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ABSTRACT

Natural cola nut shells and its active carbons were used to remove indigo carmine dye from aqueous solution using
batch adsorption test. The effect of pH, contact time (t), adsorbent dose (m) and initial concentrations (Co) were
investigated. The equilibrium adsorption data were analyzed by Langmuir, Freundlich, Tempkin and Dubin-
Kaganer-Raduskushkevich classical isotherm models. This equilibrium data best fits with all the four isotherm
models for cola nut shells. Langmuir and Freundlich equations correlated well with data obtained using activated
carbon based H3PO4 while Freundlich and Tempkin best agreed with activated carbon based KOH. The kinetics of
indigo carmine dye was discussed by pseudo-first order, pseudo-second order, Elovich and Intra-particle diffusion
models. The pseudo-second order kinetic model equation fitted best to the data from all the three adsorbents.
Elovich fitted best with data obtained using activated carbon based H3PO4 while intra-particle diffusion model for
activated carbon based KOH. D-K-R shows that adsorption process was chemisorption for all the three adsorbents.
Natural cola nut shells and activated carbon based KOH show higher adsorption capacities with indigo carmine
compared to activated carbon based H3POA4. The results indicated that these shells and it active carbon can be used
as an effective and low-cost adsorbent to remove indigo carmine from aqueous solutions.
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INTRODUCTION

Textile industries in the world and the increasing demand for textile, and also the ceramic paper, printing and plastic
uses large varieties of dyes as their raw materials [1]. Some dyes are used in medicine, biological strain and coloring
plastics [2]. The waste from these industries in one way or the other finally ends up in water, thereby polluting the
environment. Unlike other pollutants, dye pollutants especially those with the benzene ring even at low
concentration is visible which reduces light penetration in to water, hence causes negative effect on photosynthesis
to water plants. They are non-degradable [3]. Also anthropogenic activities have caused a great harm to the quality
of our life line, which is water [4]. Indigo carmine dye is used as coloring agents in companies like CICAM in
Cameroon, as additive in pharmaceutics tablets and capsules and also for medical diagnostic purposes. Indigo
carmine, however, is not readily metabolized but is rather freely filterable by the kidneys. Hence intravenous
injection of IC dye for intra-operative cystoscopy is a safe technique to detect intra-operative compromises of the
urinary tract [5]. The indigo carmine dye is considered a highly toxic indigoid class of dye and its touch can cause
skin and eye irritations to human being. It can also cause permanent injury to the cornea and conjunctiva [5]. The
consumption of the dye has also proved fatal, as it is carcinogenic in nature and can lead to reproductive,
developmental, neuro and acute toxicity [5]. It has also been established that the dye leads to tumors at the site of
application. It has also been reported to cause mild to severe hypertension, cardiovascular and respiration effects [5].
Waste water containing IC dye is rich in both color and organic contents and large amount of suspends solid which
are broadly fluctuating in pH, high temperature and beside high chemical oxygen demand [6]. From the norms of the
World Health organization, indigo carmine dye at concentration greater than 0.005 mg/L [7] is not acceptable in
water. This IC dye is not only a nuisance to aquatic life but also to us the humans. Hence treatment of this waste
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before deposition is essential. There are many method of treatment procedures among which are Chemical
precipitation, Ultra filtration, electrochemical deposition, Coagulation-Flocculation and Adsorption. These methods
differ in their efficiency to remove IC dye in water and all except adsorption are costly [8]. These techniques have
certain disadvantages, which include high capital and operational cost and needs treatment and appropriate disposal
of the residual dye sludge [8]. Thus, adsorption remains the out most process because of its simplicity, high
efficiency and low cost. Many adsorbents have been used such as chitosan beads, palm kernel, kaolinite, clay, raw
bagasse, alumina metal oxide and lots of others. The main aim of this work is was to access the removal of indigo
carmine dye from aqueous solution using cola nut shell and its active carbon.

EXPERIMENTAL PROCEDURE

Preparation of Absorbents

The preparation procedure for cola nut shells (CNS) and its active carbons (AC) used in this work has been reported
by Ndi et al., in 2014 [9]. 10 g each of CNS and AC based H3PO,4 and AC based KOH were dried in an oven for 24
h at 120 “C. It was then removed kept in a desiccator for adsorption. The cola nut shells used were of sizes less than
1.25 L.

