6]. The
ecological balance and human health are negatively affected by these
synthetic dyes due to their non-biodegradable, toxic and carcinogenic
properties [7]. About 10-20% of the dyestuffs entering the process are
discharged into water bodies as unprocessed dyestuffs, which is
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methane and anthraquinone dyes. Triphenylmethane dyes are of high
interest among synthetic dyes because of their toxicity [9]. The main
ones are crystal violet, brilliant green, victoria blue B, malachite green,
basic fuchsine, methyl green and aniline blue. These dyes find applica-
tion in various sectors from textile to paper printing, from tropical
medicine to the furniture industry etc. Research studies revealed that
these dyes cause damage to the heart, kidney, spleen, liver, eyes, lungs,
skin, bones and have teratogenic effects in the brain and nervous system
[71.

Crystal violet (CV) from the triaphenylmethane family is a synthetic
cationic dye also known as aniline violet, gentian violet, or pyocyanin. It
is frequently found in industrial wastes due to its extensive applications
in medicine as a biological stain, colorant, anthelmintic, bacteriostatic
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and antimicrobial agent in the detergent, textile, fertilizer and printing
industry. CV is a dye with cytotoxic and mutagenic effects, it can also
damage the cornea (leading to permanent blindness), the gastrointes-
tinal, and respiratory systems if consumed [10].

Thus, CV dye removal is mandatory before discharging CV-
contaminated wastewater into water body to circumvent possible
health hazard associated with it. There are many methods to treat dye-
house effluent and the main ones can be classified as chemical oxida-
tion [11], ozonation [12], electrochemical [13], coagulation/-
flocculation [14], membrane filtration [15], photo-degradation [16],
biological [17], precipitation [18] and adsorption process [19, 20, 21].
Among these methods, adsorption is preferred because of its simplicity
and high removal efficiency. However, researchers are trying to syn-
thesize more efficient and cheaper adsorbent materials (biochars) as
alternative to commercial activated carbons (often used in the adsorption
process) with high processing and production costs [7].

The trend towards biochar, which has been shown as a viable
alternative adsorbent, is increasing day by day because it is sustainable,
environmentally friendly and cheap [5]. Biochar, which is obtained
from biomass as raw materials, also prevents agro-byproducts from
being wasted [22, 23]. In addition, the amount of carbon dioxide
released into the atmosphere will reduce with the widespread use of
biochar [22]. Enhancing the functional groups, surface area and pore
volume by modifying the surface of biochar would be an effective
method for removing dyes from wastewater. The methods used to
modify/activate biochar surfaces are physical and chemical activation
processes. Chemical activation has been reported to be more effective
than physical activation in the literature [22]. In physical activation,
the raw material is carbonized at high temperature under an inert at-
mosphere, carbon dioxide (CO») or water vapor. While in chemical
activation, the raw material is carbonized by reacting it with chemicals
such as ZnCly, KOH, NaOH, Nay;CO3, H3SO4, HNO3 and H3POy4 in an
inert environment at high temperature. ZnCly as chemical activating
agent is gaining more popularity due to its ability to facilitate pro-
duction of biochar with high mesoporous surface area. Zn>* occupies
wide space in carbonaceous matrix when ZnCl,-impregnated biomass is
carbonized. Washing (with water) of the chemically activated biochar
leaches out Zn?* to insert pores of high surface area and volume onto
the synthesized activated biochar. The high porosity boosts the diffu-
sion and adsorption of the large molecular weight dye and other
emerging contaminants from wastewater onto the pores of the
ZnCly-activated biochar [23]. The leachate generated from the syn-
thetic process of a ZnCly-activated biochar must be properly disposed to
circumvent heavy metal-environmental pollution. There are many
studies in the literature on the use of activated carbons obtained from
agricultural biomass in the removal of pollutants. Oil palm empty fruit
bunch fiber [1], almond leaf [5], water lily stem [7], Chinar leaf [8],
corncob [24], elephant grass [25] and cocoa pod [26] are some of these
biomasses.

Cocoa (Theobroma cacao L) is an important crop for countries such as
Africa, countries in the tropics and subtropics of Southeast Asia and Latin
America as the world's largest producers [27]. It flowers and fruits be-
tween 3 and 5 years of plantation, the seeds from mature fruits are major
ingredient used in the manufacture of various foods such as beverages,
chocolate, ice-cream, baked goods etc. It is one of the main products
exported by some developing countries like Nigeria to earn foreign cur-
rency [22]. Cocoa cultivations are encouraged in these countries because
of the low initial capital investment and well-established traditional plant
protection approach [28]. During the dry season, cocoa tree sheds off
many of its leaves to conserve available water through reduction the in
rate of transpiration [5]. The fallen leaves cause environmental mess and
conversion of these fallen leaves to adsorbent will serve dual purposes,
ranging from production of wealth from waste to environmental tidiness.
In the literature, limited studies have been carried out on the use of fallen
CLs and their derivatives as adsorbents for removal of pollutants such as
dyes, emerging contaminants and heavy metals from wastewater. Other
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reasons why CLs were chosen for this study are their abundance, sus-
tainability and non-existing competitive use in Nigeria. Overall,
ZnCly-activated cocoa leaves biochar has not been reported for removal
of dye from dye contaminated wastewater in the literature.

