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a b s t r a c t
In this study sugarcane bagasse copper oxide (SCB/CuO) nanocomposite was synthesized and its 
affinity for the batch adsorption of methylene blue and congo red was investigated. The impact 
of various operating factors including biosorbent dosage, contact time and pH on the percentage 
removal of these dyes was examined. The optimal contact time for methylene blue and congo red 
adsorption was 75 and 60 min, respectively. The optimum biomass dosage (SCB/CuO nanocom-
posite) for the decolorization of methylene blue and congo red was 0.02 and 0.04 g, respectively. 
The calculated value of zeta potential is 7. Second-order model was found to be most appropri-
ate model for the elucidation of adsorption kinetics. Experimental results were established by 
applying various linear and non-linear isotherm models such as Langmuir, Freundlich, Temkin, 
Dubinin–Radushkevich, Halsey and Harkins–Jura etc. The obtained values of E according to 
Dubinin–Radushkevich is 1.9 and 13.86 kJ/mol for methylene blue and congo red, which showed 
physical and chemical nature of adsorption, respectively. The negative values of ΔG° and ΔH° 
indicated the spontaneity and exothermic nature of the process correspondingly.
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1. Introduction

Urbanization and industrialization work together for 
supporting a peaceful and healthy living on earth. One 
of the main environmental issues associated with them is 
aquatic contamination brought about by the release of dif-
ferent heavy metals and dyes from diverse human activities 
[1,2]. The photosynthetic potential of aquatic plants may be 
impacted by the decreased solar light penetration caused 
by colored organic molecules in water [3]. The main causes 
of dyes’ toxicity include various ingredients like aromatics 
and amines [4]. The majority of dyes have negative impact 
on human health, including kidney, liver, reproductive, and 
central nervous system malfunction, and are mutagenic, 

carcinogenic, or teratogenic to all living things [5]. These may 
harm the circulatory, digestive, and nervous systems, and 
may result in respiratory diseases, Parkinson’s syndrome, 
multiple sclerosis, skin rashes, vomiting, and other unpleas-
ant symptoms [6].

The researchers have extensively investigated cost-effec-
tive, environmentally acceptable, and sustainable methods 
for sequestering heavy metals and dyes from contaminated 
aquatic systems [7]. Traditional physical contamination 
removal techniques come in a variety of forms. Adsorption 
is a remediation technology that is effective, eco-friendly, 
simple to use, and affordable [8]. It can remove a variety of 
contaminants from wastewater, including organic, inorganic, 
and biological elements as well as soluble and insoluble 
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chemicals [9]. Accessibility, low cost, non-hazardous, high 
adsorption capacity, high resistance to abrasion, and stabil-
ity in various environmental conditions are some important 
qualities that an effective adsorbent should possess.

For the remediation of unclean water and soil systems, 
biochar, a carbon-rich and highly permeable adsorbent, 
has many applications [7]. The use of biochar as a sustain-
able, affordable, and environment friendly adsorbent made 
from various readily accessible agricultural byproducts has 
significantly advanced in recent years [10,11]. According 
to reports, the pyrolysis temperature and kind of mate-
rial used to produce biochar determine the stability of the 
structure, the number of surface functional groups, and the 
adsorption capacity of the biochar [12,13].

Researchers are encouraged by the promise of envi-
ronmentally friendly materials because of their increased 
effectiveness and cost-effectiveness [14]. Recent research 
has demonstrated that scientists have attempted to increase 
the efficiency of biochar by altering its surface properties 
through various changes using potent acids/bases, nanopar-
ticles, etc. [15]. Successful applications of metal nanoparti-
cles as adsorbents, reductants, oxidants, and catalysts have 
been made for a variety of pollutants, particularly heavy 
metals and dyes [2,16]. However, due to their aggrega-
tion/agglomeration, which results from the greater surface 
energy, metallic nanoparticles’ high activity, and outstand-
ing potential are occasionally diminished [17]. By reducing 
the agglomeration of metal nanoparticles and improving 
their surface properties, porous materials like biochar are 
used as excellent supports to increase their capacity to 
remove a variety of pollutants from the environment [18]. 
Saccharum officinarum grows by using solar energy through 
photosynthesis and thus producing biomass. Sugarcane is 
the crop with the highest biomass yield on an annual basis 
[19,20]. Annually, up to 8 tons of carbohydrate (sugar and 

bagasse) can be produced per acre [21]. Sugarcane is a 
fibrous plant, so the crushed remnants are thin, long par-
ticles that are intertwined with one another. As a result, 
bagasse has poor flow characteristics and tends to bunch 
together. Additional size reduction prior to pyrolysis will 
improve bagasse flow ability. Because of the porosity of 
the particles, determining the particle density of bagasse 
is particularly difficult. Bagasse is primarily composed of 
fiber particles with a high length-to-width ratio and small 
spongy dust-like particle [22]. The goal of the current 
research was to assess Saccharum officinarum biochar (SCB) 
for the treatment of dye and heavy metal-contaminated 
wastewater and to improve its properties using CuO metal  
nanoparticles.