Preparation of Adsorbate

1000 ppm solution of indigo carmine was prepared by dissolving 1.25 g of the indigo carmine powder in 1 L
volumetric flask with distilled water. The solution was put under agitation for 2 hours. From the mother solution,
standard solutions of 5, 10, 20, 25, 30, 40, 50, 60, and 70 mg/L were prepared. Solutions of hydrochloric acid (0.1
M) and sodium hydroxide (0.1M) were also prepared for pH adjustment.

Batch Adsorption Experiments

Batch adsorption tests were carried out by mechanical agitation at room temperature. For each run, 20 mL of indigo
carmine dye of known initial concentration was treated with a known weight of adsorbents (cola nut shells and its
active carbon). After agitation, the solution was filtered and the filtrate were subsequently analyzed for dye
concentration by UV/V spectrophotometer, model ANLAGE 260. Similar measurements were also carried out at
various adsorbents doses, i.e. pH and initial concentrations of indigo carmine dye.

The percentage removal (%R) of indigo carmine dye and the amount (Q.) adsorbed per unit mass of adsorbent were

calculated by using the following expressions;
_(Co—Ce)xV

Qe —T ........................................ (1)
%P - (Ca—Cy)

where C, is the initial concentration, C. is equilibrium concentration, V represents the volume of the solution and m
is the mass of the absorbent.

ADSORPTION ISOTHERMS
Adsorption is usually described through isotherms, which is, the amount of adsorbate on the adsorbent as a function
of its pressure (if gas) or concentration (if liquid) at constant temperature.

3.1. Langmuir model: The Langmuir adsorption isotherm is often used for adsorption of a solute from a liquid
solution. It is perhaps the best known of all isotherms describing adsorption and is often expressed as [10]:

Q=0 —LCe . 3)

+KE Ce

where: Qe is the mass of adsorbate per g of adsorbent, C. is the equilibrium concentration, Qm: the maximum
adsorption capacity, K the Langmuir constant. This equation can further be linearized to give:
1

C 1
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3.2. Freundlich Isotherm

The Freundlich isotherm model applies to adsorption on heterogeneous surfaces with interaction between the
adsorbed molecules, and there is not restriction to the formation of a multi-layer [11, 12]. The well-known
expression for the Freundlich model is given below:

Qe= KGN (5)
which can be transformed to it linear form as:
INQe=INKs+INCe.vovveiiiinl, (6)

where: Qe is the amount adsorbed at equilibrium (mg/g), Ks is the Freundlich constant,  1/n is the heterogeneity
factor which is related to the capacity and intensity of the adsorption, C. is the equilibrium concentration (mgL™?).
The values of K and 1/n can be obtained from the slope and intercept of the plot of InQe against InCe.

3.3. Dubinin —-Kaganer-Radushkevich isotherm model

Dubinin—Kaganer-Radushkevich isotherm is generally applied to express the adsorption mechanism with a
Gaussian energy distribution onto a heterogeneous surface [13]. The model has often successfully fitted well high
solute activities and the intermediate range of concentrations data.

INQ e=InNQm - REZ o @)

where: € = RTIn (1 + 1/C¢), Qe = amount of adsorbate in the adsorbent at equilibrium (mg/g), Qm = theoretical
isotherm saturation capacity (mg/g), # = Dubinin—Kaganer-Radushkevich isotherm constant (mol /kJ), € = Dubinin—
Kaganer-Radushkevich isotherm constant. The approach was usually applied to distinguish the physical and
chemical adsorption of metal ions with its mean free energy, E per molecule of adsorbate (for removing a molecule
from its location in the sorption space to the infinity) can be computed by the relationship [13].

Adsorption kinetics

The adsorption onto or into adsorbent surfaces with respect to time is known as adsorption kinetics. Adsorption
is a time- dependent process, and to determine the rate of adsorption is highly important in the design and evaluation
of adsorbent in removing pollutants from wastewater [14].