In this study, cocoa leaves biochar (CLB) was prepared from the cocoa
leaves (CLs) through ZnCl; activation and was its efficiency in removing
CV dye from an aqueous solution was evaluated. Parameters such as the
pH of the solution, the initial concentration of the adsorbate, the contact
time between the adsorbent and the adsorbate, the influence of the
adsorbent dose and adsorption temperature were examined as the
removal conditions for CV dye from aqueous solution. Thermodynamics,
kinetics and isotherms for CV dye adsorption onto CLs and CLB adsor-
bents were studied to design an efficient treatment plant for wastewater
polluted by CV dye and other related large molecular weight organic
compounds.

2. Materials and methods
2.1. Materials

Cocoa leaves (CLs) were obtained from a cocoa farm at Itaoniyan
rural settlement, along old Akure/Ondo road, Akure, Ondo State,
Nigeria. The plant leaves were authenticated by the Forestry and Wood
Technology Department, the Federal University of Technology, Akure.
CV dye stuff (Fig. S1), ZnCl,, HCI, NaOH and other chemical reagents
used were acquired from Sigma-Aldrich Chemie, Germany.

2.2. Preparation and characterization of CLs and CLB

CLs were thoroughly washed using distilled water to clean them off
the dust, sand other related fouls. CLs (100 g) was then oven-dried at 110
°C for 3 h, weighed and returned to the oven for further drying at 110 °C
for 10 min and reweighed. Drying (at 110 °C for 10 min) and weighing
were continued until a constant weight was obtained. The dried CLs were
ground to particle size between 150 and 200 pm. CLs (20 g) were
retained for further processing. ZnCl, activated cocoa leaves biochar
(CLB) was prepared as described by Thue et al. [23] with little modifi-
cation. About 77 g (the remaining part) of CLs were impregnated with
ZnCly (30 %wt) at liquor ratio 1:1.5 in a beaker (1000 mL) and heated to
temperature between 70 and 75 °C for 4 h with continual stirring on the
heating mantle. The ZnCly-impregnated CLs were left open at room
temperature to age for the next 20 h. The ZnCly-impregnated CLs were
subjected to pyrolysis in a pyrolyzer by raising the temperature of the
reactor to 700 °C within 1 h at a heating rate of 10 °C min~! under ni-
trogen atmosphere at a flow rate of 150 mL/min. The pyrolyzer was
cooled to 30 °C at a rate of 50 °C min~* and CLB was obtained. CLB was
washed with 0.5 M HCI, followed by thorough washing with distilled
water to bring the pH of the biochar to 7 and dried in an oven at 110 °C
for 3 h. Drying (110 °C for 10 min) and weighing were continued for 10
min consecutively until a constant weight was obtained. The leachate
from the CLB washing was properly disposed through the waste chemical
disposing agent to circumvent heavy metal-environmental pollution. The
prepared biochar (CLB) and dried leaves (CLs) were ground to particle
size between 80 and 100 pm, kept for characterization and adsorption
process.

2.3. Characterization of CLs and CLB

Moisture content (MC) of CLs and CLB was determined from weight of
the adsorbent before (w;) and after oven drying (w2) (Eq. 1), while CLB
yield (Y) was evaluated from weight of oven dried biochar (w3) and
weight of oven dried CLs (w2) (Eq. 2).

w

Wi = W2 100% o)

MC (%) = "
1
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Y (%) =22 """ %100% )
w2
Buck densities (BD) (g/mL) of CLs and CLB were determined using Eq.
(3), by weighing empty density flask (5 mL) (w;) and sample filled
density flask (ws). v; is the volume of density flask.

W5 — Wy
14!

BD 3
Determination of ash content (AC) was done by placing crucible
containing pre-weighed adsorbent (CLs and CLB) in the furnace for 5 h at
650 °C. Drying and weighing were continued for 10 min consecutively
until a constant weight was obtained. AC was evaluated using Eq. (4).
W

6;Wﬂcloo% 4
Wwg — wy

AC=

Where weight of crucible containing ash is wg, wy is the weight of empty
crucible and wg is the weight of crucible containing dried adsorbent (CLs
or CLB).

CLs and CLB were characterized by elemental analysis (CHN/O),
Brunauer-Emmett-Teller method (BET), thermogravimetric analysis
(TGA), Fourier transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM) and X-ray diffraction analysis (XRD).

2.4. Preparation crystal violet solution

CV dye stock solution (100 mg/L) was prepared as reported elsewhere
[2]. Standardization of CV dye solution was done through scanning of
dye aliquot in UV-Vis spectrophotometer (Pharmacia LKB Biochrome
4060). Calibration curves were plotted (concentration varied from 20 to
100 mg/L) for each of the pH values (1-11) at each of the corresponding
wave lengths of maximum absorption (Ayax) to account for variation in
CV color as pH value altered from 1-11. The adsorbed CV dye concen-
tration interpolated from each of the calibration curves was used to
determine the percentage CV dye removed and adsorption capacities of
CLs and CLB at each of the pH values. The pH value with the highest
percentage CV dye removal was chosen for the batch adsorption process

[71.
2.5. Adsorption experiments

The optimum CV dye adsorption from dye solution (100 mL) was
assessed through batch the adsorption process. Adsorption parameters
such as pH, initial dye concentration, adsorption dose, time, and tem-
perature were varied to establish optimum conditions for dye-uptake (Eq.
5) and percentage CV dye adsorbed (Eq. 6) from dye solution. At the end
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of the adsorption process, each of the treated solutions was centrifuged at
4500 rpm for 10 min. An aliquot of each of the centrifuged treated
samples was obtained with a syringe (1 mL) and analyzed via UV-Vis
spectrophotometer for calculating dye-uptake and percentage CV dye
adsorbed [1].

ge= (=) )

w

R(%)= (C*CJ) 100% 6

X

Where q. (mg/g) is the dye-uptake, c, and ¢, (mg/L) are the dye con-
centrations before and after adsorption process, respectively, v (L) is the
volume of CV dye solution and w (g) is the weight of CLs and CLB.

