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ABSTRACT

As a low-cost adsorbent for the removal of Congo red (CR) dye from aqueous solutions,
kolanut pod (Cola nitida) husk cellulose, a polymer derived from waste discarded from the
kolanut plantation, has been investigated. Functional groups were identified through FTIR
spectroscopic investigation on kolanut pod husk cellulose and their binding influence played
crucial roles in dye adsorption. The kinetics and isotherms of adsorption were determined using
batch experiments. According to experimental findings, at 25 °C, the adsorbent dosage, dye
concentration, and pH all increased with the rate of adsorption until optimum points.
Adsorption equilibrium was attained in 60 minutes, with an equilibrium efficiency of up to
96.5%. The pseudo-second-order, Elovich (adsorption kinetics), and Langmuir adsorption
isotherm models all offered an excellent fit to the experimental data. Results showed that
kolanut pod husk cellulose removed dye from industrial effluents in an efficient,

environmentally friendly, renewable, and cost-effective manner.
Keywords: Cellulose, anionic dye, Congo red, Kinetic, isotherm

INTRODUCTION

A dye is an organic compound that absorbs light in the visible region of electromagnetic
radiation. The primary characteristics of dye are its solubility, unstable delocalized electron of
aromatic ring, and chromophore-chromogene conjugate system (electron acceptor) [1, 2]. A
chromogen is a substance capable of conversion into a pigment or dye by chemical reaction
while chromophore is the group in the dye molecular structure that absorb in the visible region

of electromagnetic radiation spectrum, causing it to have colours [3-5]. Auxochrome, which
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are functional groups, increase the dye's solubility in water [1]. They enhance colour and
increase dye's ability to attach to fabrics [6].

In heavy industries, such as those that process paper, textiles, and food, dye is
frequently used to colour items [7, 8]. According to reports, the release of hues or various
shades in effluent causes 20% of water contamination [9]. Therefore, water contamination
brought on by dye release is dangerous and detrimental to the aquatic ecology, food chain, and
overall public health [1].

Textile industry effluents exhibit extreme variations in a number of parameters,
including BOD, turbidity, colour, COD, pH, odour, and salinity [8, 10, 11]. Azo dyes, such as
Congo red, Direct Blue 15, and Direct Red 2, are notorious for being noxious, mutagenic, and
carcinogenic [12]. Congo red dye (Figure 1a) possesses significant affinity to fibers made from
cellulose and therefore, used in the textile manufacturing industry. Aquatic flora and wildlife
become suffocated as a result of dye-contaminated effluent because it lowers oxygen levels in
the water and badly affects aquatic plants' ability to photosynthesise [1, 13]. For example,
Chlorella vulgaris' growth rate and photosynthetic efficiency were significantly affected when
exposed to Congo red dye [14]. The need for treating textile effluents polluted with dyes
(organic) has become hypercritical because of depleting freshwater resources, expensive
treatment costs, and stringent government disposal laws.

Treatment of dye effluent from textile industries is a required but challenging process
because they are resistant to conventional treatment due to the complex aromatic composition.
Adsorption [15], biological [16], membrane filtration [17], ion exchange [18], biodegradation
[19], and electrochemical oxidation [20] are some of the methods currently being used to treat
textile effluent contaminated with dyes. Adsorption is currently regarded as one of the most
promising techniques due to its effectiveness, simplicity, ease of use, environmental
friendliness, and moderate reaction conditions. Adsorption is frequently used to cleanse, pre-
concentrate, detoxify, deodorize, and separate liquid and gaseous mixtures in order in order to
remove and recover damaging materials [21].

Commercially available activated carbon is widely used as an adsorbent due to its
effectiveness and capacity to absorb pollutants [22]. However, it is less desirable as an
adsorbent due to its high initial cost, quick saturation, and challenging regeneration. These
factors have prompted numerous studies to find less expensive, more environmentally friendly,
and more effective adsorbent alternatives. Several cost effective adsorbent like bio-wastes e.g.
saw dusts [23], microorganisms like Egyptian water hyacinth [24], biomaterials like Chitosan
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[3, 25], modified biomaterials like activated macadamia nutshell [26], bio-wastes like
macadamia seed husks [27] and bentonites like natural clays [28, 29] have been researched.

