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Abstract

The efficacy of using HCI-modified malted sorghum mash to remove basic fuchsin dye from aqueous solution was
investigated through batch adsorption studies. The quantity of dye removed by the adsorbent increased with increase in
contact time and optimum adsorption was achieved in 30 min. The adsorption process was dependent on pH of aqueous
solution with optimum removal of dye occurring between pH = 4 and pH = 9. The adsorption of dye by the adsorbent
increased with increase in initial dye concentration but decreased with an increase in adsorbent dose. Adsorption equilibrium
data were fitted with Langmuir, Freundlich, Dubinin-Radushkevich and Temkin equations to describe the isotherms. The
Langmuir and Temkin models described the experimental data better than the Dubinin-Radushkevich and Freundlich models.
The maximum adsorption capacity of HCl-modified malted sorghum mash was 58.48 mg.g™ at 304 K. The kinetic data were
fitted with the pseudo-first order, pseudo-second order, intraparticle diffusion and Elovich models. The pseudo-second order
model yielded a much better fit than the other kinetic models. The free energy of adsorption (AG®) was evaluated as -22.54
kJ.mol™. The negative value of AG® confirmed the feasibility of the process and the spontaneous nature of adsorption.
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1. Introduction

The processes available for treating colored wastewater include: cation exchange membranes, photocatalytic
degradation, sonochemical degradation, electrochemical degradation, micellar enhanced ultra-filtration, solar
photo-Fenton and biological processes, Fenton-biological treatment scheme, adsorption/precipitation processes
and adsorption on activated carbon, among others [1]. Adsorption process using activated carbon is a popular
process. However, commercial activated carbon is very expensive and the need to regenerate it after use further
adds to the cost of treatment. These challenges have encouraged research into low-costs for treating water and
wastewater. Researchers have shown that plant-based adsorbents which are cheap, renewable and biodegradable
may be promising alternatives to commercial activated carbon. Some of the plant-based adsorbents that have been
studied for removal of dyes from aqueous solution include: pineapple stem [1], neem leaf powder [2], Calotropis
procera leaf powder [3], palm kernel fibre [4], waste tea [5], coniferous pinus bark powder [6], and jack fruit peel
[7].

Malted sorghum mash is a by-product of local fermented sorghum beverage, called pito, produced in northern
Ghana. Pito is similar to traditional burukutu brewed in northern Nigeria and dolo brewed in Burkina Faso [8 and
9]. The mash is often fed to livestock or disposed as waste after pito production. The aim of this research was to
investigate the potential of using hydrochloric acid modified malted sorghum mash as an adsorbent for removing
basic fuchsin dye from aqueous solution.

2. Materials and Methods

2.1 Materials

Malted sorghum mash was obtained from a local sorghum beer brewery at Navrongo, Upper East Region, Ghana.
The mash was washed thoroughly with tap water until the wash water was colorless; and later rinsed thrice with
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large volume of distilled water. The mash was dried to constant weight in an oven at a temperature of 333 K. The
adsorbent was modified by the method of Oyelude and Owusu [3] to produce HCI-modified mash (HMM). The
HMM was washed with distilled water to neutral pH and dried to constant weight at 333 K [10]. It was then
ground to pass through a 2 mm sieve and stored in an air-tight bottle.

Basic fuchsin (BF) dye used was produced by Sigma-Aldrich. Its molecular formula, molecular weight, color
index (CI) and maximum wavelength (Anay) are: CooHCIN3, 337.5 g.mol'l, 42510 and 550 nm; respectively. The
dye was used as supplied without any purification. The stock solution of BF (1000 mg.L™) was prepared and the
dye solution used for the experiments was prepared by diluting the stock solution as needed.

2.2 Adsorption Studies

Batch adsorption experiments were performed at average room temperature of 304+1 K to study the effect of
contact time, pH of BF solution, HMM dose, temperature, and initial concentration of dye, on adsorption. 0.50 g
of HMM was put in a set of 250 ml conical flasks each containing 25 ml of dye solution. The flasks were placed
on a mechanical shaker and agitated at 120 rpm until equilibrium was attained. The effect of pH was studied by
varying pH of BF solution from 2 to 12. The pH of the solution was adjusted using either 0.10 M HCI or 0.10 M
NaOH. The effect of dosage was studied by varying the mass of HMM from 0.05 g to 0.40 g. The effect of
temperature on adsorption was carried out using an isothermal water bath set at 298 K, 304 K and 313 K. The
effect of dye concentration on adsorption was studied by varying dye concentration from 50 to 400 mg.L™. Every
adsorption experiment was carried out at least thrice, and blank experiments were carried out without HMM to
account for dye that might stick to the flask.