Pseudo-First order kinetic Model
The pseudo-first order kinetic model is the earliest known in describing adsorption rate based on the adsorption
capacity [14]. The pseudo-first order equation of Lagergren is generally express as follows [15, 16].

dg, _
S = Ka (Qem Q) s (8)

where Qe and Q are the sorption capacity at equilibrium and at time t and Kj is the rate constant of pseudo-first
order sorption (L.min). Integrating equation (8) att =0 and at t =t; Q; = 0 and Q= Q:gives:

In@e® = kit

Pseudo-second order kinetic model

The Pseudo-second order kinetic model considers the rate-limiting step as the formation of a chemisorptive bond
involving the sharing or the exchange of electron between the sorbate and the sorbent [17, 18]. The Pseudo-second
order rate equation is express as:

% =Ky(Qe— Q)% o (10)

where K; is the pseudo-second order rate coefficient (g.mg*.min?). Integrating equation (10) att=0and at t = t; Q;
=0 anrii Qi= Q:gives:
t t

T T T g e (11)
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Intra-particle diffusion model

The intra-particle model is based on the theory proposed by Weber and Morris and is used to identify the diffusion
mechanism of sorbent and the sorbate [14]. This takes place in stages: the first stage is the instantaneous adsorption
or external surface adsorption of the adsorbate on the surface of the adsorbent. The second stage is the gradual
adsorption stage where intra-particle diffusion into the inner layer takes place and is the rate limiting stage.
According to this theory;

Qe=Kigt¥®+ C...ooooeei (12)

Where, Kiq is the intra-particle diffusion constant, C is a constant which gives an idea about the thickness of the
boundary.

Elovich model
This model is used to describe kinetic adsorption on heterogeneous surfaces [10]. It is generally represented as:

dQ -

5= ae Bae (13)

Linearizing equation (13) using the af >>t, Q;=0tot =0, Q:= Q:at t =t, gives:
Q= iﬁln (of) + é I oo, (14)

where: o is the speed of adsorption (mg.g™.min), B is the desorption constant (g.mg™).

Mass transfer model
The mass transfer equation is generally given by the formula [19];

C,— Co=DeXe® ... (15)
This can be further transformed to:
In(C,—C.)=ImD+ K,t............ (16)

where: C, is the initial concentration of adsorbate, C; is the concentration of adsorbate at time t, D the adjustment
parameter, K,the mass transfer coefficient.

RESULTS AND DISCUSION

Effects of pH

pH is an important parameter in the study of adsorption because it affects both the surface functional group and the
adsorbate. The pH was varied between 2 and 11. Figure 2 shows that the maximum adsorption of IC dye for the
three adsorbents was at pH of 2. This might be due to protonation of the surface of the adsorbents thereby increasing
the electrostatic force of attraction between the positively charged adsorbents and the negatively charged anionic
dye. It can also be allocated to the fact that at pH 2, there is protonation of the adsorbate, facilitating intra-particle
diffusion and hence favors adsorption of IC. But for pH greater than 2, the number of positively charged surface
sites decreases, which did not favors adsorption due to electrostatic repulsion between negatively charged IC dye
and the adsorbents. The slight increase observe at pH greater than 5 is due to change in the structure of the dye
molecule from the molecular to the ionic form.

Effect of contact time

The agitation time were varied between 5 and 60 minutes and the results displayed in figure 3. The results for the
three adsorbents indicate that, adsorption rate was rapid within the first five minute for the three adsorbents, which
slows down and increases again and finally attain equilibrium. This rapid speed might be due to the availability of
active sites for surface adsorption. It then slows down due to the saturation of adsorption sites. The second increase
might be due to pore (intra-particle) diffusion from the bulk fluid onto the inner surface of the porous adsorbents
through the film due to continuous agitation. Similar results were obtained by other authors [5]. This result gives a
contact time of 45 minutes for CNS and 35 minutes for AC based on H3PO,and AC based on KOH.