In the region of West Africa, Nigeria produces the most kola nuts [30]. Harvesting

involves separating the fruit from its pod, with the pod being thrown away as waste. Over 50%
of the kola fruit is made up of the pod husk, which has historically been an agricultural waste.
Due to the waste's high moisture content, it easily decomposes when dumped in fields or
landfills, having negative environmental effects by creating ideal conditions for the growth of
diseases, snails, mosquitoes, and snakes. Hence, there is need to convert waste to wealth.
As a soft wood, kolanut pod husk is thought to be rich in cellulose (Figure 1b), a long-chain
polymer made up of repeated D-glucopyranose units and three hydroxyl groups per
hydroglucose unit [31]. The presence of these functional groups provides numerous active
adsorption sites for adsorption with dyes, heavy metals and other contaminants in solution
either in modified or unmodified form.

Therefore, this present study was aimed at synthesizing cellulose from readily available
kolanut pod husk. The prepared cellulose adsorbent was applied for the removal of CR dye
from aqueous media. The kolanut pod husk cellulose (KPHC) adsorbent was characterized by
FTIR for functional group analysis before and after adsorption of CR dye. The effect of various
parameters on the dye adsorption onto KPHC adsorbent such as solution pH, adsorbent dosage,
contact time, and initial dye concentrations were studied. The isotherm and kinetic data were

also evaluated by applying various models.

(@)
a S0una
HoN

OH Y
(b) O H o
HO - OHC) o
OH
OH

Figure 1: Molecular structure of (a) Congo red (C.I. 22120) and (b) cellulose

Materials and methods
Kolanut pod husks (KPH) (Cola nitida) waste were collected from a cocoa plantation in Awa-

ljebu, ljebu North Local Government Area, Ogun State, Nigeria. The KPH wastes were washed
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with water several times to remove adherent dirt, and thereafter dried for 2 -3 weeks to remove
moisture. A ball mill machine was used to grind the dried KPH wastes. The cellulose
(adsorbent) was prepared from powdered KPH according to the method of Ogunneye et al.
[31]. The CR dye, a red powdery substance with mass 696.68 g mol-of molecular mass and a
maximum absorbance of 497 nm, was obtained from Sigma-Aldrich and utilized without

additional purification process.

FT-IR analysis

Functional groups characterisation of KPH cellulose before and after adsorption with CR dye
was done by Fourier Transform Infrared Spectrophotometer (Perkin Elmer Spectrum RXI
model). The powdered sample was mixed with KBr at an approximate ratio to prepare pellets
and afterward put in the sample holder for analysis.

Batch adsorption analysis

Batch sorption assays were performed in a 100 mL conical flask containing 1 g of KPH
cellulose and 50 mL of 100 mg L™ CR solution. The resulting mixture was then put on a
mechanical shaker and agitated at 150 rpm for an hour. The residual concentration of the dye
for each study was measured with an ultraviolet-visible spectrophotometer that operates at a
maximum wavelength of 497 nm. Using 1.0 g KPH cellulose, a pH dependent investigation
covering the range of pH 2 to 12 was conducted. Dropwise additions of either 0.01M HCI or
0.01M NaOH were used to adjust the pH of the solution. A 100 mL conical flask filled with 50
mL of 100 mg L of CR at the optimum pH level was used to study adsorbent dosages of 0.5
to 3.0 g. The effect of contact time was examined by varying the time of agitation from 10 —
180 min of the mixture of CR dye and KPH cellulose adsorbent at optimum pH and dosage
while the effect of initial dye concentration was investigated by varying the concentration of
CR dye solution from 10 — 100 mg L at the optimal pH, dose, and time [32]. At various time
intervals, aliquots from the dye mixture were taken, and the residual dye concentration was

determined. Using Egs. (1) and (2), the amount and percent of CR dye removed (qe) were

calculated.
\%
Qe = (Co - Ce) m (1)
Percentage (%) of CR adsorbed = % x 100 (2)

e
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Where “Co” and “Ce” are the liquid-phase concentrations (mg L™') of dye at initial and
equilibrium stages respectively; “V” represents the volume of the solution, (L) and “m” is the

mass of KPH cellulose (g).

RESULTS AND DISCUSSION
Isolation of KPH cellulose from KPH waste
The KPH cellulose was successfully isolated from the KPH waste. The KPH cellulose obtained

was white and powdery in nature [31].

