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The adsorption characteristics of basic dyes (crystal violet, CV), (methylene blue,
MB) and (malachite green, MG) using Theobroma cacao (Cocoa pod powder), an
alternative adsorbent were evaluated. Batch experiments were carried out by
varying parameters such as pH, adsorbent dosage, contact time, initial dye
concentration and temperature. The optimal conditions for the adsorption of CV,
MB and MG on Cocoa pod powder, CCP were found have contact time (180 min),
pH (4,8 and steady 6-10), temperature (333K) for an initial dye concentration of
60ppm using adsorbent dosage of 0.2g respectively. The adsorption capacity of CV,
MB and MG dyes decreased with increasing CPP dosage, while there were increase
with contact time and initial dye concentration. Eleven Isotherm parameters were
tested with experimental data showed that CV, MB and MG dyes best fitted for
Dubnin — Radushkevich, Langmuir and Freundlich isotherms. Adsorption Kinetic
were modelled with Pseudo first-order, Pseudo second-order, Weber- Morris Intra-
Particle diffusion, Boyd, Elovich, and Bangham. The data fitted well with Pseudo
second order kinetic model compared to other kinetic models with correlation
coefficient of 0.9933, 0.9981 and 0.9953 for CV, MB and MG dyes respectively.
Thermodynamic parameter such as AG, AS° and AH®° were calculated using van’t
hoff’s and Arrhenius equations. The adsorption of CV, MB and MG increased with
decreasing temperature as the process were exothermic, spontaneous and
favourable in nature. Finally, the process parameter of each adsorption system is
useful for developing environmental management and modelling matrices to
understand best suitable system.
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1. Introduction

In recent times, there is increasing awareness of water
pollution from a range of pollutants, which have
prompted concerted efforts towards abatement [1, 2].
Water pollution are caused by accumulation of
biological, physical and chemical substances in certain
concentration either by natural or synthetic source [2].
Different industrial sectors such as textile [3], paints [4],
paper and pulp [5]. Pharmaceutical [6], food [7],
distilleries [8], plastics [7], tannery and leather [3],
cosmetics [9] and photographic and printing [7] use wide
range of coloured dyes to manufacture products [10, 11],
thus releasing massive amount of effluents that affects the
natural aesthetics of the environment, difficult to treat and
are non-biodegradable [12, 13]. Dyes effluents in small
guantities can colour large water bodies, reduce sunlight

penetration and photosynthesis, toxic to aquatic flora and
faunas [14]. Furthermore, as these process continues,
humans are entangled in the cycle by different range of
exposures (ingestion, inhalation and dermal contact) that
pose great risk from cancer-causing agents and death over
a long period [15]. So therefore, there is a need to treat
these effluents to mitigate the eventual impact to the
environment as various physiochemical methodologies
has been postulated to mitigate and reduce pollution
impact such as ion-exchange, membrane separation,
microbe, chemical and electrochemical oxidation, which
are not economically feasible and inefficient on large
scale industries [16]. The development of finding locally
available, low cost, renewable, and easy to use materials
has been proposed by numerous researchers as highly
efficient and selective is adsorption [17-20]. Adsorption
is the most versatile and widely used procedure using
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adsorbent material such as alumina, silica, metal
hydroxides, and activated carbon etc. has being used but
are very costly on industrial scale which further lead to
the incorporation of available agricultural waste produces
which are left to rot from farming activities. Previous
research has used agricultural wastes such as rice husk
[21], coconut shells [22], saw dust [23], dead biomass
[24, 25], timber waste [26] Cocoa shell [27], waste
newspaper [28], rubber seed [29], groundnut shell [30]
for the removal of coloured dye materials which were
efficient after utilization.

Theobroma Cacao (cocoa) is an evergreen tree which
is native to west Africa countries such as Nigeria, Benin,
Ghana, Cote d’Ivoire etc. and other locations in Southern
America that produces cocoa seeds collected from the
pods are used for production of cocoa butter, chocolate,
cosmetic and pharmaceutical products [31, 32]. These
pods are readily available after the seeds has been used,
later disposed into the environment as waste and left to
rot, which aids this present research work on the
utilization for batch adsorption studies for the removal of

crystal violet, methylene blue and malachite green dyes
respectively.

