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ABSTRACT

Keywords: 

Kinetics, equilibrium isotherms and thermodynamics of Congo red adsorption onto adsorbent 
derived from Cowpea husk ( ) were investigated in a series of batch 
experiments. The carbonized cowpea husk (CCPH) without any modification, was 
characterized by Fourier transform infrared spectroscopy (FTIR) and Scanning Electron 
Microscopy (SEM) methods. Optimum removal efficiency of Congo red by the adsorbent 
occurred at pH of 6.0 at lower adsorbent dosage, attaining a peak value of79.55%(19.88mg/g) 
after 1 hour of agitating time. Findings also revealed that, among the kinetic and isotherm 
models tested, the experimental data fitted best to pseudo-second order model (R = 0.997) and 
Freundlich adsorption isotherm (R = 0.938). The adsorption process through the determined 
thermodynamic parameters was found to be feasible and spontaneous with a proposed 
physical adsorption mechanism. The study demonstrates that carbonized Cowpea husk can 
serve as an alternative low-cost adsorbent for the removal of Congo red from industrial 
wastewater. 

Adsorption, Congo red, Isotherm, Kinetics, 
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INTRODUCTION

Dyes have long been used in dyeing, paper 
and pulp, textiles, plastics, leather, cosmetics and 
food industries. Color stuff discharged from 
these industries poses certain hazards and 
environmental problems. These colored 
compounds are not only aesthetically 
displeasing but also inhibiting sunlight 
penetration into the stream and affecting aquatic 
ecosystem ( ). Dyes usually 
have complex aromatic molecular structures 
which make them more stable and difficult to 
biodegrade ( . Congo red is a 
water-soluble dye and can be used as a pH 
indicator due to its color change from blue to red 
at pH 3.0 – 5.2. Besides serving as an indicator, 
Congo red has also been shown to have certain 
histological uses, especially as a cytoplasm and 
erythrocyte stain. It is currently being used to 
stain a variety of other biological tissue 
constituents, including cellulose, amyloid and 
elastic fibers (Monash et al. 2011). As a result of 
enormous utilization of Congo red, substantial 
amount of this dye is released into the 
environment during production, usage and 

Akinola et al. 2016

Forgacs et al. 2004)

disposal (Han et al. 2008). 
The presence of Congo red dye in 

wastewater is not desirable because of its toxic 
nature to the life and environment into which 
they are discharged. Therefore, the removal of 
such compounds from wastewater is a vital task 
(Ash et al. 2006). Adsorption process using 
carbon from agricultural waste is widely used to 
remove pollutants from wastewaters (

. In the last years, special emphasis on 
the preparation of carbons from several 
agricultural by-products has been given much 
attention, due to the growing interest in low cost 
carbons from renewable, copious, especially for 
application concerning treatment of wastewater 
(Adekola et al. 2011; ). In this 
study however, the ability of cowpea husk 
carbon to remove Congo red by adsorption is 
been studied.

Sugumaran 
et al. 2012)

Vibhawari et al. 2012
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  Fig 1: Structure of Congo Red Dye



 

 

 

 

MATERIALS AND METHOD

Materials:

Methods
Adsorbent preparation:

Carbonization of cowpea husk:

Adsorbate Solution: 

Congo red dyes were obtained from E. 
Merck (Mumbai, India). Cowpea husk was 
obtained from Dawanau market, Kano state, 
Nigeria. All other reagents used were of 
analytical grade and were used as obtained. 
Distilled water was used throughout for the 
preparation of stock and working solutions. The 
stock solution of CR was made by dissolving 1g 
CR in 1-liter distilled water to make a 1000 mg/L 
in a 1000ml volumetric flask. Solutions were 
adjusted to desired pH using 0.1M NaOH or 0 
.1M HCL.

The cowpea husk (CPH) was obtained by 
removing the bean seeds. CPH was first washed 
with water to remove dirt from its surface and 
subsequently dried at 105  C for 24 hrs in an oven 
to remove the moisture content ( .

For the preparation of carbon, methods 
reported in literature were largely used without 
modification (Kumar et al. 2007; Altenora et.al. 
2009). Cowpea husk (20g) samples were 
carbonized at 400 C for 1hr in a muffle furnace in 
order to produce charcoal. The sample was 
crushed with blender and si

.