2. Materials and methods

All the chemicals such as methylene blue (99%, Sigma-
Aldrich, USA), congo red (99%, Sigma-Aldrich, USA), 
copper sulfate (99%, Sigma-Aldrich, USA), potassium 
hydroxide (99%, Sigma-Aldrich, USA) and other required 
reagents were purchased of analytical grade.

2.1. Adsorbate

The well–known cationic dye methylene blue is acquired 
from Sigma-Aldrich and employed as an adsorbent. Congo 
red is the sodium salt of benzidinediazo-bis-1-naphthyl-
amine-4-sulfonic acid (formula C32H22N6Na2O6S2: molecular 
weight 696.66 g/mol). It was also purchased from Sigma-
Aldrich. The stock solution of each dye was obtained by 
dissolving 1.0 g in 1 L of double distilled water and other 
necessary working solutions of these dyes were prepared 
by further dilution of the stock solutions. Fig. 1 depicts the 
molecular structure of methylene blue and congo red.
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Fig. 1. Structure of (a) methylene blue and (b) congo red.
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2.2. Adsorbents

2.2.1. Preparation of biochar

Sugarcane bagasse was collected from local sugarcane 
juice stall (Bahawalpur). The collected bagasse was washed 
5–6 times with tap water and rinsed with distilled water. The 
rinsed bagasse was boiled in distilled water for 5–10 min 
for extra pureness. Pure form of boiled bagasse was then 
air dried for 2 d and pyrolyzed through slow pyrolysis at 
500°C for 2–3 h in muffle furnace. Prepared biochar was 
crushed into powder with blender and sieved. The SCB was 
stored in a container for further use.

2.2.2. Preparation of nanocomposite

2.2.2.1. Copper oxide nanocomposite impregnated on 
sugarcane bagasse copper oxide (SCB/CuO)

30 mL of 0.1 M solution of copper sulfate pentahydrate 
(CuSO4·5H2O) was taken into Erlenmeyer flask and 0.25 g of 
prepared biochar was added and the solution was shaken 

for 10 min on orbital shaker. Then the solution was titrated 
against 50 mL of 0.15 M solution of KOH by continuous 
stirring. Filtered the solution and dried the residue over-
night at 70°C, scratched the dried residue and preserved 
for further use.

3. Results and discussion

3.1. Fourier-transform infrared spectroscopy studies

The Fourier-transform infrared (FTIR) spectra of biochar, 
and Cu–O nanocomposites are shown in the Figs. 2 and 3 
in transmission mode from 600–4,000 cm–1. FTIR spectra 
show the shift in transmission peaks caused by the mate-
rial and its impregnation. In case of Cu–O nanocomposite 
spectrum, clear transmission peaks were observed at 3,588; 
3,390; 2,160; 2,009; 1,990; 1,730; 1,559; 1,374; 1,339; 1,106; 980; 
823 and 665 cm–1. While SCB exhibited transmission peaks 
at 3,711; 3,014; 2,369; 2,124; 1,997; 1,822; 1,653; 1,636; 1,624; 
1,617; 1,559 and 668 cm–1. The –OH stretching vibrations 
occurred at transmission peaks 3,200–3,600 and 3,590 cm–1 

 
Fig. 2. Fourier-transform infrared spectrum of SCB.

 
Fig. 3. Fourier-transform infrared spectrum of CuO/SCB nanocomposite.
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whereas C–H stretching vibrations occurred at peaks 2,850–
3,000 cm–1 indicating the weak signal. HC≡CH stretching 
vibrations at 2,300 cm–1. Signal at 2,000–2,150 cm–1 indi-
cated –C=C=C– functional group and – signal at 1,684 cm–1 
indicated=O stretching vibration.

3.2. Scanning electron microscopy studies

The scanning electron microscopy images for the mor-
phological features and surface characteristics of SCB/CuO 
nanocomposite are presented in Fig. 4. sugarcane bagasse 
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Fig. 4. (A) Scanning electron images of SCB/CuO nanocomposite and (B) energy dispersive X-ray spectrum of SCB/CuO nano-
composite.
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copper oxide (SCB/CuO) nanocomposite has rough and 
irregular spaces with depressions on the surface which con-
verted to smooth, long, deep well shaped micro tubes. Thus, 
rough and highly porous surface SCB/CuO nanocomposite 
facilitate the adsorption dyes by increasing the surface area.