2. Materials and Methods

2.1 Preparation of Adsorbent

Theobroma Cacao (Cocoa Pod Powder, CPP) were
collected from Nkwerre Local Government Area in Imo
State, Nigeria. The cocoa pod were chop into small
pieces, washed extensively in running water to remove
dirt and particles. Thereafter sundried, ground, sieved
using mesh size of 300um and stored in an airtight
container.

2.2 Preparation of Adsorbate

Crystal Violet (CV), Methylene Blue (MB) and
Malachite Green (MG) are basic cationic dyes with
physiochemical properties presented in Table 1. The
respective dye solutions were prepared by dissolving
1.00g of the dye in 1L (1000ml) of distilled water. All
working solution were prepared from the stock solution
by further dilution.

Table 1: Physiochemical property of dyes

Property Crystal Violet

Methylene Blue

Malachite Green

Ca2sH30N3Cl

cr | |
/*N\ N\
‘ x ‘

Chemical formula

Chemical Structure

/N'\
Molecular Weight 407.99 g/mol.
A - max 590nm
Melting Point 194°C
Colour Index 42555
CAS Number 548-62-9

C16H1sCINsS

Ca23H2sNCl

C|‘®‘ ‘
ASYSh
N

319.90 g/mol. 364.91 g/mol.
668nm 617nm.
110°C 160°C

52015 42000
61-73-4 569-64-2

2.3 Adsorption Studies

Experiments conducted were done using a conical
flasks attached to a water bath shaker at 250 RPM running
at different time intervals at room temperature (30°C)
except temperature-based experiment. The concentration
of dye ions before and after adsorption were determined
using ultra-violet visible spectrophotometer by
monitoring the absorbance at wavelength of maximum
absorption for CV, MB and MG dyes.

Batch adsorption experiments were carried out by
batch adsorption technigques at room temperature (30°C)
with fixed adsorbent (CPP) dose of 200mg into different
250 ml conical flasks containing 30 ml of different initial
concentrations (20ppm, 40ppm, 60ppm, 80ppm, 100ppm
and 120ppm) of respective dye solution. The effect of
adsorbent dosage were studied (20mg, 40mg, 60mg,

10

80mg, 100mg, 120mg, 140mg, 160mg, 180mg and
200mg) at room temperature (30°C). The effect of pH on
dye removal were studied by shaking 30 ml of 60 ppm of
respective dye solution concentration with 200mg
adsorbent dose in conical flasks, adjusted by adding a few
drops of diluted 0.1M NaOH or 0.1M HCI and measured
by using a pH meter at pH of (2, 4, 6, 8, and 10). The
effect of contact time and temperature were studied by
shaking 30 ml of 60-ppm dye solutions concentration

with 200mg. adsorbent in a 250 ml conical flask. After
definite time intervals (30 min, 60min, 90min, 120min,
150min and 180 minutes) with temperature (30, 45, 60,
75°C) on a shaker of 250 revolution per minutes
(R.P.M.). After 3 hours optimum time for respective dye,
samples were decanted and the filtrate were then
analyzed using the ultra-violet visible spectrophotometer.
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The amount of dye adsorbed onto unit weight of
adsorbent, ge (mg/g) and percentage dye removal using
the equations in Table 2.

Table 2: Adsorption Studies

Adsorption
Calculation model

Dye Uptake

Equation

V
qe = (Co - e)a

Percentage Dye G, Co
Removal % removal = C

Where C, and Ce are the initial and equilibrium adsorbate
concentrations (mg/L), V is the volume of solution
(L), m is the mass of the adsorbent (g).

3. Results and Discussion

After investigating the adsorption of CV, MB,
and MG dyes onto CPP, the following results were
attained and presented accordingly.

3.1 Effect of pH
The effect of pH on the adsorption capacity and
percentage removal of CV, MB and MG dyes onto CPP

9.1
9
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were investigated at pH range of 2 to 12 as shown in
Figure 1. It shows that pH steady increase in amount of
dye being adsorbed with optimum adsorption obtained at
pH: 4 and 8 for CV and MB except for MG, which show
steady pH from 6 — 10. This increase can be attributed to
increasing concentration of hydrogen and hydronium
ions across binding site and net negative charge of
adsorbent, which leads to electrostatic resistance between
positive charged dyes and surface area of adsorbent is
lowered resulting in an increased adsorption capacity.
[27, 33].

