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Abstract

The adsorption characteristics of methylene blue (MB) from aqueous solution on coffee grounds activated
carbon (CGAC) were studied. The CGAC was characterized by BET, SEM, TGA and FT-IR techniques. The
adsorption capacity of MB on CGAC was greater than that of coffee grounds. The adsorption equilibrium
isotherms were well fitted with the Sips equation. The estimated values for the free energy of adsorption (AG®)
were -2.90, -3.27, and -3.46kJ/mol at 288, 298 and 308K, which indicated that a spontaneous process. Kinetic

studies showed that the adsorption of MB on CGAC in the system followed pseudo-second-order kinetics.
Keywords: Adsorption, Coffee, Dye, Equilibrium, Kinetic.

1. Introduction

Urban and industrial activities commonly generate
harmful components such as organic chemicals
or heavy metals, that have a serious impact on the
ecological systems and the food chain indefinitely
[1-4]. Discharge of dyes from various industries
into the environment and drinking water sources
causes numerous health issues and significant harm,
including skin sensitivity, carcinogenic effects,
and mutagenic changes in living organisms [5,6].
The sectors producing the most dye wastewater
include textiles, printing, paper, food processing,
and tanneries. Approximately 200,000 tons of textile
dyes are produced annually [7]. Among these dyes,
methylene blue (MB) is a cationic dye and the most
common colorants used as water-soluble organic
dyes. MB is not extremely hazardous but inhalation
causes rapid breathing, vomiting, shock, mental
confusion, and nausea in humans [8,9]. Hence, it is
important to remove MB and other dyes from water
systems to reduce their impact on the environment.

Therefore, the development of novel materials or
technologies to effectively remove these contaminants
is highly desired. Among numerous methods have
been developed to remove dyes from wastewater
such as biodegradation, photocatalytic degradation,
membrane separation. However, biological methods
for MB removal are time-consuming, making
them less efficient for industrial-scale applications
involving high concentrations of dyes [10]. On the
other hand, photocatalytic degradation has several
drawbacks that limit its industrial-scale application,
including low utilization of visible light, rapid
charge recombination, and suboptimal electron and
hole migration generated through photochemical
processes [11]. Membrane technology for MB removal
incurs high operational costs due to the high-cost
membranes and the need for periodic replacement
caused by fouling [12]. Adsorption processes have
been found to be superior than other methods because
of its attractive features such as high specific surface
area, efficiency, and convenience in removing targets
from aqueous solution [13-15]. There are many
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agricultural wastes used to manufacture activated
carbon, which reduces the cost of raw material and
protects the environment from pollution [16,17]. The
raw materials commonly include seed of fruit, rice
husk, bean shell, reed, corn cob, coffee waste and
other renewable resources. Coffee is one of the most
abundant agricultural products as well as the one of
the major drinks in the world. The amount of coffee
bean consumption in Korea was about 216,000 tons
in 2024 and about 173,000 tons of coffee grounds
are annually generated. however, most of them are
simply landfilled or incinerated. Although there is
still a shortage of coffee waste recycling technologies
compared to the amount of coffee grounds produced.

The aims of present work were to prepare
activated carbon from coffee grounds (CGAC)
and characterized from N, adsorption/desorption
isotherms, Fourier transform infrared spectroscopy
(FT-IR), thermogravimetric analysis (TGA), scanning
electron microscopy (SEM). CGAC was then utilized
for MB removal under various operational conditions,
such as the pH and temperature of the MB solution,
CGAC mass, contact time. In addition, the adsorption
equilibrium isotherm and kinetics for MB on CGAC
were studied. The thermodynamic parameters were

calculated using adsorption equilibrium isotherms.

2. Materials and Methods
2.1 Adsorbate

MB, a cationic pollutant in which the chemical
formula of C, H N.SCI-3H,0, molecular weight of
373.9 g/mol and A max of 664 nm, was selected as the
adsorbate in this research work. The stock solution
was purchased from Aldrich Chemical. All other

chemical reagents used were of analytical grade.
2.2 Preparation of Biochar

Coffee grounds were collected from local cafe
(Gwangju, Koea). The samples were washed with
hot distilled water to remove the brown color and
residual organics and then dried at 100°C for 24 h. The
particles were separated using the US standard testing
sieve (No. 40-50) and immersed in 60wt% KOH
solution for 24 h. The obtained material was placed
in a furnace, followed by heating to the carbonization
temperature 450°C at an increasing rate of 10°C/min
and maintaining at the temperature for 0.5 h under N,
flow protection. Activation temperature 750°C, and
maintaining at the temperature for 3 h. The obtained
CGAC was washed with deionized water until the pH
of neutral. After dried the biosorbent, stored in a sealed

bottle with a silica gel to prevent the re-adsorption of
moisture.

2.3 Equilibrium Studies

The MB was dissolved in deionized water to the
required concentration ( and then temperature of the
dye solutions was adjusted to 288, 298, and 308K
using a constant temperature water bath. Adsorption
equilibrium isotherms were determined by bringing
a known volume of the MB solutions (100 mL) into
contact with carefully weighed amounts of the coffee
ground and CGAC (0.01- 0.2g) in a conical flasks
and then shaken for 24 h using a shaking incubator.
The dye concentration of the solutions was analyzed
at wavelength 664nm by an UV-VIS spectrometer
(UV-2100PC, Shimadzu). The amount of adsorption
of MB on CGAC at equilibrium q(mol/kg) was
computed as follows.

_ (CO B Ce)V
¢ w

(1)

where C and C_ are the initial and equilibrium
solution concentrations (mol/m?), respectively, V is
the volume of the solutions (m*) and W is the weight
of CGAC (kg).