3.3. Effect of operating factors

3.3.1. Batch binding assay

20 ppm solution of methylene blue and congo red 
solution was added with 0.5 g SCB/CuO nanocomposite. 
These systems were agitated on orbital shaker at 150 rpm 
for 6 h. The samples were collected into glass vials at every 
15-min time interval. The obtained samples were then cen-
trifuged at 4,000 rpm for 10 min. Absorbance of extracted 
samples were obtained at λmax. Removal efficiency of these 
dyes can be assessed by UV–Vis spectrophotometer.

Batch binding assay was conducted to determine the 
matching degrees of binding sites.

Methylene blue revealed greater degree of binding affin-
ity max. 94% while congo red showed comparatively less 
affinity max. 85% towards SCB/CuO nanocomposite (Fig. 5). 
Both dyes showed considerable binding affinity which means 
they have availability of complementary binding sites. 
The rapid increase in adsorption in the beginning is due to 
excessive availability of active sites but with the passage of 
time active sites became saturated and adsorption.

3.3.2. Effect of adsorbent dosage

It is important to determine the optimal dosage of 
adsorbents that minimizes the toxic substance to the low-
est possible level for actual implementations and economic 
reasons. So that, the impact of dosage for the removal of 
dyes was determined by keeping other parameters con-
stant. Fig. 5 reveals the potential of SCB/CuO nanocom-
posites for the removal of congo red and methylene blue 
when the adsorbent dosage was increased from 0.004 to 
0.2 g/10 mL whereas other parameters remained constant. 
The data showed that there was significant increase in 
dyes removal with increasing the adsorbent dosage. The 
optimum adsorbent dosage for congo red and methylene 
blue was 0.04 and 0.02 g, respectively.

3.3.3. Effect of concentration

Fig. 7 depicts the removal of dyes by SCB/CuO by vary-
ing the concentrations at the optimum dose of each adsor-
bent and ambient temperature. The data depicted the 
decline in the removal of dyes by the increase in concen-
tration. The observed optimum concentration of methylene 
blue and congo red removal was 600 ppm.

3.3.4. Zeta potential

Fig. 8 depicts the value of pHPZC for adsorbent is 7. At 
pH below 7 the surface of adsorbent has negative charge. 
Methylene blue is cationic dye so adsorbed at acidic 
dye While congo red is acidic so adsorbed at higher pH.

3.4. Adsorption kinetics

Kinetic models provide valuable information about 
equilibrium adsorption and clarify the mechanism of 
adsorption. In this study, experiments were done at room 
temperature. Two adsorption kinetic models including 
pseudo-first-order and pseudo-second-order were applied 
to study the kinetics of methylene blue and congo red on 
SCB/CuO (Fig. 10 and Table 1).

3.4.1. Pseudo-first-order model

The linearized pseudo-first-order reaction rate model 
can be given as:

log logq q q k Te t e�� � � � 1  (1)

The expression for non-linearized pseudo-first-order 
can be expressed as:

q q et e
k T� �� ��1 1  (2)

where qt and qe describes the amount of adsorbed adsorbate 
at time t and at equilibrium, respectively and k1 is the rate 
constant associated with first-order kinetic model.

The expression for linearized form of pseudo-second- 
order kinetic model can be showed by the following  
equation:
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Fig. 5. Batch binding analysis of methylene blue and congo red 
by SCB/CuO nanocomposite.

 

Fig. 6. Effect of dosage on the removal of methylene blue and 
congo red by SCB/CuO nanocomposite.
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The non-linearized expression for pseudo-second-order 
can be demonstrated as:
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 (4)

where qe is the quantity of adsorbate adsorbed at equilibrium 
and k2 is the rate constant related to pseudo-second-order 
kinetic model.

The Weber and Morris intraparticle diffusion mode was 
used to elaborate the mechanism of adsorption.

q Kt It � �0 5.  (5)

Intercept of intraparticle diffusion model is not passing 
through origin which showed intraparticle diffusion model 
is taking part in the adsorption process.

3.5. Adsorption isotherms

3.5.1. Linear isotherms

The dyes removal performance of SCB/CuO was evalu-
ated by applying isotherms. The equilibrium data of the study 
were analyzed with the models of Langmuir, Freundlich, 
Temkin, Dubinin–Radushkevich, and Halsey (Fig. 12).