Characterization of functional group by FTIR

The functional group that was present on the surface of KPH cellulose before and after it was
bound to CR dye was revealed by FTIR analysis. Figure 2 displays the KPH cellulose FTIR
spectrum and the bands allocated, which are listed in Table 1 as a summary. According to the
findings, KPH cellulose has a broad band at 3348.28 cm™ caused by an OH stretching vibration,
a C-.H stretch of 2957.85 cm™, and C=0 absorption bands close to 1769.18 cm™, while the
band at 795.67 cm™ is linked to the structure of the cellulose made up of a-linkages of cellulose.
Wekoye et al. [32] published similar findings in the literature as well. When KPH cellulose
adsorbed CR dye, there was a band shift in the functional groups. New spectra peaks on the
cellulose appeared at 1502.72 cm™, which are owing to the -N=N- peak as well as the SOs-H
stretch-induced absorption at 1065.12 cm™ [33].
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Figure 2: FTIR spectra of (a) unloaded KPH cellulose (adsorbent) and (b) loaded KPH
cellulose with CR dye

http://www.unn.edu.ng/nigerian-research-journal-of-chemical-sciences/ 179



http://www.unn.edu.ng/nigerian-research-journal-of-chemical-sciences/

Ogunneye, A.L., Badejo, A.O., Gbadamosi, M.L., Banjoko, 0.0., Moyib, K.O., Oladapo, O.F., Anselm,
O.H., Sotubo, B.S.: Kinetic and Isotherm Studies of an Anionic Dye (Congo Red) on Cellulose Isolated
from Kolanut Pod (Cola nitida) Husk

Table 1: FT-IR spectra properties of KPH cellulose loaded and unloaded with CR dye

S/IN KPH Vibrational KPH Vibrational
Cellulose mode loaded with mode
(Unloaded) CR
1 3348.28 -OH broad 3473.49 -OH broad
band band shift
2 2957.85 -CH 2989.46  -CH stretching
stretching
3 1769.18 -C=0 1502.72 -N=N-
bending stretching
vibration vibration
4 1429.49 -CH: 1043.43 SOsz-H
scissoring stretching
5 1148.72 C-0-C
stretching
6 795.67 -1,4- 1065.12 S=0 of
glycosidic sulfonic acid
bond Stretching
vibration

Effect of pH

In the adsorption process, pH is crucial because it controls the charges on the adsorbent material
and the dye molecules ionization [34]. According to Chowdhury et al. [34], it was directly
related to H ability to compete for the active sites on adsorbent surfaces with dye molecules.
KPH cellulose was used to test the effect of pH on the adsorption of CR dye, and the findings
are shown in Figure 3a. As a result of the positive charge on the CR molecule, which was
attached to one another by a repulsive attraction, the percentage (%) adsorption of CR at
equilibrium increased with as pH rise until it reach to pH 8 and then started to decline. Similar
results were seen when Basic Yellow 28 (BY28) was removed from natural clays that were
rich in smectite [35].
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Effect of KPH cellulose dose

The amount of dye removed and the rate of adsorption are significantly influenced by the
dosage of the adsorbent [36]. The findings of evaluating the effect of KPH cellulose dose on
the sorption of CR dye are shown in Figure 3b. Increase in KPH cellulose adsorbent dose led
to improvement in the % dye adsorbed. For instance, when KPH cellulose dosages were raised
from 0.50 to 2.50 g, the percentage of CR adsorbed increased from 91.5 to 96.5% respectively.
Therefore, the optimum dose is 2.5 g. This result was explained by the fact that as the KPH
cellulose dose increased, there was a significant rise in the number of adsorption locations that
the dye could access, leading to a larger % of adsorption [37]. A similar pattern was observed
in the use of activated carbon for the adsorption of the dye bromophenol blue, where an increase

in activated carbon dose led to an increase in dye removal [38].

(b)

1 1
Pementage of CRdye removal (%)
1 1

Percentage of CR dye removal (%)

Figure 3: (a) pH effect on percentage removal of CR dye by KPH cellulose adsorbent (100
mg L of CR dye; KPH dose 1.0 g; time 60 min) (b) Effect of KPH cellulose adsorbent
dosage on CR dye removal (CR dye 100 mg L; pH 8; time 60 min at 25 °C).

Effect of contact time
In industrial settings, contact time is crucial since it influences the method's cost-effectiveness

and maximal treatment time. Figure 4(a) shows the findings from the investigation on the
impact of contact time on CR dye removal. It is clear that the experiment's dye removal rate
started off quickly before progressively slowing till equilibrium. Therefore, the optimum
contact time for the experiment is 60 min. The observation can be explained by the fact that
there were fewer vacant sites on the adsorbent over time until they were completely taken up
at equilibrium. Both the adsorption of CR dye utilizing root of Eichhornia crassipes and the
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removal of Acid red 1 dye using chemically altered sugarcane bagasse have yielded similar
results [32, 36].