3.2 Effect of adsorbent dosage

The adsorption capacity and percentage removal of
CV, MB, MG dyes onto CPP adsorbent as presented in
Figure 2 shows a decrease from 139.6875 mg/g to
16.0405 mg/g, 113.5345mg/g to 14.4737 mg/g and
136.5517 mg/g to 16.4138 mg/g respectively with
increase in adsorbent dosage from 20mg to 200mg. The
optimum  percentage removal were 98.8525%,
96.4919%, and 96.769%, we observed that as adsorbent
dosage increased, the amount of dye adsorbed decreased
due to increase in vacant adsorbent site and electrostatic
interactions thus favouring adsorption. [34, 35].
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Figure 1: Effect of pH on adsorption capacity and percentage removal of CV, MB, MG dyes onto CPP
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Figure 2: Effect of adsorbent dosage on adsorption capacity and percentage removal of CV, MB, MG
dyes onto CPP
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3.3 Effect of contact time

The effect of contact time on adsorption capacity and
percentage removal of CV, MB and MG dyes using CPP
presented in Figure 3. The results shows that dye uptake
e, increased from 19.9297 mg/g to 24.9852 mg/g, 8.3956
mg/g to 19.7793 mg/g, and 6.3281 mg/g to 26.3843 mg/g
respectively as time increased from 30 min to 120 min at
initial stage, later on attained equilibrium at 180 min. The
optimum percentage removal were 98.2163%, 97.5478%
and 99.0863% respectively, which is due to rapid
sorption at initial stage by abundance of active site on
adsorbent surface and later on attained equilibrium from
repulsion between adsorbate and bulk adsorbent
saturation [36 — 38].

3.4 Effect of initial dye concentration

The impact of initial dye concentration on adsorption
of CV, MB and MG dyes with CPP adsorbent are
presented in Figure 4. As seen, the adsorption capacity
increased steadily with initial dye concentrations at

4.1592 mg/g to 18.1367 mg/g, 2.7960 mg/g to 17.3777
mg/g and 7.0104 mg/g to 17.4688 mg/g respectively as
dye concentration increased from 20 mg/l to 80mg/l
equilibrium level for CV and MG dyes while MB attained
equilibrium at 100mg/l. The percentage removal
98.7315%, 98.4667% and 96.5427%, which connote to
the fact that the barrier to mass transfer of dye with
adsorbent surface is overcome due to an increased driving
force of concentration gradient with increasing initial dye
concentration [33, 39, 40].

3.5 Effect of temperature

The effect of temperature on adsorption capacity and
percentage removal of CV, MB and MG dyes using CPP
as adsorbent presented in Figure 5. There were increase
in adsorption capacity across dyes as temperature
increased from 30°C to 75°C due to high mobility of ions
of dyes, producing a swelling effect within the internal
structure of the adsorbent [41-43].
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Figure 3: Effect of contact time on adsorption capacity and percentage removal of CV, MB, MG dyes
onto CPP
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Figure 4: Effect of initial dye concentration on adsorption capacity and percentage removal of CV,
MB, MG dyes onto CPP
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Figure 5: Effect of Temperature on adsorption capacity and percentage removal of CV, MB, MG
dyes onto CPP

3.6 Adsorption Isotherm Modelling

Adsorption Isotherm describe the amount of adsorbate
on the adsorbent as a function of its pressure (i.e. gas) or
concentration (i.e. liquid) at constant adsorbent, pH,
temperature and time. Adsorption isotherm models are
mathematical tools to find most appropriate correlation
for equilibrium, used to optimize adsorption experiment
as used by previous studies [27, 33, 37, 39, 43 — 46].