Influence of Adsorbent dose

The study of the effect of adsorbent dosage for the removal of IC dye was done by varying the mass of the
adsorbents, from 0.08 to 0.16 g and quantities adsorbed for each adsorbent respectively are represented in Figure 4.
It shows that increasing the mass of the adsorbents, decreases the quantity of IC adsorbed per gram for the three
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adsorbents. The decrease in adsorption capacity is basically due to masking of adsorption sites, that is, the available
surface area for IC adsorption decreases due to aggregation of active sites for adsorption. Similar result was obtained
by other researches [20]. The maximum quantity adsorb, Q. of 9.997, 5.861 and 12.093 mg/g for CNS, AC based
H3PO,4 and AC based KOH respectively was attained for adsorbent mass of 0.08 g for IC adsorption.
Influence of initial dye concentration
The concentration of IC dye was varied between 20 to 60 ppm at a pH of 2, adsorbent dose of 0.08 g and contact
time of 45 min for CNS and 35 min for AC based H3PO4 and AC based KOH. The analytical result obtained was
plotted as shown in figure 5. It is observed that as the initial dye concentration increase, the quantity adsorbed
increases for the three adsorbents. This quantity increases from 4.087 to 8.169; 3.366 to 4.942 and 4.378 to 10.227
mg/g for the CNS and AC based H3PO. and AC based KOH respectively. This increase is attributed to the fact that
as the concentration increase, the number of collision between the dye molecules and the adsorbents increases as a
result of increase in the mobility of the molecules due to high collision between the molecules themselves.

ADSORPTION ISOTHERMS STUDIES

The result from Figures 6, 7, 8 and 9 and the linear constance in Table 1 shows that the linear correlation
coefficients of Langmuir and Tempkin are high in the case of CNS with a value of R? = 0.9895 and R? = 0.908. This
means that the adsorption of IC dye with CNS is best described by these models; hence, it implies that the energy of
attraction is high on the monolayer coverage. It can also be seen that the linear correlation constants of Langmuir
and Freundlich are higher in the case of AC based H3PO4 with values of R? = 0.9439 and R? = 0.6686 respectively
and hence describe the adsorption of IC dye with AC based H3PO4 on a multilayer coverage. With AC based KOH,
the Tempkin and Freundlich model describes better which indicates that the maximum particles adsorbed is found
on a multilayer coverage. The Values of 1/n, respectively 0.3245, 0.1796 and 0.3812 for CNS, AC based H3PO4 and
AC based KOH turns towards zero indicating that bond energies increases with surface density and also shows
normal adsorption with high adsorption intensity. The linear correlation constants indicate heterogeneous surface
binding. These results were in accordance with others [5]. From the table, it results that the theoretical maximum
quantities adsorbed for the three adsorbents (Qm) is closer to the experimental values for Langmuir and D-K-R. This
equally confirms the agreement with Langmuir’s monolayer adsorption. That is, the maximum particle adsorbed is
found on the monolayer coverage. The Langmuir’s separation constant (figure 18) decreases as concentration
increases for the three adsorbents and is found to be between 0 and 1 (0 < R < 1) which confirms favorable
adsorption of IC by all three adsorbents. The high Tempkin adsorption energy indicates that the attraction between
the adsorbate and the adsorbents is very strong which implies a chemisorption reaction with the formation of
chemical bonds. The high D-K-R energy (E > 40 KJ/mol) for the three adsorbents indicates that adsorption was
strongly chemisorption with the possibility of multi-layer formation.

ADSORPTION KINETIC STUDY

The adsorption kinetic study describes the speed at which the solute phase is retained on the surface of the
adsorbents, the time necessary for the process to attained equilibrium and also predicts the limiting step of the
adsorption process. The kinetic models of pseudo-first order, pseudo-second order, intra-particle diffusion, Elovich
and mass transfer models were studied using the linear transformation equation and the respective results are
displayed in Figures 10, 11, 12 and 13 with their respective constant in Table II.

Looking at these results, it can be drawn that the removal of IC dye from aqueous solution by CNS, AC based
HsPO,4 and AC based KOH is adequately described by the pseudo-second order with a correlation constant of 0.956,
0.9794 and 0.9931 respectively. This model strongly described interaction between the surface of these adsorbents
and the adsorbate, which indicates that the adsorption process is chemisorption with the formation of strong bonds.
The high values of the correlation coefficients of the other kinetic models (pseudo-second order and Elovich) show
that the adsorption process is better describe by these models with the possibility of multilayer adsorption, which is
in accordance with the type of isotherm graph (Figure 6) obtained with influence of equilibrium concentration. This
means that after adsorption on the first layer, there is condensation process on the second layer. The high correlation
coefficients of the kinetic intra-particle diffusion model also justify the fact that the adsorption process is also being
controlled by diffusion of adsorbate molecules into the internal pores of the CNS and the AC adsorbents. The small
diffusion constant value Kig for the adsorbents implies that diffusion rate of IC is slow; this favors strong interaction
between adsorbents and adsorbate. The R? values for kinetic intra-particle diffusion models are smaller than that of
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pseudo- second order model for the three adsorbents which is an indication that the intra-particle diffusion step is
not the limiting step in the adsorption mechanism. The Elovich adsorption speed constant (o) for the three
adsorbents is greater than the desorption coefficient  certifies without fear of uncertainty that the adsorption process
is chemisorption. The Q. (mg/g) values for the pseudo-first order kinetic model and pseudo-second order Kinetic
model for all the adsorbents are approximately equal to the experimental values. It can therefore be concluded that
these kinetic models greatly influence the adsorption mechanism of IC with the adsorbents and hence described the
adsorption process perfectly.