At the end of each adsorption experiment, the mixture of HMM and BF was centrifuged at 4000 rpm for 5 min.
The absorbance of residual dye was measured at 550 nm using UV-visible spectrophotometer (SMPC 22) and its
concentration calculated as appropriate. The quantity of dye adsorbed at equilibrium, Qe (mg.g™), was calculated

using the following relationship:
__ (Co—=Ce)V

Qe - 1)
Where C, and C. (mg.L™) are the initial and equilibrium concentration of dye, respectively; V (L) is the volume

of dye solution and w (g) is the mass of HMM. The amount of dye removed (%) was calculated as follows:

Dye removed (%) = M )

where C, (mg.L™) is the residual dye at time t (min).

The kinetic of adsorption was studied using BF of initial concentration of 50, 100, 200, 300 and 400 mg.L™. A
typical experiment was conducted by weighing 0.50 g of HMM into eight conical flasks each containing 25 mL of
BF solution. The flasks were agitated as described earlier and the residual dye concentration in the flasks was
determined at 5 min intervals to deduce the amount of BF adsorbed by HMM.

3. Results and Discussion

3.1 Equilibrium Adsorption

The result of the effect of contact time on the adsorption of BF is shown in Fig. 1. For a given initial
concentration of BF, the quantity of BF adsorbed increased with time until the equilibrium time of 30 min was
attained. Further agitation beyond this time did not lead to any increase in the adsorption of the dye. On the basis
of this result, the rest of the adsorption experiments were conducted by shaking the BF-HMM system at 120 rpm
for 60 min. There seemed to be high affinity for BF by HMM because of the short time for the process to attain
equilibrium [3].

The effect of pH on the adsorption of BF is presented in Fig. 2. Optimum dye adsorption occurred from pH =4 to
pH =9, and the quantity of BF adsorbed by HMM decreased sharply below pH = 4 and beyond pH = 9. The pH
of an adsorbate solution has an impact on the charge properties of the adsorbent [11]. The low adsorption of BF
by HMM at pH below 4 might be as a result of repulsion between the net positive surface charge of the HMM and
the cationic BF. This is equally true at pH higher than 9 when the net charge on the surface of the adsorbent tends
to be positive leading to reduction in the quantity of dye adsorbed [6]. Hameed [7] who studied the effect of pH
on the adsorption of methylene blue by jackfruit peel obtained similar result.
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Figure 1: Effect of contact time on adsorption of BF by HMM (C, = 10 mg.L™).
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Figure 2: Effect of pH on adsorption of BF by HMM (C, = 25 mg.L™).
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Figure 3: Effect of HMM dosage on adsorption of BF (C, = 25 mg.L™).

The result of the effect of adsorbent dose on adsorption is shown in Fig. 3. The quantity of dye (on percentage
basis) removed from aqueous solution increased with increase in adsorbent dosage reaching optimum level at 8
g.L™. The uptake of dye in aqueous solution decreased when the adsorbent dosage was greater than 8 g.L™.
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However, the quantity of dye adsorbed at equilibrium for the removal of BF from aqueous solution decreased
from 10.45 mg.g™ to 1.43 mg.g" when adsorbent dosage was increased from 2 g.L™* to 16 g.L™. At higher
adsorbent to solute concentration ratios, there was a very fast superficial adsorption onto the adsorbent surface
that produced a lower solute concentration in the solution than when the biomass to solute concentration ratio was
lower. Thus, with increasing mass of adsorbent, the amount of dye adsorbed onto unit weight of adsorbent
reduced causing a decrease in equilibrium adsorption density. HMM dosage should be 3 g.L™ or lesser to avoid
wastage of adsorbent. This information is important to design economical and large scale adsorption devices [12].
The effect of initial BF concentration on the removal of the dye from aqueous solution by HMM is presented in
Fig. 4. The amount of dye adsorbed increased with increased dye concentration.

N
o

[EEY
(5]

(2}

BF adsorbed (mg.g1)
[EnY
o

0 T T T T T T T T 1
0 50 100 150 200 250 300 350 400 450

Initial BF concentration (mg.L1)

Figure 4: Effect of initial BF concentration on adsorption of BF.