2.6. Modeling of kinetic and equilibrium data

For elucidation and interpretation of the kinetic data, the data ob-
tained from the effect of contact time were subjected to five nonlinear
kinetic models. These models are pseudo-first order, pseudo-second
order, modified Ritchie second order, Avrami fractional order, and
intraparticle diffusion models [1, 7, 24, 29]. The mathematical repre-
sentations of these models are summarized in Table 1.

Three nonlinear equilibrium models employed for the interpretation
of equilibrium data are Freundlich, Langmuir, and Liu [7, 30]. The
mathematical representations of these models are summarized in
Table 2.

2.7. Statistical evaluation

Two statistical expressions {adjusted correlation coefficient (Rﬁdj) and

standard deviation (SD)} were used to adjudge the fittingness of the ki-
netic and equilibrium data to the nonlinear models. Egs. (7) and (8)

present the respective statistical expressions of Rﬁdj and SD.

R, ={1-(1 —Rz)}{i} )

n—-p-1

1 2 2
SD = \/{ﬁ} Z (qi‘exp - qi.model) (8)
where R? = determination coefficient, n = the number of experiments
carried out, p = number of parameters present in a model, ¢ = numerical
value of the data, and q; moder and gj exp = predicted g value by a model and
experimentally measured g value, respectively. Standard deviation

Table 1. Mathematical equations for kinetic models.

Models Mathematical expression

Parameters References

Pseudo-first order

Q= Q{1 — exp( — ket)}

Pseudo-second order _ Q.
©=n ksQet +1

Modified Ritchie second order 1
= 1-—
o=t ais)

Avrami fractional order

Q= Qe{1 — exp(—kayt)™}

Intraparticle diffusion

Q =kpaVt+ C

Q. and Q, = amounts (mg) of CV dye adsorbed by 1 g [7]
of CLs or CLB at time, t and equilibrium,

respectively; kr = pseudo-first order rate constant

(1/min).

ks = pseudo-second order rate constant (g§/mg min) [71

kmr = modified Ritchie second order rate constant [29]
(1/min); p = Ritchie's constant (this is related to

initial loading of the pollutant on adsorbent) (1/

min).

ka, = Avrami fractional order rate constant (1/min); [24]
nay = Avrami's fractional order (this is related to

mechanism of adsorption).

kipa = intraparticle diffusion rate constant (mg/g [1]
mino's); C = intraparticle diffusion constant (this is

related to the thickness of the boundary layer (mg/

8)
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Table 2. Mathematical equations for equilibrium models.

Models Mathematical Parameters References
expression
Freundlich l C, = equilibrium concentration of CV [71
Q = KFCgp (mg/L); Kr = Freundlich equilibrium
1
constant (mg /g)(mg/L) ™ ; np =
Freundlich's exponent
Langmuir Q - QunaxK1.Ce Qumax = maximum adsorption capacity [71
¢ T 1+KC. of the adsorbent (mg/g); K =
Langmuir equilibrium constant (L/mg)
Liu = K = Liu equilibrium constant (L/mg); [30]
Qumax(KgCe)™ n, = dimensionless Liu's exponent.

Table 3. Characteristics of CLs and CLB.

Properties Unit Magnitude

CLs CLB
Yield (Y) wt % - 41.17
Moisture content (MC) wt % 2.90 1.98
Bulk density (BD) g/mL 0.83 0.46
Ash content (AC) wt % 7.37 13.59
Carbon (C) wt % 42.59 57.83
Hydrogen (H) wt % 6.42 3.92
Nitrogen (N) wt % 1.69 0.58
Oxygen (O by difference) wt % 49.30 37.67
Total pore volume (cm®/g) cm®/g 0.49 1.35
Micropore volume (cm®/g) cm®/g 0.41 0.13
Mesopore volume (cm®/g) cm®/g 0.08 1.22
Mean pore diameter (nm) nm 1.87 7.21
Surface area (Sggr) m?/g 365.57 957.02

values determine the numerical difference between the values of g;modet
and gj exp. The smaller the value of SD, the smaller the difference between
Qimodel and gjexp, hence, the better the fit of the data to a fitting model
[31, 32]. In another dimension, the closer the value of Ridj to unity, the

better the fitness of the data to the model [33].
3. Results and discussion
3.1. Characterization of CLs and CLB

Table 3 shows physicochemical, textural properties and elemental
analysis of CLs and CLB. CLB has a relatively high yield when compared
with the ones reported by some researchers in the literature for biomass-
derived biochar through pyrolysis for wastewater treatment [34, 35].
This indicated the feasibility of scaling up the production of this adsor-
bent for industrial application in treatment of industrial effluents. Low
moisture content and bulk density displayed porous (hollow) structure of
CLB according to Jawad et al. [36]. The high ash content of CLB might be
resulted from absorption of part of the metallic zinc during chemical
activation of CLs.