The adsorbate, Congo red (CR) dye 
(chemical formula = C H N Na O S , 
Molecular weight = 696.665g/mol, Appearance 
= Brown Powder Purity = 95%)was obtained 
from Sigma Aldrich. The structure of Congo Red 
is illustrated in Fig.1. Stock solution was 
prepared by dissolving accurately weighed 
quantity of dye to make a concentration of 1000 
mg. L  in distilled water. The experimental 
solutions of desired concentration were p

 = 548.5 nm using UV–Visible 
spectrophotometer (Model Hitachi 2800®).

o

o

-1

Li et al. 2009)

eved to pass through 
850 μm to obtain the charcoal of cowpea husk

repared 
accordingly by diluting the stock solution with 
distilled water. The concentration of CR dye was 
measured at λ

3 2 2 2 6 2 6 2

max

≥

Characterization of the Adsorbents:
The surface morphological properties of 

adsorbents samples were investigated using 
Scanning Electron Microscope (Phenom World 
Eindhoven®). Scanned micrographs of 
adsorbents before and after adsorption were 
taken at an accelerating voltage of 15.00 kV and 
x500 magnification. FTIR analysis of 
adsorbents before and after adsorption was 
carried out using Cary 630 Fourier Transform 
I n f ra re d  Spe c t r opho tomete r  Ag i l e n t  
Technology. The analysis was done by scanning 
the sample through a wave number range of 650 
– 4000 cm ; 32 scans at 8cm resolution.

A 0.1 g portion of the carbonized cowpea 
husk sample was weighed into different 100 ml 
conical flasks and 10 ml of working standard 
solution (50, 100, 150, 200, 300 and 500) ppm of 
the Congo red dye was added separately to the 
carbonized cowpea husk sample in the flask. 
Each solution was agitated on a flat orbital 
mechanical shaker for one hour and then filtered. 
The filtrate was then analyzed using ultraviolet-
visible spectrophotometer at 517 nm to 
determine the quantity of dye remaining in the 
solution. The data generated from the 
experiment were then used to study the various 
isotherm models. The equilibrium concentration 
(concentration with the highest adsorption 
capacity), was selected for use in the subsequent 
experiments ( .

Further experiment was carried out using 
the equilibrium concentration at varying 
solution temperature (varied from 303 to 333K). 
The amount of the dye adsorbed by the 
adsorbents at equilibrium was determined using 
the mass balance equations (1 and 2). The data 
generated from this experiment were then used 
to study the various thermodynamic parameters. 

Q  =               x  V = (1)

R  (%)  =                x 100 = (2)

Where Q  is the adsorption capacity 
(mg/g), and are the initial and final 
equilibrium concentration (mg/l) of Congo red 
in solution, Vis the volume of Congo red in 

-1 -1

B atc h  ads o r p t io n  ex pe r i men t  w i t h  
optimization:

e

em

e

C Co e 

Dalal et al. 2016)
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solution (L), and is the mass (g) of the 
adsorbent.

Fourier transform infrared spectroscopy of 

m 

RESULTS AND DISCUSSION
Adsorbent Characterization:

the adsorbent before and after adsorption of CR 
onto CCPH was done by using an FTIR 
spectrophotometer in the range from 600 to 
4000cm- 1, in order to determine the functional 
groups present in the adsorbent surface.

Figure 2: FTIR spectral of CCPH before and after adsorption on CR
The FTIR spectra in Fig 2 shows spectra of 

C-CPH before and after adsorption of CR.  Peaks 
at 1562cm  and 1402cm  are associated with 
stretching vibration of aromatic ring and C-H in 
alkanes, while the peak 870cm  is due to 
stretched vibration of C-O in aromatic, esters and 
ethers.  

-1 -1

-1

After adsorption, there was a shift and 
broadening of adsorption peaks. The shift of the 
C-H group peak from 866cm  for Congo red also 
shows that this group participated in the 
adsorption of dyes. The presence of these 
functional groups and their enhancement in 
adsorption abilities of carbonized adsorbent 
agrees with the findings of Ahalya et al. (2006)

-1

Table 1. Different functional group recognized before and after adsorption of CR onto CCPH 

Functional 
Group 

Wavelength 
class range 
(cm-1) 

Before 
adsorption 

After 
adsorption 

Difference 

C-H Alkanes 2850- 2960 1350- 1470 
2948 1402 

- - 

C=C Alkynes 2100- 2260 2113 2113 0 
C=CAromatic 1500-1600 1562 1562 0 
C-O stretch 1080- 1300 1048 1011 -22 
C-H aromatic 675- 870 866 873 -7 
 

The micrograph obtained through 
Scanning Electron Microscopy for the 
surfaces of C-CPH before adsorption (Figure 3a) 
shows the morphology of the surface to be rough, 
heterogeneous and irregular with crevices which 