Several Isotherm models were assessed to check
which fit with respective dyes. Langmuir isotherm
valuates the monolayer coverage and constant binding
energy between surface and adsorbate on homogeneous
surface [47, 48]. Freundlich isotherm estimates
multilayer adsorption with active sites interaction on
heterogeneous surfaces [49-51]. Temkin isotherm
evaluates adsorbate/ adsorbent interaction on adsorption
process. [52-54]. Dubnin- Radushkevich isotherm
assesses both homogeneous and heterogeneous surfaces

with interaction of Gaussian energy distribution that is
temperature dependent [55, 56]. Halsey isotherm
measure the multilayer adsorption at relatively large
distance from surface [57, 58]. Harkin-Jura isotherm
estimates the multilayer adsorption on adsorbent having
heterogeneous surfaces [59]. Jovanovic isotherm is based
on assumptions from Langmuir isotherm via mechanical
contacts between adsorbent and adsorbate [60, 61].
Elovich isotherm measures the multilayer adsorption
from kinetics of chemisorption of liquid onto solids [62-
64]. Redlich-Peterson isotherm combines both Langmuir
and Freundlich isotherms which mechanism is from a
multilayer adsorption surfaces. [65-67]. Sips isotherm
quantify the combination of Langmuir and Freundlich
isotherms, which is used on heterogeneous surfaces [68-
70]. Jossens isotherm evaluates the energy distribution of
adsorbent and adsorbate interactions at heterogeneous
surface [71]. The isotherm equations and its derivatives
discussed are presented in Table 3.

Table 3: Adsorption isotherm models and its derivatives

Isotherm Model Equation Linear form Plot
Langmuir 1 Ce 1 Ce Ce sc
] Qe = w de dmKL  dm Je ¢
Langmuir 2 1+ KLCe 1r_ 11 1 1 vs 1
_ 9de KLclm Ce dm e Ce
Freundlich e = KF Cel/n logqe = ]ogKF + 1/1'1 logce logqe VS IOgCe
Temki = RT RT
emkin de Bln(KE%e), Qe = (F) InKrp + (F) InC, ge VvsInCq
where, § = ?
Dubnin- de = qmexp(—Kpg €2) Inq. = Inqy — Kpg €2 Ing, vs &2
Radushkevich here.£ = RTI (1 4 1) E
where, e = n — =
Ce A/ ZKDR
1 1 1
Halsey qe = exp(KyCo) /nu Inq, = (_) InKy — (_) InC, Ing, vsInC,
Ny Ny
Harkin-Jura 1 B /1 1 B /1 1
LB (Y eec _=_(—)1c — vslogC
0.2 A+<A> 0gCe 0.2 A+ A ogCe eZVs ogCe
Jovanovic de = qmexp(K;Ce) Inge =Inqy — K;Ce Inq, vsIn Cq
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Elovich e _ _ 9 Qe _ _ Ye de
In (Ce) In(Keqm) 0 In (Ce> = In(Kgqm) - In (Ce) VS (e
Redlich-Peterson AC, Ce Ce
= — In (—) = BInC, — In(A) In (—) vsInC
de = T7BCP qe PInC de ¢
where, A/B = Kp
i Bs K 1
Sips — KsCe BsInCe =1n (—S> + Inag InC, vsin (—)
e P de de
sbe
q C C
Jossens Ce = He exp(Fq.") In (q—e> = —In(H) + (Fq.») In (q—e) VS Qe
e e

Where ge = amount of adsorbate adsorbed at equilibrium (mg/g), Ce = equilibrium concentration of adsorbate (mg/l),
gm = maximum adsorption capacity. , K.= Langmuir constant related to the affinity of the binding sites and
energy of adsorption (L/mg), Kr = Freundlich isotherm, which is adsorption capacity (L/mg), 1/n = is
adsorption capacity, Kr = Temkin constant (L/g), B = constant related to heat of adsorption, b = Temkin
isotherm constant related to heat of adsorption (J/mol), R = universal gas constant (8.314J/mol./K). T =
Temperature at 303K, Kpr = Dubnin — Radushkevich constant due to free energy of adsorption (mol?/J?), =
Polanyi potential (J/mol.), which is related to the equilibrium constant (C¢), E = free energy of adsorption
(J/mol.), Ky and ny are Halsey isotherm constant, B and A are Harkin — Jura isotherm constant, K; = Jovanovic
constant, Ke = Elovich constant. A, B, B = are Redlich — Peterson constant, Ks and as = Sips isotherm constant
(L/g), Bs is Sips isotherm model constant, H, P and F = are Jossens isotherm constant.