The CLs and CLB elemental analysis was carried out using Perkin
Elmer CHN analyzer at 1800 °C and oxygen content was determined at
1400 °C under nitrogen environment [7]. The higher carbon, lower ni-
trogen, hydrogen and oxygen contents of CLB when compared with those
of CLs might be due to dehydration and carbonization of CLs during
ZnCly activation and pyrolysis process [5].
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N, sorption curves and pore size distributions of CLs and CLB at 77 K
are presented in Figure 1a and b respectively. The N3 sorption curve of
CLs showed type II sorption isotherm, while that of CLB displayed hys-
teresis loop that could be associated with type IV isotherm based on the
International Union of Pure and Applied Chemistry (IUPAC) classifica-
tion. CLB adsorption-desorption curves as Type IV isotherm are similar to
those of mesoprous activated biochars reported for treatment of waste-
water in the literature [7, 23]. The Type IV isotherm indicated multilayer
coverage at low pressure after monolayer formation [34]. The average
pore diameter of CLB >20 A confirmed that its structure to be more of
mesoporous than microporous. This CLB attribute was quite opposite for
CLs with pore diameter <20 A according to IUPAC definition (Table 3).
Transformation of CLs diameter from microporous to mesoporous
structure after its conversion to CLB could be traced to pyrolysis, chem-
ical activation and leaching-out of metallic zinc from the activated bio-
char [23]. The high BET surface area of CLB affirmed its acceptability as a
potential sustainable adsorbent for treatment of wastewater.

The thermal stability of CLs and CLB were assessed using a ther-
mogravimetric analyzer (Shimadzu TG 50, Japan) operated from 28 to
600 °C under nitrogen gas and 600-900 °C under oxygen gas at a heating
rate of 10 °C/min [5]. TGA thermograms for CLs and CLB show incipient
and other two degradation stages (Figure 1c). The incipient degradation
stage from 28 to 171.29 and 28-182.92 °C might be linked to evapora-
tion of moisture in CLs and CLB with weight loss of 2.90 and 1.98%
respectively [7]. The second weight loss (18.30%) between 171.29 and
388.20 °C for CLs might be due to the decomposition of pectin, hemi-
cellulose and part of cellulose. In CLB, the second weight loss (13.93%)
that occurred between 182.92 and 393.23 °C might be due to evapora-
tion of volatile organic compounds and decomposition of part of carbo-
naceous materials [5]. The final decomposition stage in CLs could be
associated with the degradation of lignin and the remaining part of cel-
lulose at temperature between 388.20 and 579.67 °C with weight loss of
53.47%. Equally, the final degradation stage that could be traced to the
decomposition of carbon skeleton in CLB occurred between 393.20 and
587.72 °C with 46.90% corresponding weight loss [5]. These observa-
tions showed that CLB is more thermally stable than CLs.

FTIR spectrophotometer (Perkin Elmer) operated at 4 cm ™" resolution
with 64 scans and wavenumber between 400 and 4000 cm ™! (Figure 1d)
was used for assessing functional groups present at the surfaces of CLs
and CLB. The broad spectral at 3352 and 3372 cm™! could be traced to
the presence of OH and/or N-H functional groups in CLs and CLB
respectively according to the previous study [6]. The peaks at 2976 and
2857 cm™! could be attributed to C-H asymmetric and symmetric
stretching vibration in CLs and CLB respectively [1]. The characteristic
peaks at 1743 and 1719 cm ™! could be assigned to C=0 in CLs and CLB
respectively [25], peak reduction noticed after pyrolysis (CLB) might be
due to evaporation of volatile matters. The characteristic bands at 1241
and 1252 cm™! affirmed the presence of C-O functional group of organic
moieties in CLs and CLB respectively. The vibration peaks at 1011 and
1001 cm ! confirmed the presence of ~OH functional group of moisture
in both CLs and CLB According to Jabar et al. [5].

SEM results of CLs and CLB are presented in Figure le and f. CLs have
irregular-shaped rough surface morphology with quite a lot of micro-
pores. These qualities established CLs as a potential adsorbent for the
removal of pollutants from wastewater according to [37]. CLB displayed
a well-developed high surface area with mesoporous structure domi-
nating microporous structure (Figure 1 d). These observations upheld our
findings in the Nj sorption analysis of CLs and CLB.

Fig. S2 displays XRD crystallographic diffraction patterns of CLs
and CLB. The XRD pattern of CLs demonstrates major broad shoulders at
26 = 28.9° and 53.8° that correspond to (102) and (105) respectively of
the lignocellulosic biomass’ amorphous nature according to standard
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Figure 1. BET surface area (a), mean pore diameter (b), thermogravimetric analysis (c), FTIR spectra (d), morphologic structures of CLs (e) and CLB (f).

diffraction reference pattern (PC PDF No: 898487). The evolved new
broad peaks at 26 = 23.1° (002) and 40.4° (101) besides the moderate
broad shoulder at 26 = 54.2° (105) by CLB affirmed conversion of CLs to
amorphous carbon after pyrolysis according to Jabar et al. [1].

3.2. Adsorption studies

3.2.1. Effect of pH

The adsorption process is strongly influenced by the pH of the solu-
tion, because it determines the affinity of aqueous dye solution for hy-
droxyl, carboxyl and amino functional groups on the adsorbent surface

[7]1. The mechanism of adsorption of CV dye onto CLs and CLB was
investigated by the varying pH of the dye solution from 1 — 11 at fixed
initial CV dye concentration (100 mg/L), adsorbent dose (0.4 mg/L),
contact time (160 min), temperature (300 K) and stirring speed 150 rpm.
CV dye molecules ionized in water to form cations that competed with
protons (H') of the aqueous solution at low pH value for available
anionic functional groups on CLs/CLB surface. As pH value increased
from 1 - 9, protonation of the aqueous solution relaxed and percentage
CV dye adsorbed increased (Figure 2a). Equally, CV dye-uptake increased
as the pH value of dye solution increased from 1 — 9 (Fig. S3a). The in-
crease in percentage CV dye adsorbed and CV dye-uptake as pH value



J.M. Jabar et al.