Effect of initial dye concentration

Figure 4b displays the results of investigating the impacts of CR dye concentration at various
concentrations. A greater amount of CR was adsorbed at equilibrium when the initial
concentration of the CR dye was higher. For instance, the quantity of CR removed at
equilibrium rose from 0.25 to 2.0 mg g when the CR concentration increased from 10 to 60
mg L. The observed phenomenon can be explained by the higher concentration slope between
the liquid and adsorbent phases that are present at higher concentrations, boosting the
adsorption rate [39]. However, as dye concentration increased, the adsorption effectiveness
decreased as KPH cellulose's adsorption sites quickly became saturated. Similar results have
been reported for the adsorption of malachite green and Congo red using corn stalk bio-waste

material and the crystal violet dye removal utilizing husks of coffee [40].

(a) : (b) f_/.x'%‘“'—-a

Fercentage of CR dye removal (%)
1
"\-\_N_‘_‘
Amount of CR dye removed at equilibrium {ma g
1

Initial dye concentration (mg L™}

Figure 4: (a) Contact time effect on the CR dye adsorption of (100 mg L CR, 2.5 g KPH
cellulose dose, and pH of 8) (b) Effect of the initial concentration of CR on the quantity of
dye removed (pH 8, time 60, 2.5 g dose min at 25 °C).

Isotherms adsorption

Adsorption isotherms are important when developing a treatment system for wastewater.
Langmuir and Freundlich isotherms were used to assess viability of CR dye removal from
solutions. Monolayer adsorption processes are described using the Langmuir adsorption

isotherm [41]. The assumption is that adsorptions take place on homogeneous, uniform surface
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with identical areas on the adsorbent. The equation for the linearized variants of the Langmuir

isotherm is as follows:

. 1
Langmuir: — =
de Omax

o (&) + 22 ®
where g is the amount Congo red dye removed at equilibrium (mg g?), Ce is the Congo red
concentration at equilibrium, Qmax is the adsorption capacity mono layer (mg g1), and K.y
denote constant for Langmuir (mg L). The point intercepts and gradients from the 1/ge vs. 1/Ce

plots are used to determine Qmax and Langmuir constant (KLY).

Figure 5a depicts the plot of 1/qge against 1/Ce for CR removal onto KPH cellulose. According
to the results, a mono layer adsorption capacity (Qmax) of 4.21 mg g was attained with a KLY
of 2.655 mg L and R? of 0.894.

The Freundlich isotherm [17] is applicable to multilayer sorption and non-ideal sorption on

heterogeneous surfaces. The equation's linearized form is written as: Freundlich:
logqe = %logCe + logKs 4)

where ks is the adsorbent capacity and n refer to the intensity of the adsorption, respectively.
The intercepts (logkf) and slopes (1/n) of the plot of log ge against log Ce provide the values
for kf and n. The adsorption process is rated favourably by 1/n, and if an n value is greater than
1, it implies suitable adsorption conditions. Figure 5b depicts the log ge vs log Ce plot for the
CR dye removal by KPH cellulose. According to the findings, an adsorption intensity (n) value
of 1.632 and an R? of 0.988 were used to produce the Freundlich constant similar to adsorption
capacity (kr) of 1.654 (mg g) (L mg™)n't). Furthermore, since the value of n (1.632) is greater
than 1, therefore the adsorption process is favourable. In conclusion, the suitability of a
particular model is determined by the coefficient of determination, R?, which measures the
conformation of the regression line to the experimental data. A perfect fit is indicated by unity,
although a value close to unity can be an indication of good fit. Values < 0.8 expresses the
inadequacy of such a model in explaining the experimental data [42]. High R? (R?>>0.8) values
for both the Langmuir and Freundlich adsorption isotherm models allow us to infer that both
monolayer and multilayer adsorption processes occurred at 25 °C [43]. Although the Langmuir

isotherm (Figure 5a) model also demonstrated good fit of the experimental data, but Freundlich
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adsorption isotherm model (Figure 5b) demonstrated better fit than Langmuir isotherm due to

its R2 value.