Table 4 and Figures 6-8 shows the isotherm models
assessed conducted on CV, MB and MG dyes onto CPP
adsorbent its applicability in environmental assessment
and modelling studies. In decreasing order for CV dye,
the correlation coefficient were Dubnin-Radushkevich >
Temkin > Langmuir 2 > Freundlich > Halsey > Sips >
Langmuir 1 > Elovich > Jovanovic > Redlich-Peterson >
Harkin-Jura > Jossen. For MB dye, Langmuir 2>
Jovanovic > Elovich > Jossen > Freundlich > Halsey >
Sips > Dubnin-Radushkevich > Harkin-Jura > Langmuir
1 > Temkin > Redlich-Peterson. For MG dye, Freundlich
> Halsey > Sips > Temkin > Jovanovic > Dubnin-
Radushkevich > Langmuir2 > Elovich > Harkin-Jura >
Redlich-Peterson > Langmuir-1 > Jossen. As shown in
the table, Freundlich, Halsey and Sips isotherms were
predominant in that they had similar coefficient of
correlation (R?) and plot equation for all dyes, thus affirm
any of them can be utilized concurrently.

0.75
=
> 0.5
s
30.25
0
0 1 2 3 4 )
Ce (mg/L) (a)
cv MB MG
Linear (CV) Linear (MB) Linear (MG)

We can therefore state that crystal violet dye (CV)
were best fitted at Dubnin-Radushkevich and least fitted
with Jossens. Maximum adsorption at equilibrium, gm
were achieved at 19.32 mg/g compared to Langmuir-2
with gm at 54.95 mg/g; which shows that the process can
go through physiosorption than chemisorption process
due to the Energy value of each dye 1.58KJ/mol,
0.71KJ/mol and 1.12KJ/mol  respectively [72].
Methylene blue dye (MB) were fitted to Langmuir 2
isotherm due to homogenous dispersal and formation of
monolayer coverage between energetic sites on adsorbent
surface [73]. Malachite green dye (MG) were best fitted
to Freundlich isotherm indicating the CPP adsorbent

surfaces were heterogeneous and went through
chemisorption [74].
0.5
0.4
Er 0.3
0.2
0.1
0
0 0.5 1 15 2
1/Ce
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isotherm; (d): Dubnin-Radushkevich isotherm.

Table 4: Isotherm parameters for adsorption of CV, MB and MG dyes onto CPP

Isotherm Isotherm Crystal Violet Methylene Blue Malachite Green
Model Parameter (CV) (MB) (MG)
Langmuir (1), gm (Mg/Q) 29.7619 12.8535 45.4545
L1 Kc (L/mg) 0.3948 0.1352 0.1584

R? 0.8309 0.8665 0.6144

Equation y=0.0336x+0.0851  y=-0.0778x+0.5755 y=0.022x+0.1389
Langmuir (I1), | gm (Mg/g) 54.9450 12.6422 43.1034
L2 Kv (L/mg) 0.1624 0.1367 0.1707

R? 0.8770 0.9858 0.8922

Equation y=0.1121x+0.0182 y=0.5787x-0.0791  y=0.1359x+0.0232
Freundlich, F Kr (L/mg) 7.9287 1.7136 6.5433

n 33.165 7.3052 1.0003

R? 0.8599 0.9659 0.9163

Equation y=0.6576x+0.8992  y=1.5579x+0.2339 y=0.7211x+0.8158
Dubnin- gm (Mg/Q) 19.3192 19.5857 18.9974
Radushkevich, | Kpr (mol?/J) 2.0E-07 1.0E-06 4.0E-07
DR E (J/mol) 1581.1388 707.1068 1118.0340

R? 0.9580 0.9115 0.8935

Equation y=-2e-07x+2.9611 y=-1e-06x+2.9443 y=-4e-07x+2.9748
Temkin, T Kt (L/g) 0.1093 0.4461 0.1811