100
a
90
80+
70
g
<
60
B
B o)
g “
30+
207 ——as
104 —— B
0 T T T T T T
3 7 9 11
pH
1004 '
90
80
—_
S
<
& 71
60
504 —=—CLs
—— B
40 T T T T T T T
0 20 40 60 80 100 120 140 160
Co (mg/L)
1004 € o—
o 904
D)
=4
$0
—a—(CLs
—— B
298 a3 a8 33 318 33
Temperature (K)

Removal (%)

Heliyon 8 (2022) e10873

100
o0 b
80
70 4
60
50 -
40+
304
204 —= s
104 —o— B
0 T T T T T T T
(1] 4 8 12 16 20 24 28 32
Tine x 10 (min)
100
wl d
804
70
=2
404
304
204 ——Qs
10+ —— B
0 T T T T T T
000 001 002 003 004 005 006 007
Dose (g/100 mL)

Figure 2. The effect of (a) pH, (b) contact time, (c) initial CV dye concentration, (d) adsorbent dosage and (e) temperature on adsorption of CV dye from

aqueous solution.

increased from 1 — 9 might be associated with increase in electrostatic
attraction between cationic dye and anionic surface charged of CLs/CLB
adsorbent [38]. The maximum removal of CV dye and CV dye-uptake
showing 75.82% and 189.55 mg/g for CLs and 99.87% and 249.68
mg/g for CLB confirmed CLB as a better adsorbent for removal of CV dye
from aqueous solution. The insignificant difference in percentage CV dye
removed and CV dye-uptake from pH 9-11 suggested pH 9 as optimum
pH value for adsorption of CV dye from aqueous solution. This suggestion
is in line with findings made by [39] in adsorption of toxic crystal violet

dye from aqueous solution by using waste sugarcane leaf-based activated
carbon: isotherm, kinetic and thermodynamic study.

3.2.2. Effect of contact time

Contact time is part of important parameters for predicting the
economy of adsorption of CV dye onto CLs and CLB adsorbents. For this
reason, the effect of contact time was investigated using CLs and CLB as
adsorbents at pH 9, CV dye initial concentration of 100 mg L™}, adsor-
bent dose of 0.4 g/L, the temperature of 300 K, stirring speed of 150 rpm
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and varying the contact time between 20 and 300 min. It can be seen
from Figure 2b and Fig. S3b that the percentage CV dye adsorbed and CV
dye-uptake increased rapidly in the first 100 min, followed by a gradual
increase until 160 min of the adsorption process. The reason why the
adsorption efficiency increased rapidly at first, then gradually increase
and finally remains constant over time was due to the fact that the
available active sites on the adsorbent surface were filled with CV dye
molecules over time. This observation agreed with previous studies on
the adsorption of CV dye from aqueous solution [40, 41].

3.2.3. Effect of initial CV dye concentration

The initial concentration of the adsorbate is a significant parameter in
the adsorption process. To study the effect of the initial CV dye concen-
tration on the equilibrium dye-uptake and percentage dye removal, the
adsorbate concentration was varied from 10 — 150 mg/L at temperature
of 300 K, pH of 9, adsorbent dose of 0.4 g/L and the mixture was stirred
with the speed of 150 rpm for 160 min. A slight reduction in percentage
CV dye removed from aqueous solution was noticed from the initial dye
concentration of 30-100 and 50-100 mg/L in CLs and CLB respectively
(Figure 2¢). This might be as a result of reduction in available vacant sites
for CV dye adsorption from initial CV dye concentration beyond 20 and
40 mg/L on CLs and CLB respectively. This observation predicted the
existence of more available vacant sites for adsorption on CLB than CLs.
The slight reduction in percentage CV dye removed from aqueous solu-
tion was followed by a noticeable decrease in percentage CV dye removal
up to the initial CV dye concentration of 150 mg/L. This affirmed 100
mg/L initial dye concentration as optimum concentration for removal of
CV dye from aqueous solution. Rani et al. [42] observed a similar trend in
their study on the adsorption of CV dye from aqueous solution.
Contrarily, CV dye-uptake increased as initial CV dye concentration
increased from 10 — 150 mg/L in CLs and CLB (Fig. S3c). This might be a
result of the ability of CV dye molecules to diffuse onto the surface of the
adsorbent faster as initial CV dye concentration increased. A similar
observation was made by [37] in the adsorption of toxic CV dye from
aqueous solution.