The equilibrium adsorption capacity of BF by HMM increased from 8.33 mg.g™ to 19.80 mg.g™ when the initial
concentration of BF was increased from 50 mg.L™ to 400 mg.L™. The increase in adsorption of BF is due to the
availability of more dye molecules for the limited binding sites on the adsorbent surface [5].

The effect of temperature on the uptake of BF by HMM was studied from 298 K to 313 K (figure not shown). The
effect of temperature on adsorption was not obvious at initial dye concentrations below 350 mg.L™. However, at
higher dye concentrations, the equilibrium adsorption capacity of dye increased as temperature was raised from
298 K to 313 K. This implies that the removal of BF molecules from aqueous solution by HMM was endothermic
in nature.

3.2 Adsorption Isotherm
Adsorption isotherm indicates how adsorbate molecules distribute between the liquid phase and solid phase at
equilibrium. It is very important in describing the adsorption process, and for designing adsorption system [6].
Langmuir, Freundlich, Temkin and Dubinin-Radushkevich adsorption isotherm models were employed to
establish the most appropriate correlations for the equilibrium data.
The Langmuir model [13] assumes monolayer adsorption onto an adsorbent surface containing a finite number of
adsorption sites. The linear form of the Langmuir equation is

o= (n)* Gr)ce @

Qe bQm Qm
where Ce (mg.L™) is the equilibrium concentration of the dye, Q. (mg.g™) is the dye adsorbed per unit mass of
HMM, b (L.mg™) is the Langmuir adsorption constant and Q. (mg.g™) is the theoretical maximum adsorption
capacity. The plot of specific adsorption (C./Q) against the equilibrium concentration (C,) is presented in Fig. 5.
The Langmuir constants b and Q. were determined from the slope and intercept of the plot and are presented in
Table 1. The essential characteristics of the Langmuir isotherm can be expressed in terms of a dimensionless
constant separation factor R, [14] given by:
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1
L= 14bCo (4)

where Co (mg I™) is the highest initial concentration of BF and b (L.mg™) is the is the Langmuir adsorption
constant. The range of R, value can be used to classify adsorption as follows: irreversible adsorption (R = 0),
favorable adsorption (0 < R, < 1), linear adsorption R, = 1), and unfavorable adsorption R_ > 1). The R, values
for the removal of BF by HMM were in the range of 0 < R, < 1 implying favourable adsorption process.
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Figure 5: Langmuir isotherm for adsorption of BF onto HMM (T = 304 K).

The Freundlich isotherm assumes multilayer adsorption on heterogeneous surface [15]. The amount of dye
adsorbed increases indefinitely with an increase in concentration. The linearized Freundlich equation can be
written as:

log Q. = log K + () log Ce (5)
where Q, (mg.g™) is the dye adsorbed at equilibrium, C. (mg.L™) is the equilibrium concentration of BF, K
(mg.g™ (L.mg™Y)¥") and 1/n are constants of adsorption capacity and adsorption intensity, respectively [1]. The
values of K and n are calculated from the intercept and slope of the plot (Fig. 6) and are listed in Table 1.
Temkin isotherm assumes that the heat of adsorption of all the molecules in the layer decreases linearly with
coverage due to adsorbate species. Adsorbent interactions and adsorption is characterized by a uniform
distribution of binding energies, up to some maximum binding energy.

Qe=BInK;+BInC, (6)

where, B = RT/b is the constant representing the heat of adsorption and Kt (L.mg™) is the equilibrium binding
constant or maximum binding energy, T (K) is the absolute temperature, R (8.314 J.mol™ K™) is the universal gas
constant [12]. Temkin constants are obtained from the plot of Q. against In C, (Fig. 7) and are listed in Table 1.
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Figure 6: Freundlich isotherm for adsorption of BF onto HMM (T = 304 K).
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Figure 7: Temkin isotherm for adsorption of BF onto HMM (T = 304 K).