B 6.7652 12.1920 8.6868

b 372.3677 206.6225 289.9965

R? 0.9228 0.8459 0.9105

Equation y=6.7652x+9.1515 y=12.192x-2.2417 y=8.6868x+5.5224
Halsey, H K (L/mg) 23.3072 1.4130 13.5326

n 1.5207 0.6419 1.3868

R? 0.8599 0.9659 0.9163

Equation y=0.6576x+2.0706  y=1.5579x+0.5386 y=0.7211x+1.8785
Harkin-Jura, B (L/mg) 0.5635 0.5935 0.6982
HJ A (mg/g) 21.1864 4.3898 36.3636

R? 0.6146 0.8678 0.8340

Equation y=-0.0472x+0.0266 y=-0.2278x+0.1352 y=-0.0275x+0.0192
Jovanovic, JC | gm (Mg/Q) 1.7752 0.2635 1.7082

K; (L/mg) 0.2946 0.6208 0.2989

R? 0.6608 0.9764 0.9006

Equation y=0.2946x+1.7752 y=0.6208x+0.2635 y=0.2989x+1.7082
Elovich, E gm (Mg/Q) 30.9598 21.3675 23.8663
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Ke (L/mg) 1.0720 1.0230 1.0998
R? 0.8126 0.9685 0.8458
Equation y=-0.0323x+2.1529 y=0.0468x+0.6308 y=-0.0419x+2.2713
Redlich- A (L/g) 2.0706 0.5386 1.8785
Peterson , RP B (L/mg) 0.2611 0.3143 0.2871
B 0.3424 0.5579 0.2789
R? 0.6246 0.7844 0.6209
Equation y=0.3424x-2.0706  y=-0.5579x-0.5386 y=0.2789x-1.8785
Sips, S Ks (L/g) 0.5181 0.2106 0.4862
as (L/g) 0.1261 0.5836 0.1528
R? 0.8599 0.9659 0.9163
Equation y=-0.6576x-2.0706  y=-1.5579x-0.5386 y=-0.7211x-1.8785
Jossens, JS H 10.6196 1.8791 6.8613
F 0.0376 0.0468 0.0226
R? 0.3728 0.9685 0.3374
Equation y=0.0376x-2.3627  y=-0.0468x-0.6308 y=0.0226x-1.9259
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Figure 7: Adsorption isotherm plots (a) Temkin isotherm; (b) Halsey isotherm; (c) Harkin-Jura isotherm;
(d): Jovanoic isotherm.
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Figure 8: Adsorption isotherm plots (a) Elovich isotherm; (b) Redlich-Peterson isotherm; (c) Sips
isotherm; (d): Jossens isotherm.

Table 5: Adsorption Kinetic models and its derivatives

Kinetic Model Equation Linear form Plot
Pseudo First Order qr = q.(1 — exp~k1t) In(g. — q;) = Inq, — kit In(q. — q;) vst
Pseudo Second Order t < 1 ) 1 t
2 —=—)+ —t —ust
! qr = M qt k2qe? qe q:
£ 1+ Kyqet
Pseudo Second Order 1 1 1 1 1 1
.. G0 g e
qc  \k2q.%/\t/ - q. e
Weber — Morris qe = k;p X tY2) + C; q; vs t/?
(Intra-Particle
Diffusion)
Boyd 6~ /1 Bivst
F=1- FZ (F) exp(—n?B,)
1
B; = —0.497 —In(1 — F). where,F = g
Elovich d 1 1 =
% = exp~*at qr = Eln af + Elnt qevsint
Bangham K,

C
log.log (—C _Oth) = log (2 303V) + «logt
" .

Co
log.log (m) vslogt
o

Where g:and ge = are the amount of dye adsorbed (mg/g) at time t and at equilibrium, k; = Rate constant of the pseudo-
first order (min), t = time (min), k. = Rate constant of the pseudo-second order (g/mg/min), kip= Intra-particle
rate constant (mg/g/min*?), C = Intercept of plot. F = Fraction of solute adsorbed at time t () at infinite time
(0), Bt is a function of F, a = initial rate of adsorption (mg/g/min), B = extent of surface coverage (g/mg), M =

mass of adsorbent used (@), V = volume of dye solution (mL), K, and o are constant.