(SEM) 
enhances adsorption (Yusuf et al. 2009). Figure 
3b shows formation of clusters on the adsorbent 
surfaces after adsorption of CR indicating that 
the dye molecules had covered the rough surface 
of adsorbents, decreasing its roughness after 
adsorption process.
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Batch Adsorption:
Fig 4a shows the effect of contact time on 

the adsorption of Congo red (CR) at an initial 
concentration of 50mg/l, the batch experiments 
were carried out in a series of 250ml conical 
flasks with a constant C-CPH dose of 0.1g/L in 
all the samples. The absorption capacity qe was 
evaluated for all the samples and a graph was 
plotted between qe versus time as shown in Fig. 
4(a). The higher sorption rate at the initial period 
(first 60 minutes) CR may be due to availability 
of large number of vacant sites on the adsorbent 
at the initial stage, as a result there was an 
increased in concentration gradients between 
adsorbate in solution and adsorbate on adsorbent 
surface, thus tends to increase in dye sorption at 
the initial stages (Sebata et al. 2013)

The effect of initial concentration of CR 
was investigated by varying the concentration 
from 50 to 500mg/L, at natural pH of dye 
solution, with agitation time and speed of 1hr 
and 130rpm respectively as shown in figure 4b. 
It is evident from the plot that the amounts of CR 
adsorbed by CCPH increases with increasing 
concentration. At low concentration, the 
available driving force for transfer of CR 
molecule onto the adsorbent particle is low. 
While at high concentration, there is a 
corresponding increase in the driving force, 
thereby, enhancing the interaction between the 
CR molecules in the aqueous phase and the 
active sites of the adsorbent. As a result of this, 
there was an increase in the dye uptake as 
adsorption capacity increases from 21.82mg/g to 
166.64mg/g (Abdus Salam and Adekola, 2006).-

Figure 3. SEM Micrograph of CCPH (a) before and (b) after adsorption of CR
(a) (b)

Fig4: Effect of (a) Contact time (b) initial concentration on the adsorption of CR onto the CCPH 
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The effect of adsorbent dosage of C-CPH 
was studied by varying amounts of adsorbent 
dosage from 0.1g to 0.8g for CR while other 
parameters were kept constant. Figure 5a below 
revealed that the amount CR adsorbed decreased 
with an increase in adsorbent dosage due to 
possible overlapping of adsorption sites as 
adsorbent dosage increases which will equally 
reduce the effective adsorption sites (Saed et al. 
2005). Maximum removal was attained when 
0.1g of the adsorbent was used. The decrease in 
adsorption per unit mass with increasing dosage 
of adsorbent is attributed to possible overlapping 
of adsorption sites as adsorbent dosage increases 
which will equally reduce the effective 
adsorption sites. It was observed that the 
adsorption capacity decreased from 18.47mg/g 
to 3.21mg/g for CR. Similar trends were reported 
by Yeddou and Bensmaili, (2007).

The effect of pH on the adsorption of 
Congo red (CR) was studied by varying the pH 

using a pH meter and adjusting with a 0.1M 
NaOH and 0.1M HCl. The uptake and 
percentage removal of CR from the aqueous 
solution were strongly affected by the pH of the 
solution as illustrated in Fig 5b. The uptake of 
CR decreased from 24.75mg/g to 9.36mg/g for 
CR when the pH increased from pH 2 to pH 9. 
The maximum adsorption of CR molecules was 
achieved at 2. The adsorption capacity decreased 
with an increase in pH up to 2. This is due to a 
decrease in competition between hydrogen ions 
for the surface sites and also due to a decrease in 
positive surface charge (  At 
low pH however, the higher concentration and 
mobility of H  ions favor its adsorption as seen.  
Furthermore, at lower pH, the surface of the 
adsorbent is surrounded by hydrogen ions (H ) 
thereby blocking CR molecules from binding 
sites on. A similar trend was observed in the 
studies of sorption of Pb(II) and Cu(II) onto 
magnetite eggshells–Fe O  powder (

.

+

+

3 4

Lagergern, 1898).

Guo et al. 
2010)

Fig 5: Effect of (a) Adsorbent dose (b) pH of the CR adsorption onto CCPH

Adsorption Kinetics 
The pseudo first-order equation
The pseudo first-order equation is generally expressed as follows:

       = (3) (Freundlich, 1928)

Where and are the adsorption capacity at 
equilibrium and at time , respectively (mg·g ), 

is the rate constant of pseudo first-order 
adsorption(l·min ). After integration and 
applying boundary conditions = 0 to = and 

= 0 to = , the integrated form becomes: 
log(q  - q ) = log (q  ) -           t

k1 (q  - q )              

q q
t

k

t t t 
q q q

e t

e t 

1

t t t

-1

-1

e t e

∂qt
∂t

κ1

2.303

The values of were linearly 
correlated with . The plot of vs. 
gave a linear relationship from which  and 
were determined from the slope and intercept of 
the plot respectively.