CONCLUSION

The aim of this work was to study the removal of IC dye from aqueous solution onto dried cola nut shells and its
active carbons. Results show that the removal of IC dye by these absorbents was achieved at pH 2. The effect of
contact time at pH 2 gave 45 min for CNS and 35 min for AC based HsPO. and AC based KOH at equilibrium.
Studies of the variation of mass shows that the highest quantity adsorbed was attained with an adsorbent dose of
0.08 g for the three adsorbents. The variation of initial concentration shows that, as the initial concentration
increased, the quantity adsorbed increases. The isotherm models were characterized by a type IV for CNS and type
Il for AC based H3PO4 and AC based KOH. The Langmuir model describes adsorption better with high correlation
coefficients for CNS and AC adsorbents. Freundlich model decribes well for CNS and AC based KOH indicating
the existence of multi-layer adsorption. Tempkin model gave a good description with CNS and AC based KOH
while the D-K-R was better with CNS. The Langmuir separation factor shows that adsorption was favorable and the
free energy for D-K-R indicates chemisorption. Kinetic studies for the adsorption of IC shows the different
correlation coefficients. It was observed that the correlation coefficient of pseudo-second order kinetic model was
high enough which indicates a chemical adsorption phenomenon. The adsorption speed constant a for the three
cases are high implying that after adsorption, it is difficult for desorption to take place hence indicating
chemisorption reaction. The adsorption capacity of CNS was higher than that of AC based H3PO4 and slightly lower
than that of AC based KOH.
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Figure 7: Linear transformation of Freundlich isotherm
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Figure 8: Linear Transformation of Tempkin Isotherm
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Figure 9: D-K-R linear plot
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Figure 10: Linearized form of pseudo-first order kinetic model
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Figure 11: Linearized form of pseudo-second order kinetic model
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Table I: Correlation coefficients and linear constants of Langmuir, Freundlich, Tempkin and D-K-R for the

adsorption of IC.

Model Parameter CNS AC (HsPO.) AC (KOH)
R? 0.9895 0.9439 0.6519
Qm (mg/g)(theoretically) 9.346 5.089 13.405
Langmuir Ky (L/mg) 0.253 0.194 0.105
Qm (mg/g)(Experimentally) 8.017 4.587 10.227
R? 0.8766 0.6686 0.7427
Freudlich Kr(mg/g)(L/mg)*" 2.986 2.324 2.809
1/n 0.3245 0.1796 0.3812
R? 0.908 0.6427 0.9773
Tempkin Kr (L/mg) 2.773 13.344 5.112
br (KJ/mol) 1265.552 3442.507 318.409
R? 0.9375 0.442 0.4989
D-K-R Qm (Mg/g) 8.213 4.261 7.709
E (KJ/mol) 500 500 790.569
Table II: Correlation coefficients and linear constants of kinetic models.
Parameter CNS AC (H3POg) AC (KOH)
R? 0.6129 0.4964 0.2032
Psegfge':'rs‘t K (min) 0.0116 0.4964 0.0044
Qe (mg/g) 5.385 6.606 3093
R? 0.956 0.9794 0.9931
Pseudo-second
order Kz (g.mint.mg?) 0.0173 0.051 9.821 x 103
Qe (mg/g) 7.633 4.442 10.091
R? 0.8007 0.8015 0.4935
Elovich o (mg/g/min) 33.228 13.226 1.340 x 108
B (g/mg) 0.909 2.232 3.119
R? 0.8534 0.7122 0.641
Intra-particle _ S
Diffusion Kig ((g.mint.mg™) 0.5136 0.1898 0.2121
C 3.1915 3.0712 8.431
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