The Langmuir isotherm is normally used to study the 
monolayer adsorption through homogeneous surfaces. 
Langmuir isotherm model discusses the relation between 
an adsorbed species and a sorbents system in which 
adsorbed species binding is limited to one molecular layer.

The expression for linear form can be given as:

1 1 1
q q K q Ce m L m e

� �  (6)

where Ce is the concentration of adsorbate in solution at 
equilibrium, qe refers to adsorbed adsorbate at equilibrium. 
KL is Langmuir isotherm constant. A plot of Ce against Ce/qe 
is given in Fig. 9a and values of the parameters KL and qm 

are listed in Table 2. RL is a dimensionless separation factor 
and given as:

R
K CL
L

�
�
1

1 0

 (7)

where Co = maximum initial concentration of the adsorbate 
(mg/L).

If RL > 1 then adsorption is unfavorable, if RL = 1, RL = 0, 
0 < RL > 1 then adsorption is linear, irreversible and favor-
able, respectively.

Freundlich isotherm can be derived by assuming a 
decrease in logarithm in the adsorption enthalpy with the 
elevation of fractional occupied sites. The plot of logqe vs. 
logCe for linear form of equation yields the straight line as 
shown in Fig. 9b. The slope 1/n gives the information about 
the heterogeneity of the surfaces. The heterogeneity of the 
surfaces increased when the value of 1/n becomes closer to 
zero.

The linearized expression for Freundlich isotherm can 
be given as:
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Fig. 8. Elucidation of surface charge through zeta potential.

Table 1
Parameters of pseudo-first-order and pseudo-second-order 
kinetic models for adsorption of methylene blue and congo red 
by SCB/CuO

System Methylene blue Congo red

Pseudo-first-order

k1 0.002012 –0.000026
qe 10.682222 1.675145
R2 0.82 0.52

Pseudo-second-order

k2 9,799.925 31.66748
qe 62.5 7.262164
R2 0.997 0.999
K 4.3 3.6
R2 0.90 0.93
I 0.27 0.22

 

Fig. 7. Effect of concentration on the removal of methylene blue 
and congo red by SCB/CuO nanocomposite.
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ln ln lnq K
n

Ce f e� �
1  (8)

where Kf and n are Freundlich constant, the value of n 
provides information about heterogeneity the adsorbent 
surface. If the value of n is 2–10, then it reveals the decent 
adsorption power of the adsorbent. If it is 1–2, then it shows 

moderate adsorption and less than one signifies reduced 
adsorption capability.

The parameters of Freundlich isotherms are listed in 
Table 2 which revealed that Freundlich isotherm was well 
fitted.

The linear expression for Temkin isotherm can be 
given as:

Q RT
b

A RT
b

Ce
t

t
t

e� �ln ln  (9)

The model indicates the exothermic nature of adsorp-
tion reaction as B > 0 which is an indicator of release of 
heat during the process.

The following is the linear adsorption isotherm:

log
ln log

q
nH K nH Ce

H

� �
1 1

qe

 (10)

where KH and nH are the Halsey isotherm constants, which 
may be determined by plotting the slope and intercept of 
logqe vs. logCe.

The Dubinin–Radushkevich isotherm is frequently 
used to demonstrate the process of adsorption onto a het-
erogeneous surface with a Gaussian energy distribution. 
The linear expression for Dubinin–Radushkevich can be 
given as:

ln lnq q Be m� � �2  (11)

The expression for energy can be expressed as:

E
k

=
1
2 ads

 (12)

The value of E calculated for the present research was 
1.9 and 13.86 kJ/mol suggest physical nature of sorption for 

 
Fig. 9. Mechanism of adsorption of dyes on SCB/CuO nanocomposite.

Table 2
Parameters of the linear forms of Langmuir, Freundlich and 
Temkin isotherm for the adsorption methylene blue and congo 
red by SCB/CuO nanocomposite

System Methylene blue Congo red

Langmuir

qm (mg/g) –5 × 102 –270.27
KL (mg/g) –9.83 × 10–4 –1.38 × 10–3

Temkin

β (mg/L) 0.0057 0.0042
α (mg/L) 6.42680 6.8213

Freundlich

nH 0.6145 0.6756
K (mg/L) 11.6546 6.0478

Dubinin–Radushkevich

B 0.1353 0.0026
qm 2.28096 1.00682
E 1.9223 13.8675

Halsey

nH 1.62733 1.480166
KH 54.3894 14.3515
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methylene blue and chemical nature for congo red. Because 
the value of E below 8 kJ/mol reflects physical sorption 
and 8–16 kJ/mol reflects chemical sorption.