The pseudo second-order adsorption kinetic rate 
equation is expressed as  
          =k  (q  - q ) (5)

log (q  – q ) 
t log (q  – q ) t 

k q

e t

e t

1 e 

The pseudo second-order equation:

2 e t
2                        ∂qt

∂t
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k

t t t q q q

(t)

h 

t/q t 
q k were

2

t t t

t

e 1

is the rate constant of pseudo second-order 
adsorption (g·mg ·min ). For the boundary 
conditions = 0 to = and = 0 to = , the 
Integrated form of Eq. (5) becomes:

               =     + K                                         (6) 

This is the integrated rate law for a pseudo 
second-order reaction 
The equation can be rearranged to obtain Eq. (7), 
which has a linear Form:

        =         +                                        (7)

If the initial adsorption rate, (mg·g ·min ) is;
h =    k    2                                               (8)

Then eqn (7) becomes

 (     ) -         +          (t)                            (9)

The plot of ( ) and gave a linear relationship 
from which and  determined from the 
slope and intercept of the plot respectively.

-1 -1

-1 -1

t

 Elovich Equation:
The Elovich kinetic model is described by the 
following relation

q ( / ) t 

q

q C k t
( ) 

C 

q
t

t

e

int

1 2

= 1 ln + 1 ln    (10) (
This model gives useful information on 

the extent of both surface activity and activation 
energy for adsorption process. The parameters 

and was calculated from the slope and 
intercept of the linear plot of t versus ln(t).

Possibility of involvement of intra particle 
diffusion model as the sole mechanism was 
investigated according to Weber–Moris 
equation ( :

= +  (11)
Where the constant k mg/g min is the intra 
particle diffusion rate and is the boundary 
layer thickness. If the rate-limiting step is only 
due to the intra particle diffusion, then versus 

 will be linear and the plot passes through the 
origin.

/β (αβ) β

(α) (β) 

Intraparticle Diffusion Equation:

int 1/2

t 

/

0.5

Limousine et al. 
2007) 

The slowest step in an adsorption process is 
usually taken as the rate determining step. This 
step is often attributed to pore and intra particle 
diffusion. Since pseudo first and pseudo second 
order models cannot provide information on 
effect of intra particle diffusion in adsorption, 
intra particle diffusion model can be used. 

Ogugbue and Sawidis, 2011)

1
(qe - qt)

1
qe

t
qt

1
qt

1
qe

1
qe

1
k   2

1
h

2qe

2qe

Table 2. Kinetic models for the adsorption of CR onto C-CPH 
Kinetic models

 Parameters  

Pseudo-first order  qeExp(mg/g)  qeCal(mg/g) K1(min-s)  R2 

  19.888 3.310 0.013 0.659 
Pseudo-second order  qeExp(mg/g)  qeCal(mg/g) K2(min-s)  R2 

  19.888 19.305 0.026 0.997 
Elovich   Β Α R2 

   0.787 1.138x10-19 0.676 
Intra particle diffusion   K3 C R2 

   0.384 15.337 0.629 
 
Table 2 above shows the result of the kinetic 
studies of the adsorption of CR unto CCPH. The 
kinetics studies of any adsorption system 
describe the rate of adsorbate uptake on 
adsorbent, and it controls the equilibrium time. 
The kinetic parameters are helpful to give 
information about uptake rate, which gives 
important information for designing and 
modeling the adsorption processes. As observed 

in figure 6b, the pseudo-second-order kinetic 
model fits the experimental data quite well; the 
correlation coefficients values,  is almost 
unity, and the experimental and theoretical 
uptake are in good agreement. This indicates 
the applicability of the second-order kinetic 
model to describe the adsorption process of CR 
onto the adsorbent (Jain et al. 2004).

R2
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Adsorption Isotherm:

(a)

(b)

In the present study, three models were tested 
which include; Freundlich, Langmuir and 
Temkin isotherm models. 

 The Freundlich isotherm model assumes 
multilayer adsorption, with non-uniform 
distribution of adsorption heat and affinities over 
the heterogeneous surface. 

log   =  log  +     log        (12) 

Where q  is the quantity adsorbed in mg/g, C  is 
the equilibrium concentration of the adsorbate in 
mg/L,K  is the Freundlich constant related to 
maximum adsorption capacity, n is the 
Freundlich constant related to surface 
heterogeneity (dimensionless). 