The Dubinin-Radushkevich isotherm model [16] finds application in the determination of whether an adsorption
process is physical or chemical in nature. The model is employed to estimate the porosity and the apparent free
energy of adsorption. The Dubinin-Radushkevich equation [5] is given by:

Q. = Qm exp (-Be’) (7)
where Q. (mg.g™) is the dye adsorbed at equilibrium, Q,, (mg.g™) is the maximum adsorption capacity,  (mol.J
%) is the activity coefficient related to adsorption mean free energy and € (J.mol™) is the Polanyi potential written
as:

e=RTIn (1+ =) 8)
The linear expression of the Dubinin-Radushkevich equation [17, 18] is:
In Q. = In Qp — 2Pe 9)

The values of Q,, and B (Table 1) are determined from the plot of dye adsorbed at equilibrium (Q.) against & (Fig.
8). The mean free energy (J.mol™) of adsorption is calculated from the relationship:
1

= —% (10)
(2[3)0'5
The mean adsorption free energy for physical and chemical mechanisms are given by 0 < E < 8000 J.mol™* and

8000 < E < 16000 J.mol™, respectively [5]. The calculated mean free energy of adsorption was 22.36 J.mol™.
Therefore, the adsorption mechanism is physical in nature.
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Figure 8: Dubinin-Radushkevich isotherm for adsorption of BF onto HMM (T = 304 K).
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Table 1: Isotherm parameters for adsorption of BF onto HMM at 304 K

Isotherm Parameter Value
Langmuir Qm (mg.g?) 58.48
b (L m.g™ 0.024
R? 0.992
Freundlich Ke 2.670
1/n 0.120
R? 0.945
Temkin K+ 1.249
B 8.030
R? 0.983
Dubinin-Radushkevich Q. (mg.g™) 42.05
B (mol®.J?) 1.0x 10
E (J.mol™) 22.36
R? 0.940

It is clear from the information in Table 1 that Langmuir isotherm (R? = 0.992) best fit the adsorption process;
followed by Temkin isotherm (R® = 0.983), Freundlich isotherm (R? = 0.942) and Dubinin-Radushkevich
isotherm (R? = 0.940) in that order.

3.3 Adsorption Kinetics

The kinetics of adsorption of an adsorbate by any adsorbent is required for selecting optimum operating
conditions for the full-scale batch process [19]. Four models were applied to test experimental data and thus
elucidate the kinetic of the adsorption process. The linearized form of the Lagergren [20] pseudo-first order
equation is expressed as follows:

log(Qe — Qt) = log Qe — (2;3) t (11)
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Figure 9: Pseudo-first order kinetics for adsorption of BF onto HMM (T = 304 K).

where Q; (mg.g™) is the amount of adsorbate adsorbed at any time, Q. (mg.g™) is the amount of adsorbate
adsorbed at equilibrium, t (min) is time and k; (L.min™) is the rate constant. The rate constant was obtained from
the plot of log (Q.-Q,) against t (Fig. 9). The calculated values of Q., k; and the correlation coefficient (R?) are
listed in Table 2.

The pseudo-second order kinetics equation is often successfully used to model the adsorption of adsorbate by
adsorbent surface [21]. The pseudo-second order equation is:

t 1 1
0t kpQe? + (Qe) t (12)
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where k, (g.mg™ min™) is the rate constant of adsorption, Q. (mg.g™) is the amount of BF adsorbed at equilibrium
and Q; (mg.g™) is the amount of adsorbed dye at time t (min). The equilibrium constant is calculated from the plot
of /Qt against t (Fig. 9). The generated values of Q., k, and R? are presented in Table 2.
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Figure 10: Pseudo-second order kinetics for adsorption of BF onto HMM (T = 304 K).
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Figure 11: Intraparticle diffusion kinetics for adsorption of BF onto HMM (T = 304 K).

The intraparticle diffusion kinetic model is given by the relationship:
Qt=k;t*+C (13)

where C is the intercept and k, is the intraparticle diffusion rate constant (mg.g™ min*?), the values of k; give an
idea about the boundary layer thickness (Fig. 11). The intercept is directly proportional to the boundary layer
effect [22]. There is only one linear portion for every studied concentration of BF which implies that intraparticle
diffusion contributes significantly to the adsorption of BF by HMM. The deviation of the lines from the origin
may be because of the difference in the rate of mass transfer in the initial and final stages of adsorption [23].
Furthermore, the deviation of the lines from the origin indicates that intraparticle diffusion was not the only rate-
limiting step. It is likely that surface adsorption played some role in the adsorption of BF by HMM [24]. The
values of k;, C and R? are presented in Table 2.