3.5.2. Non-linear isotherms

The non-linear form of Langmuir isotherm can be 
expressed as:

q
q K C
K Ce

m L e

L e

�
�1

 (13)

where KL is Langmuir constant, qm is the adsorption capac-
ity. The non-linear model of Langmuir isotherm is given 
in Fig. 13 and values of qm and KL are calculated in Table 3. 
The non-linear form of Freundlich can be represented:

q K C
ne F e=
1  (14)

where Ce is concentration of superflutant equilibrium 
stage, qe is the quantity of dye adsorbed at equilibrium, 

n and Kf are Freundlich factors and their values are given 
in Table 3. The non-linear form of Temkin isotherm can be  
expressed as:

q RT
b a Ce
T t e

=
ln

 (15)

where R, T, bT and at represent general gas constant, abso-
lute temperature and heat of adsorption and equilibrium 
binding constant correspond to maximum binding energy, 
respectively. The expression for non-linear form of Temkin 
isotherm.

 

Fig. 10. Linear form of (a) pseudo-first-order kinetic model and (b) pseudo-second-order kinetic model for the adsorption of 
methyl blue and congo red by SCB/CuO nanocomposite.

 Fig. 11. Intraparticle diffusion kinetic plots for adsorption of 
methylene blue and congo red on SCB/CuO nanocomposite.

Table 3
Parameters of the non-linear forms of Langmuir, Freundlich 
and Temkin isotherms for the adsorption methylene blue and 
congo red by SCB/CuO nanocomposite

System Methylene blue Congo red

Langmuir

qm (mg/g) 1.081e+006 ± 3.01e+007 1,338 ± 450
KL (mg/g) 1.0992e-006 ± 3.1e-005 0.0011955 ± 0.000569
χ2 0.377629 0.315306

Temkin

β (mg/L) 0.012612 ± 0.0012 0.012317 ± 0.000954
α (mg/L) 0.022402 ± 0.00366 0.02127 ± 0.00243
χ2 0.324362 0.314875

Freundlich

N 1.1944 ± 0.187 1.2447 ± 0.144
K (mg/L) 2.9187 ± 2.25 3.4852 ± 1.9
χ2 0.32732 0.319669

Dubinin–Radushkevich

–B 3,830.3 ± 795 2,917.4 ± 223
qm 506.57 ± 30.5 498.68 ± 16.2
χ2 0.317533 0.35658
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The non-linear form of Dubinin–Radushkevich can be 
represented as:

q Ce m� �� �exp ��2  (16)

3.6. Adsorption thermodynamics

The numerical values of thermodynamic parame-
ters, that is, Gibbs free energy (ΔG°), entropy (ΔS°) and 
enthalpy (ΔH°) for the adsorption of methylene blue 
and congo red were obtained with the help of van’t Hoff 
equation and the related results are provided in Table 4. 
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Fig. 12. Linear form of (a) Langmuir, (b) Freundlich, (c) Temkin, (d) Halsey and (e) Dubinin–Radushkevich for the adsorption of 
methylene blue and congo red by SCB/CuO nanocomposite.

 

 

Fig. 13. Non-linear plots of Langmuir, Freundlich, Temkin, and 
Dubinin–Radushkevich isotherms for the adsorption of (a) 
methylene blue and (b) congo red by SCB/CuO nanocomposite.

Table 4
Thermodynamic parameters for adsorption methylene blue 
and congo red by SCB/CuO nanocomposite

Temperature ΔG°, kJ/mol ΔH°, kJ/mol ΔS°, J/mol·K

293 –0.06481

–0.00000831 0.026605
303 –0.06702
313 –0.06923
323 –0.07145
333 –0.07366
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The graphical explanation for lnKc vs. 1/T for these dyes 
is given in Fig. 14. Negative value of ΔG° represents the 
spontaneity of reaction while positive value of ΔH revealed 
that reaction was endothermic.

4. Conclusion

This article reveals the worth of SCB/CuO nanocompos-
ite for the adsorptive removal of methylene blue and congo 
red by pseudo-second-order model showed better results 
with the kinetic experimental data as compared to other 
kinetic models. Thermodynamic parameters showed that 
adsorption of these dyes was exothermic process. Positive 
values of entropy showed that there is increase in ran-
domness at adsorbate and adsorbent surface. The present 
research is highly efficient for the practicable synthesis of 
cost-effective, nanocomposites decontamination of organic 
pollutants from industrial effluents. From this study it was 
concluded that the SCB/CuO can be effectively used for 
the treatment of wastewater.
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