 Langmuir isotherm model assumes 
monolayer adsorption onto a surface containing 
a finite number of identical sites. The model 
assumes uniform energies of adsorption onto the 
surface and no transmigration of adsorbate in the 
plane of the surface. 

Q kf Ce e

e e

f

      -       +                        (13)

Where q  is the concentration of dye retained by 
adsorbent in mg/g or mol/g,C  is the 
concentration of dye in solution, mg/L or mol/L, 

is a curve fitting parameter for equilibrium 
model and q  is the maximum adsorption 
capacity.

Temkin isotherm model assumes that heat of 
adsorption (function of temperature) of all 
molecules in the layer would decrease linearly 
rather than logarithmic with coverage (Mittal et 
al. 2010). 

q =RTblnK +RTblnC (14)

Where K  is the equilibrium binding constant 
(L/mol) corresponding to the maximum binding 
energy, b is related to the adsorption heat, R is the 
universal gas constant (8.314 J /K/mol) and T is 
the temperature (K). 

e

e

o

e T

T

K

(c)

Figure 6: (a) pseudo-first order (b) pseudo-second order (c) Elovich linear (d) Intra particle 
diffusion plot for adsorption of CR onto CCPH

 

1
n

1
qe

1
Qo

1
QoKLCe
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Generally, the negative values show 
spontaneous feasible adsorption process and the 
decrease in its value by rising temperature shows 
the physical nature of the adsorption process. 

he magnitude of describes the type of 
adsorption, where the heat of physical 
ad s o r p t i on  f a l l s  i n t o  t he  r an ge  o f  
2.1–20.9kJ/mol, a

. All results obtained in this study 
were the normal consequences of the physical 
adsorption, which took place through 
electrostatic interactions. The negative values of 

, suggests a decrease in randomness at the 

G 

H 

S

Δ

Δ

Δ

The positive value of the enthalpy change (ΔH) 
signifies an endothermic process (heat gain) 
which is evident in the increased adsorption 
capacity of the dye at higher temperatures. 
Similar result was reported by . 
T

n indication of physical 
adsorption

McKay (1995)

adsorbent-solution interface during the 
adsorption of dyes ions on the adsorbent surface 
( The negative 
entropy of the adsorption and immobilization of 
the dye ions on the adsorbent surface may be 
attributed to the decrease in the degree of 
freedom of the dye ions ( .

Kannan and Sundaram, 2001).  

Malik et al. 2007)

From the adsorption efficiency, kinetic and 
thermodynamic studies of the adsorption of 
Congo red onto carbonized cowpea husk 
studied, the results obtained from the analysis 
show that cowpea husk is a potential good low-
cost adsorbent for the removal of this hazardous 
dye from wastewater. The process of the 
adsorption is feasible, spontaneous and obeyed 
the mechanism of physical adsorption processes.

CONCLUSION

Table 3: Isotherm Constant for the adsorption of CR onto carbonised Cowpea husk  

Langmuir Freundlich Temkin 

Qmax KL(L/mg) R2 1/n N kf R2 A B R2 

285.71 0.017 0.894 1.655 0.604 10.21 0.938 3.164 26.432 0.857 

 Table 3

Thermodynamics:

 shows Langmuir, Freundlich and 
Temkin Isotherm constants for the adsorption of 
CR onto CCPH. The values of R  suggest that the 
Freundlich isotherm provides the best 
conformity with experimental data for CR. 
However, it can be concluded that the process be 
assumed to be a physical adsorption.

In an effort to examine in greater details the 

2

effect of temperature on the sorption of Congo 
red by carbonized cowpea husk, thermodynamic 
parameters suc

Kc=Qe/Ce (15)
            (16)

 (17)

h as Gibb's free energy change 
(ΔG), enthalpy change (ΔH) and entropy change 
(ΔS) were estimated using equations 15, 16 and 
17

ΔG=?RTlnKc

lnk = -? = - ? + ?c G/RT ( H/RT) ( S/R)   

Table 4: Thermodynamics Parameter of CR Adsorption on carbonised Cowpea Husk

T(K) Qe(mg/g)  ΔG(kJ/mol) ΔH (kJ/mol)  ΔS(J/mol.K) 

303 16.288 -1576.24 20.91 -0.0103 

313 16.762 -1848.68   

323 18.258 -2675.24   

333 20.541 -4229.23   
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