17



J. Chem. Lett 2 (2021) 9-24

3 12.5
10
g2
i _75
S g
c1 5
2.5
0 0
0 30 60 _ 90 _ 120 150 180 0 30 60 90 120 150 180
time, t (mins) @ time, t (mins) (b)
cv MB MG cv MB MG
Linear (CV) Linear (MB) Linear (MG) Linear (CV) Linear (MB) Linear (MG)
Figure 9: Adsorption kinetic plots (a) Pseudo first order kinetic model; (b) Pseudo-second order-1 kinetic
model
0.4 30
0.3 25
- 20
S 02 515
>
0.1 £ 10
T 5
0 0
0 0.01 0.02 0.03 0.04 4 6 8 10 12 14
1t t(1/2)
cv MB MG @) cv MB MG (b)
Linear (CV) Linear (MB) Linear (MG) Linear (CV) Linear (MB) Linear (MG)

Figure 10: Adsorption Kinetic plots (a) Pseudo-second order-2 kinetic model; (b) Weber—Morris (Intra-
particle diffusion) kinetic model.

Table 6 shows the adsorption kinetic models studied for
the adsorption of CV, MB and MG dyes with CPP as
adsorbent. In decreasing other, the correlation coefficient
of CV dye implies that Pseudo second order 1 > Pseudo
second order 2 > Elovich > Bangham > Weber Morris >
Boyd > Pseudo first order. For MB dye, Pseudo second
order 2 > Pseudo second order 1 > Elovich > Bangham >
Boyd > Weber Morris >Pseudo first order. For MG dye,

> Weber Morris > Elovich > Bangham > Pseudo first
order. So therefore, CV, MB and MG shows that Pseudo
second order were greater than other kinetic models
assessed, which confirms that the process is the best fit
kinetic models and went through chemical adsorption
[74, 76]. This implies that the adsorption process is
dependent on rate phase via electron exchange between
adsorbent and adsorbate [87].

Pseudo second order 1 > Boyd > Pseudo second order 2

Table 6: Kinetics Parameters for adsorption of CV, MB and MG onto CPP

Kinetic Model Kinetic Crystal Violet (CV) Methylene Blue Malachite Green

Parameter (MB) (MG)
Pseudo-First Order | ki (1/min) 0.0074 0.0092 0.0154

ge (Mg/g) 18.5543 13.1853 10.1381

R? 0.7566 0.7925 0.6944

Equation y=-0.0074x+2.9707 y=-0.0154x+25791  y=-0.0092x+2.3163
Pseudo-Second k2 (9/mg min) 0.0035 9.3878E-04 1.8149E-04
Order (1) ge (Mg/g) 25.5754 22.0751 39.6825

h 285.7143 1065.2123 5509.9454

R? 0.9933 0.9981 0.9953

Equation y=0.0391x+0.4356 y=0.0453x+2.1859 y=0.0252x+3.4991
Pseudo-Second k2 (9/mg min) 7.0852E-06 5.8066E-10 2.9099E-04
Order (2) ge (Mg/g) 142.8571 12,500 29.8507

R? 0.9930 0.9848 0.9733

Equation y=6.9158x+0.007 y=11.022x+8E-05 y=3.8566x+0.0335

ki(mg/g min*2)  0.5254 1.4414 2.3823

C 17.292 1.7765 4.4183
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Weber-Morris R? 0.8905 0.7954 0.9694
(Intra-Particle Equation y=0.5254x+17.292  y=1.4414x-1.7765 y=2.3823x-4.4183
Diffusion)
Boyd m(x) (min) 0.0086 0.0190 0.0047
C 0.4386 0.5047 0.1055
R? 0.8250 0.8888 0.9740
Equation y=0.0086x-0.4386 y=0.019x-0.5047 y=0.0047x+0.1055
Elovich 1/B 8.6275 8.3499 7.2872
Inaf 2.9787 3.3011 2.6408
R? 0.9663 0.8994 0.9365
Equation y=8.6275x-25.699 y=8.3499x-27.564 y=7.2872x-19.244
Bangham o -0.0019 -0.0019 -0.0016
Ko 277.9811 277.5333 278.0451
R? 0.9657 0.8971 0.9355
Equation y=-0.0019x+0.6046  y=-0.0019x+0.6047  y=-0.0016x+0.6039
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Figure 10: Adsorption kinetic plots (a) Boyd kinetic model; (b) Elovich kinetic model; (c) Bangham kinetic
model

and concentration. The thermodynamic parameters such
as Gibbs free energy change (AG) were calculated and
evaluated using Van’t Hoff’s [70, 88].and Arrhenius [72]
equations as represented in Table 7 and graphs were
plotted as shown in Figure 11.