3.2.4. Effect of adsorbent dose on CV dye adsorption

Experimental conditions to study the effect of adsorbent dose on CV
dye removal are the variation of CLs and CLB dose from 0.02 - 0.60 g/L at
a fixed initial CV dye concentration of 100 mg/L, contact time of 160
min, adsorption temperature of 300 K, stirring speed of 150 rpm and
solution pH of 9. Experimental results show that as the dosage of CLs and
CLB adsorbents increased from 0.02 - 0.40 g/L, the CV dye-uptake
increased (Fig. S3d) and percentage CV dye removed from aqueous so-
lution gradually increased from 3.52 — 75.67% and 4.36-99.87% in CLs
and CLB respectively (Figure 2d). The optimal adsorbent dose for
removal of CV dye was 0.40 g L ! as the CV dye-uptake and percentage
CV dye removed decreased as adsorbent dose increased beyond 0.4 g L™
The increase in CV dye-uptake and percentage CV dye removal could be
linked to a continuous increase in the number of available active sites
required for CV dye adsorption onto CLs and CLB as adsorption dose
increased from 0.02 — 0.4 g/L. Beyond the adsorbent dose of 0.40 g/L,
decrease in the CV dye-uptake and percentage removal observed might
be due to reduction in the diffusion rate of CV dye molecules as a result of
the agglomeration of adsorbent matrices as the dose increased from 0.4 —
0.6 g/L according to a previous study [5].

3.2.5. Effect of temperature

The effect of heat on the adsorption efficiency of the CLs and CLB was
investigated by varying adsorption temperature between 300 and 323 K
at 5 K intervals, while keeping other adsorption parameters constant. The
results showed the increase in percentage CV dye adsorbed onto the CLs
from 75.67% to 84.38%, while it reduced slightly from 99.87% to
98.77% for CLB as the adsorption temperature increased from 300 — 323
K (Figure 2e). A similar observation was made for CV dye-uptake using
CLs and CLB as adsorbents (Fig. S3e). The increase in adsorption
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efficiency of CLs as temperature increased attested to the endothermic
nature of the adsorption process. It equally predicted an increase in ki-
netic energy and rate of collision of CV dye molecule toward CLs surface
as temperature increased. On the contrary, a slight decrease in adsorption
efficiency of CLB as temperature increased indicated the exothermic
nature of the adsorption process, breaking of mechanical adhesion and
binding forces between adsorbed CV dye molecules and CLB. These ob-
servations agreed with Khan et al. [8] in adsorption of crystal violet dye
using Platanus orientalis (Chinar tree) leaf powder and its biochar: equi-
librium, kinetics and thermodynamics study.

3.3. Adsorption modeling

3.3.1. Kinetic modeling

Figure 3a and b present the kinetic curves of the CV dye adsorption
onto CLs and CLB respectively, while the kinetic parameters are sum-
marized in Table 4. Going by data in the table, the modified Ritchie

second order model was the best fit of the kinetic data because this model

2
adj

earlier, the closeness of experimental q (Qecexpr) and calculated/theo-
retical q (Qe(calc)) Values may not be sufficient for judging the fitness of
the experimental data to kinetic models [43]. Although, the values of the
Qeexpp and Qe(cqic) of the pseudo-first order model are closer, compared

to other models, however, the model presented R%; and SD values that

gave the highest R2, values (unity) and lowest SD values. As stated

are unfavorable. It was observed that the fitting lines of modified Ritchie
second order and pseudo-second order models overlap and the two
models also presented the same Qe(calc), but the value of pseudo-second
order rate constant is zero for CLs and that the values of RZ; and SD of

modified Ritchie second order model are more favorable than those of
pseudo-second order model. It is therefore pertinent to discuss the
modified Richie model and its parameters shown in Table 4.

A model for kinetic adsorption of gases onto porous solids was
developed by Ritchie [29] and the model was modified by Cheung and
co-authors [44]. Modified Ritchie kinetic equation reverts to Ritchie ki-
netic equation when the value of §§ (Ritchie's constant) is unity, which is
the scenario experienced in this study. It means that there was no
pre-adsorbed stage (initial loading) of CV dye onto CLs and CLB [44]. Itis
noted that second order rate constants for adsorption of CV dye onto CLs
(0.31 minfl) is lower than that of CLB (0.19 min’l), that was the reason
why the adsorption by CLB reached equilibrium earlier than the CLs. The
higher the value of the rate constant, the faster the adsorption process.
Moreover, CLB adsorbed CV dye better than CLs with adsorption ca-
pacities of 217.9 and 305.8 mg/g for CLs and CLB, respectively at the
equilibrium.

The mechanism of adsorption of CV dye onto CLs and CLB was probed
further by subjecting the kinetic data to the intraparticle diffusion model.
The respective intraparticle curves for CLs and CLB are represented in
Figure 3c and d respectively. As shown in the figures, there was 2-step
mechanism for the uptake of CV dye by the two adsorbents because
the intraparticle plots exhibited two linear sections [6, 45]. The first
linear part was a fast adsorption process in which CV dye molecules
migrated to the surface of CLs and CLB while the second linear part,
which was attained after equilibrium, represented diffusion of CV dye
molecules through tiny pores of CLs and CLB [32, 46].

3.3.2. Equilibrium modeling

A good choice of appropriate equilibrium model will generate equi-
librium parameters that are needed for understanding adsorption
mechanisms, the affinities of the adsorbents for the adsorbates as well as
the surface properties. The equilibrium curves of the removal of CV dye
by CLs and CLB are presented in Figure 3d and e, while the equilibrium
parameters are presented in Table 5. Perusing through the table, it is
evident that the best equilibrium model that describes CV dye removal is
Liu. Liu model gave the lowest SD values and highest values (unity) Rgdj.