12
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Elovich model is used to describe second-order kinetic by assuming that the adsorbent surface is energetically
heterogeneous [25]. Simple Elovich model is represented by the relationship:

Qt=a+ flint (14)
where o (mg.g-' min-1) is the initial adsorption rate constant and B (g.mg™) is the initial desorption rate constant.
A plot of Qt versus In t (figure not shown) gives a linear relationship if the model is applicable to the model [11].
The values of a, p and R? generated are presented in Table 2.
The comparison of the four selected kinetic models showed that pseudo-second order model with the highest
correlation coefficient values best describe the adsorption process. Moreover, the generated experimental values
of adsorption capacity were much closer to the theoretical values [5, 26].

Table 2: Kinetic parameters for adsorption of BF onto HMM at 304 K
Pseudo-First Order

Co (mg.L™Y) Q. (mg.g™) ky (min™) R?
50 11.858 0.054 0.975
100 3.5051 0.079 0.896
200 1.0914 0.142 0.906
300 1.1948 0.140 0.930
400 1.6788 0.078 0.946
Pseudo-Second Order
Co(mg L™ Q. (mg.g™) ke (mg.g™* min™) R?
50 2.3849 1514 1.000
100 4.9407 0.541 0.999
200 9.9206 0.546 1.000
300 14.925 0.483 1.000
400 20.000 0.250 1.000
Intraparticle Diffusion
C, (mg.L™) ki (mg.g” min?) C (mg.g?) R?
50 0.0167 2.269 0.959
100 0.0426 4.640 0.964
200 0.0684 9.481 0.971
300 0.0754 14.451 0.948
400 0.0974 19.304 0.971
Elovich
Co (mg.L™) a (mgg?) B (mg.g™ min™) R?
50 44,991 0.650 0.917
100 91.721 1.679 0.937
200 187.30 2.871 0.978
300 286.85 3.073 0.961
400 383.55 3.873 0.958

3.4 Adsorption Thermodynamic
The free energy of adsorption (AG®) can be related with the equilibrium constant K (L.mol™) by the following
equation:

-AG°=RT InK_ (15)
where, R represents the gas constant (8.314 J.mol™ K™), T is the absolute temperature (K) and K, is the Langmuir
equilibrium constant. The change in enthalpy (AH®) and change in entropy (AS®) is calculated using the following
relationship:
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k= (%) - 5 6) (19)

The plot of In K, against 1/T at three different temperatures is presented in Fig. 12. The values of AS® and AH®
are calculated from the slope and intercept on the In K axis. The values of AG°, AH® and AS® are presented in
Table 3. The calculated values of the thermodynamic parameters are low, which may imply that the adsorption
process was spontaneous and physical in nature [25]. The negative values of AG® confirmed the spontaneous
nature of adsorption and the feasibility of the process [27]. The heat of adsorption (6.65 kJ.mol™) which is lesser
than 20 kJ.mol™ confirmed that process is physical in nature [28]. The positive value of AH® indicates that the
removal of BF from aqueous solution by HMM was an endothermic process. Chowdhury and his co-workers [29]
attributed the positive value of AS° to imply the affinity of HMM for BF and increased randomness at the
adsorbent-solution interface during adsorption.
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Figure 12: Plot of In K versus 1/T for adsorption of BF onto HMM (T = 298, 304 and 313 K)

Table 3: Thermodynamic parameters for the adsorption of BF onto HMM

T (K) AG (kJ mol™) AH (kJ mol™) AS (I mol™ K™)
298 -21.73
304 -22.40 6.65 95.55
313 -23.24

Conclusion

Batch adsorption experiments were carried out to determine the feasibility of using pulverised malted sorghum mash to
remove basic fuchsin dye from aqueous solution. The adsorption process is influenced by contact time, solution pH,
temperature, adsorbent dosage and concentration of the dye. The adsorption of basic fuchsin by the adsorbent was fast
attaining equilibrium in just after 30 min. Optimum removal of the dye from aqueous solution occurred from pH = 4 to pH =
9 and adsorbent dosage from 2 to 4 g.L™.

The adsorption isotherm for the process was best described with the Langmuir model. The calculated maximum adsorption
capacity was 58.48 mg g*. The equilibrium kinetics data were best fitted with the pseudo-second order model. Intraparticle
diffusion contributed significantly to the adsorption process but it is not the only rate-limiting step. The adsorption process
was favorable, endothermic and physical in nature. The present study shows that malted sorghum mash may be useful as a
low-cost, biodegradable, and renewable adsorbent.
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