3.7 Adsorption Thermodynamics Modelling

Adsorption thermodynamics is used to determine the
spontaneity or non-spontaneity of adsorption process
using temperature at constant time, adsorbent dose, pH
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Table 7: Adsorption Thermodynamics and its derivatives

Adsorption Calculation model | Equation Plot
Gibbs free energy change AG = AH' — AS”; AG = —RTInK, where, K¢ = 2—
Van’t Hoff’s Equation K AS° AH’ InK. vs 1/T
nKe= 2~ RT
Arrhenius equation E
q InK, = InA— R_; InK.vs 1/T

Where AG = Gibb’s free energy, AS° and AH° = change in entropy and enthalpy, R = universal gas constant
(8.314J/mol./K). T = Temperature (K), Kc = equilibrium rate constant, A = Arrhenius constant (J/mol/K), Ea

= activation energy (KJ/mol).

Table 8 shows thermodynamic parameters calculated
from the plots for CV, MB and MG onto CPP as
adsorbent. The negative values from change in enthalpy
indicates that adsorption process were exothermic in
nature as change in entropy, AS were positive which
suggest that adsorption went with increasing randomness

at absorbent/adsorbate surfaces. Gibbs’ free energy were
negative across different temperatures as AG decreased
as temperature increased, thus implies that adsorption
will require lower temperature to be efficient and have
low energy barrier [88, 89].

4
3
o 2
X
=1
0
-1
0.0028 0.0029 0.003 0.0031 0.0032 0.0033 0.0034
UT (K-1)
Ccv MB MG
Linear (CV) Linear (MB) Linear (MG)

Figure 11: Adsorption thermodynamic plots: Van’t Hoff’s and Arrhenius thermodynamic model

Table 8: Thermodynamics parameter for CV, MB and MG adsorption unto CPP

Models Thermodynamic Temperature Crystal Violet Methylene Blue  Malachite Green
Parameter (K) (CV) (MB) (MG)
Van’t AH (KJ/mol) —3.0880 —2.5464 -0.4793
Hoff’s AS (J/mol/K) 12.7260 9.4972 1.2284
AG (KJ/mol) 303K —7.3769 —2.9139 0.1514
318K -8.1399 -3.5436 0.0199
333K -10.6781 -5.4096 -0.2570
348K -11.9772 —6.2560 —0.3868
R? 0.9279 0.9462 0.9755
Equation y=-3088x+12.726 y=-2546x+9.4972 y=-479.27x+1.2284
Arrhenius E, (KJ/mol) 25.6736 21.1708 3.9847
A (x10%) 336.3811 13.3224 0.0034

4. Conclusion

Experimental and modelling studies has been carried

out for the removal of crystal violet (CV), methylene blue

(MB) and malachite green (MG) dyes using cocoa pod
powder (CCP) were reported. Adsorption parameters
such as pH, adsorbent dosage, contact time, initial dye
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concentration and temperature were optimized. The
adsorption capacity of all dyes decreased with increasing
dosage, as dye removal increased with increasing
temperature, initial dye concentration, contact time and
pH level of 4, 8 and 6-10 for CV, MB and MG dyes.
Eleven isotherm models were assessed to infer which is
best suited for experimental studies. Dubnin —
Radushkevich were compactible with CV dye, Langmuir
fitted for MB dye and Freundlich fitted for MG dye.
Kinetic studies assessed showed that Pseudo-second
order were appropriate for all dyes. Thermodynamic
parameters showed negative Gibb’s free energy and
enthalpy with positive entropy thus confirms the process
is exothermic, spontaneous and favourable in nature and
that the process requires lower temperature for adsorption
to take place efficiently. So therefore, Theobroma cacao
(cocoa pod powder) is an effective, cheap alternative and
available adsorbent useful for the removal of CV, MB
and MG dyes in effluent treatment plant processes, as the
adsorbent (CCP) utilized after adsorption can further be
degraded by microbes for biogas production or non-toxic
byproducts that keeps the environment clean and green.
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