Liu model combines some of the features of Freundlich and Langmuir
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Figure 3. Kinetic modeling of CLs (a), CLB (b), intraparticle diffusion plots (c), equilibrium modeling of CLs (d), CLB (e) and van't Hoff plot (f) of adsorption of CV dye

onto CLs and CLB.

models. This model predicts that the active sites on the surface of the
adsorbent will not possess equivalent energy, hence, adsorbate molecules
will take preferred active sites on the surface of the adsorbent [47]. The
Qmax values obtained for CLs and CLB for CV dye, as predicted by Liu
model, are 190.7 and 253.3 mg/g, respectively. These values signified
CLs and CLB as promising adsorbent materials for the removal of CV dye
from aqueous solutions. CLB performed better than CLs in the removal of

CV dye molecules from solution, and this observation could be linked to
the high surface area mesoporous structural nature of CLB (Table 3).
Table 6 presents the adsorption capacity (Qmax) values of some studies
on the removal of CV dye from aqueous solutions using different bio-
sorbents and biochars. Although the experiments were conducted at
varying conditions, however, these data are still useful for comparison
purposes. Among eight other adsorbents listed in Table 6, CLs and CLB
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Table 4. Kinetic parameters of adsorption of CV dye onto CLs and CLB.

Table 6. Adsorption capacities of different adsorbents for CV dye.

Models Parameters CLs CLB
Qetexpyy (Mg/3) 187.9 248.7
Pseudo-first order Qe(calc) (Mg/8) 188.8 253.8
ks (1/min) 0.2400 0.1600
Rgdj 0.9981 0.9830
SD (mg/g) 2.309 9.447
Pseudo-second order Qe(calc) (Mg/8) 217.9 305.8
k (g/mg min) 0.0000 6.060 x 10
Rﬁdj 0.9795 0.9848
SD (mg/g) 5.603 8.923
Modified Ritchie second Qe(cale) (Mg/g) 217.9 305.8
order
kg (1/min) 0.0310 0.0190
B 1.000 1.000
Rﬁdj 1.000 1.000
SD (mg/g) 2.007 x 107'*  2.386 x 1014
Avrami fractional order Qe(cale) (Mg/g) 198.0 268.1
kay (1/min) 0.0220 0.0150
Nay 0.7400 0.7900
Rgdj 0.9987 0.9993
SD (mg/g) 1.423 1.552
Intraparticle diffusion kipa,1 (mg/g 49.53 58.69
min®®);
C (mg/g) 13.72 9.029
Rfldj 0.9697 0.9951

Table 5. Equilibrium parameters for adsorption of CV dye onto CLs and CLB.

Models Parameters CLs CLB
Freundlich Kp (L/mg) 102.34 208.4
1 6.840 15.44
ny (mg /g)(mg/L) "F
R%; 0.8593 0.7506
SD (mg/g) 20.41 40.50
Langmuir K, 0.4000 4.820
Qmax (ng/8) 190.7 253.3
R2, 0.8010 0.5004
SD (mg/g) 9.867 11.69
Liu K, (L/mg) 0.4000 4.820
Qrax (ng/8) 190.7 253.3
ng 1.000 1.000
R%; 1.000 1.000
SD (mg/g) 1.562 x 1071 2391 x 10714

exhibited higher Qmqy values than six of the adsorbents, which means
that CLs and CLB can favorably compete with other adsorbents for
removal of CV dye from aqueous solution.

3.4. Thermodynamic study

Thermodynamic expression (Eq. 9) was used for evaluating data ob-
tained from the effect of temperature on the adsorption of CV dye onto
CLs and CLB.

AG° =RTInK, = AH’ — TAS’ 9

Where K, is equilibrium constant, AG° is Gibbs' free energy (J/mol), AH°
is enthalpy (J/mol), A S° is entropy (J/mol K), Q, is CV dye-uptake, C, is
CV dye concentration after the adsorption process, T and R are the

Adsorbent Qmax Qmax predicting References
(mg/g) model
Alg/Pec nanocomposite 619.22 Langmuir [48]
Avocado seed powder 95.93 Liu [49]
Gliricidia sepium biochar (GBC700) 125.5 Hill [50]
Zeolite- montmorillonite 150.52 Freundlich [51]
Almond shell 12.20 Langmuir [52]
Rosewater extract 168.61 Freundlich [53]
Eucalyptus camdulensis Biochar 54.70 Langmuir [54]
Polyacrylamide-grafted Actinidia 75.19 Langmuir [55]
deliciosa peels powder (PGADP)
CLs 190.7 Liu This Study
CLB 2L Liu This study

absolute temperature (K) and the universal gas constant (R = 8.314 J/
mol K) respectively.

The values of ASo and AHo were derived from van't Hoff plot of InK,
Vs % (Figure 3f) using Eq. (10) and tabulated in Table 7.

_AS® AR
" R RT

InK, 10$)

The basic criterion of spontaneity is based on magnitude of the
Gibbs free energy (AG° kJ mol™!) of the adsorption process. When the
values in Table 7 were examined, it was seen that CLs and CLB adsor-
bents exhibited opposite thermodynamic behavior. Although, the
negative values of Gibbs’ free energy decoded the spontaneity of
adsorption of CV dye onto both CLs and CLB. Proportional decrease in
AG° with the continuous increase in temperature indicated the
requirement of low internal energy by CV dye to be adsorbed onto CLs
as temperature increased. The situation was the opposite for the CLB
adsorbent (Table 7). The negative enthalpy value signified that the
adsorption process was exothermic as seen in CLB, whereas the positive
value of the enthalpy signified that the adsorption process was endo-
thermic in the adsorption of CV dye onto CLs as stated earlier. The
positive value of entropy illustrated growth in randomness at CV-CLs
surface boundaries as temperature increased. Whereas, a negative value
of entropy displayed decrease in randomness at the CV-CLB interface as
temperature increased. The results revealed that increase in tempera-
ture enhanced adsorption of CV dye onto the CLs. But for CLB, the
situation is just the opposite. This observations is similar to the one
made by Khan et al. [8].