1/0e
log Che

Figure 5: (a) Langmuir isotherm plot for CR on KPH cellulose (b) Freundlich isotherm plot
for CR on KPH cellulose

Adsorption kinetics

The chemical pathways and possible rate-limiting stages for the removal of CR on KPH
cellulose were investigated using pseudo-first and pseudo-second order kinetic models and the
Elovich equation. The linearized integral version of the Lagergren pseudo-first-order model [1]

is provided in Equation 5:

Lagergren pseudo-first order: log(q. — q;) = logq. — ( s )t (5

2.303

Where, correspondingly, ge and g: are the amounts of dye removed at equilibrium (mg g) with
respect to time (min), ki is the pseudo-first-order adsorption constant (min~t). The gradient and
intercepts of log (ge - o) versus t are used to derive the ki and ge values (figure 6a). Low R?
values (R? < 0.5) indicated a poor fit of the experimental data by the pseudo-first order kinetic
model. The inadequacy of the model in representing the CR's adsorption on KPH cellulose was

shown in Table 2.

The adsorption of CR dye onto KPH cellulose was also investigated using a pseudo-second

order model. The pseudo-second order model's linear equation is stated in Equation 6:

St 1 1
Pseudo-second order: prilp + (qe) t (6)
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Where g and g refer to the dye adsorbed at equilibrium and time t (mg g%), respectively, and
k2 is the adsorption rate constant (g mg min). The intercepts and gradient of t/qe vs. t are used
to derive the values of k. and ge. Figure 6b displays the plot of pseudo-second order kinetics
for the adsorption of CR dye onto KPH cellulose at various time (mins). The model had a good
fit with the experimental data. Table 2 lists the values of kz, e, and R? after they have been
calculated. High R? values (R? > 0.8) were found for the concentrations under study. The
outcome demonstrates that CR dye was adsorbed by KPH cellulose according to a pseudo-
second order kinetic model. This further shows that chemisorption, which involves the
exchange or sharing of electrons between the adsorbent and adsorbate, increased the adsorption
process [44-45].

(@) N (t)

log(qe-qt)

tict

Time {min}

Figure 6 (a) Pseudo-first order model and (b) Pseudo-second order model plots for adsorption
of CR dye on KPH cellulose.

Elovich's equation was used to further examine the CR dye's adsorption on KPH cellulose [46]:
Elovich: q; = A + Blnt (7

Where qt is the quantity (mg g) of CR that has been biosorbed at time t and A and B are the
intercept and Elovich constants relating to the degree of surface covering and activation energy
for chemisorption, respectively. This intercept and the constants were determined using the
linear plot of gt vs Int. The plot of gt vs. In t in Figure 7 provides the values of A and B. A
summary of the values of A, B, and respective R? can be found in Table 2. High R?values in
the experimental data indicate that the Elovich equation can be used to predict the adsorption
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of CR dye on KPH cellulose. The validity of the Elovich equation further implies that the CR's

adsorption was chemisorption [47].

4.0 - -
3.5
[ |
3.0 1
T 25
]
2.0
154 N
T T T T T T T T T T T T T T
2.0 25 3.0 35 40 45 5.0 5.5
Int

Figure 7: Elovich plots of CR dye adsorption on KPH cellulose

Table 2: Kinetic parameters for the biosorption of CR onto KPH cellulose

Present study Other studies

Kinetic Model Parameter CR [48] [49]
Pseudo-first ge(mgg™) 9.65 052 e
order Ki(mint) 1.47 x 1072 0.007 -
R? 0.486 0.3087 -

Pseudo-second de(mg gb) 2.78 8.65 4.44

order Kz(g mg* minl) 2.73x 10 0.169 0.00154 x 10’3

R? 0.9978 0.9997 0.9950

Elovich A 1037 - 3.22

B 298 0 e 0.083
R? 0.9997 = —mmeee- 0.9960
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CONCLUSION

The adsorption of CR dye by KPH cellulose was studied due to the recent interest in developing
cheap biomaterials for the removal of organic dyes from wastewaters. To do this, the CR dye's
adsorption process, isotherms, and kinetics on KPH cellulose were investigated. Adsorbent
dose, contact time pH, and dye concentration all played significant roles in controlling the
adsorption process. As contact time, dose, and pH were increased, the percentage of CR dye
removal also rose to optimum values and thereafter decreased. The fitting of experimental data
to the Freundlich and Langmuir adsorption isotherm models suggests that monolayer and
multilayer adsorption processes took place at room temperature. The pseudo-second order and
Elovich model best describe the Kinetics data indicating that chemisorption is the rate limiting
step. Overall, it could be concluded that the prepared KPH cellulose adsorbent will be a

promising adsorbent for the elimination of CR dye from aqueous solutions
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