3.5. Mechanism of adsorption of CV dye onto CLs/CLB

It has been stated earlier that CV dye ionized in water to form CV*
and CI” (Fig. S1). The mechanism of CV dye adsorption onto the adsor-
bent is a 3-steps process viz. film, pore and intraparticle diffusion.

The film diffusion involves migration of the CV dye molecules from
aqueous solution onto the surface of the adsorbent. Unlike continuous
adsorption process, film diffusion was not the rate determining step for
this study (batch adsorption) according to Loulidi et al. [52]. Either pore
or intraparticle diffusion or combination of the two is usually rate
limiting step(s) in a typical batch adsorption system like the investigated
in this study.

The pore diffusion step involves adsorption of the dye molecules onto
the hollow cavities or active pore sites of the adsorbent. This adsorption
process proceeds majorly via mechanical adhesion and/or other physical
means of removing dye molecules from aqueous solution.

Intraparticle diffusion is the adsorption of the dye molecule onto the
adsorbent surface through chemical or/and electrostatic attraction
mechanism. Chemical mechanism involves adsorption through forma-
tion of covalent bond, van der Waals force, ionic or H-bond between N
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Table 7. Thermodynamic parameters for the adsorption of CV dye on CLs and
CLB.

T CLs CLB

® AG® (kJ/ AHC (kJ/ AS° (kJ/ AG® (kJ/ AH® (kJ/ AS° (kJ/
mol) mol) mol K) mol) mol) mol K)

300 -5.46 18.54 0.08 -16.79 -73.79 -0.19

303 -5.70 -16.22

308 -6.10 -15.27

313 -6.50 -14.32

318 -6.90 -13.77

323 -7.30 -12.42

atom of CV dye molecules and —OH functional group on the surface of the
adsorbent as shown in proposed reaction mechanism (Figure 4a). The
electrostatic attraction mechanism depends largely on pH of the dye
medium. The reason why maximum adsorptions of CV dye molecules
from aqueous solution onto CLs and CLB occurred at alkaline pH 9 has
been thoroughly explained in sub-section 3.2.1. At that pH of 9, anioni-
cally surface charged CLs and CLB acquired the strongest electrostatic
attraction towards positively charged CV dye (Figure 4b).

Figure 3a and b show two separate regions. The first linear region was
a fast adsorption process associated with pore diffusion mechanism while
the second linear region, which deviated from the origin was attributed
to intraparticle diffusion. The deviation of the second region from the
origin indicated that rate of mass transfer of CV dye molecules onto the
surface of the adsorbents is much delayed. This might be the reason why
optimum removal of CV dye from aqueous solution occurred at long
contact time of 160 min. Therefore, intraparticle diffusion is the sole rate
controlling step in the adsorption of CV dye molecules onto CLs and CLB
according to Ahmed [40].

N
NN
: ) ) N N .
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3.6. Regeneration of CLs and CLB

Ten cycles of sorption studies were carried out to investigate reus-
ability/regeneration of CLs and CLB as adsorbents for adsorption of CV
dye from aqueous solution using NaOH (0.1 M) as eluting solvent. Sus-
tainability of the prepared adsorbents was ascertained up to the fifth
adsorption-desorption process due to removal of >70% and >50% of CV
dye from aqueous solution by CLB and CLs respectively. Beyond fifth
sorption process, regeneration of the adsorbents declined as < 10% of the
CV dye was removed from aqueous solution by the adsorbents at the
tenth regeneration cycle (Figure 5). The inability of the prepared

100 E23cLB
CLs

&)_

-
14

40

Z)_
0 ’I T L 1 L T

1. 2 3 4
Cycle

Figure 5. Regeneration of CLs and CLB as adsorbents for CV dye removal.
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Figure 4. Proposed (a) H-bonds and (b) electrostatic attraction between CV dye and CLB/CLs.
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adsorbents to remain potent beyond fifth reusability test indicated that
other factors apart from electrostatic attraction were responsible for
adhesion of CV dye onto CLs and CLB. Therefore, the use of only NaOH
(0.1 M) as eluting solvent for regenerating the used adsorbents might not
be sufficient to ascertain complete sustainability of the prepared
adsorbents.

4. Conclusions

CLB was successfully synthesized from CLs through ZnCl, activation
and pyrolysis. The presence of anionic ~-OH, -NH and -C=0 as functional
groups on the surface of CLs and CLB account for their ability to chem-
ically remove cationic CV dye from aqueous solution. The high meso-
porous morphological structure of CLB accounted for better mechanical
removal of CV dye from aqueous solution. Removal of greater than 75
and 99% CV dye molecules from aqueous solution within 160 min pre-
sented CLs and CLB respectively as potential eco-friendly and sustainable
adsorbents for removal of heavy metals and large molecular weight
organic compounds from aqueous solution. The adsorption process most
fitted with modified Ritchie second order kinetic and Liu isotherm
model. The removal of CV dye from aqueous solution was spontaneous
with CLs showing adsorption to proceed towards endothermic process,
while it proceeded towards the exothermic process in CLB.
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