2.4 Isotherm Modeling

Adsorption equilibrium isotherms are very important
in describing the interactive behavior between
adsorbate and biosorbent. The adsorption isotherm
models of the Langmuir, Freundlich and Sips were
fitted to describe the equilibrium adsorption of MB
on CGAC. These isotherm equations are given below
[18-20].

Langmuir isotherm, ¢ = 4,k,C (2)

1+k,C,

where k is the Langmuir affinity constant (m’/
mol) and q_ is the maximum adsorption capacity of
the material (mol/kg) assuming a monolayer of
adsorbate taken up by the adsorbent.

Freundlich isotherm, ¢ = k,C,'"" (3)

where k; is the Freundlich constant related to the
adsorption capacity (mol/kg)(mol/m*)'™ and n is the
Freundlich exponent (dimensionless).

q —_ quscel/n
1+kCM" (4)
where k is the Sips constant related to the affinity

constant (mol/m’)" and q_ is the Sips maximum
adsorption capacity (mol/kg).

Sips isotherm,
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3. Results and Discussion
3.1 Characterization of Biosorbent

The specific surface area and pore size distribution
of the CGAC used in this study were measured
using N, adsorption /desorption isotherms at 77K
(Fig. 1). The surface area, average pore diameter
and total pore volume of the CGAC were 2,423m?/g,
18.91A° and 1.15cc/g, respectively. In case of coffee
ground, which were 35.4m?/g, 1.23A° and 0.001cc/g,

respectively. According to the International Union of
Pure and Applied Chemistry (IUPAC) classifications,
pores can be divided in broad terms according to their
diameter (d) into macro pores (d > 50nm), meso pores
(2 <d < 50nm) and micro pores (d <2nm) [21]. Based
on the results, it can be concluded that the pores of the
CGAC fell into the category of micro pores. Surface
morphology revealed important details regarding the
surface structure of CGAC. As could be seen in Fig. 2
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Figure 1. N, Adsorption/desorption isotherms and pore size distribution of CGAC at 77K.
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Figure 2. SEM image of CGAC.

Cylindrical pores of various shapes and sizes
distributed all over the surface of CGAC. The
CGAC sample shows an irregular surface structure,
which might be due to the combination of chemical
activation (KOH) and heat treatment. Fig. 3 presents
the thermo-gravimetric analysis (TGA) curve
and differential thermogram (DTG) of the sample
acquired using a Perkin Elmer SII analyzer. During
the analysis, 4.7 mg of the sample was heated up to
800°C at a heating rate of 10°C/min under a nitrogen
atmosphere The decomposition process of the coffee
grounds comprised two stages. Below the temperature
of 220°C, the first stage of decomposition of coffee
grounds corresponding to the loss of both the
moisture and volatile matter. In the current study, the
moisture and volatile matter content was recorded to

be 7.31%. The second stage of 220-500°C, in which
accounts for more than 75.29% weight loss of coffee
grounds according to polysaccharides decomposition.
Ballesteros et al. showed that spent coffee grounds
contain galactose, arabinose, glucose, mannose
and other polysaccharides in various proportions
[22]. In a temperature range of 220-500°C with two
peaks emerging at 290 and 345°C, respectively.
The first peak is attributable to the decomposition
of hemicellulose and the second to cellulose, both of
which are the main components of coffee grounds.

FT-IR was used to analyze changes in the surface
properties of the samples during the heat treatment
process. The spectra are shown in Fig. 4. Both the
coffee ground and CGAC samples show strong, broad
bands at 3385c¢cm™! and 667c¢cm’! that correspond to the
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Figure 3. Thermo-gravimetric analysis of coffee grounds.
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Figure 4. FT-IR spectra of coffee ground and CGAC.

-OH bond. According to Khalil et al. and Sain and
Panthapulakkal, the cellulose component causes the
-OH stretching vibration as the atoms are connected
by intramolecular hydrogen bonds [23,24]. The
peaks between 2854cm™ and 2924cm™! are related
to the CH, CH,, and CH, bonds in aliphatic organic
compounds, most of which were destroyed during
the carbonization process [25]. The peaks between
1031ecm™ and 1165cm™ are related to the C-O and
C-O-C bonds in ether groups. In addition, the peaks
between 812cm™ and 869cm™! are associated with C-O
bonds [26]. After the carbonization process, all the
peaks related to C-O and C-O-C bonds decreased.

3.2 Adsorption Isotherms

Adsorption is a surface phenomenon that can be
defined as the increase in concentration of a particular
component at the surface or interface between liquid
and solid. Adsorption equilibrium isotherms for MB
adsorption on CGAC as well as on coffee grounds
at 298K are shown in Fig. 5. It is evident that the
adsorption capacity of MB on CGAC (0.44mol/kg) is
greater than that of coffee grounds (0.36mol/kg). The
CGAC would be expected to increase the adsorption
capacity of the dye ions, due to the surface area of
CGAC (2,423m?%g) higher than that of coffee grounds
(35.4m?%/g). Fig. 6 shows that the adsorption capacity of
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Figure 5. Adsorption equilibrium isotherms of MB on different adsorbents.
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Figure 6 . Adsorption equilibrium isotherms of MB on CGAC at different temperature.

MB on CGAC increased with increasing temperature
from 288 to 308K. The maximum amounts of MB
adsorbed on CGAC at 288, 298, and 308K were 0.43,
0.44 and 0.47mol/kg. These phenomena may be
caused that the dye molecular may penetrate faster
and deeper at higher temperatures via swelling of
the internal structure of the adsorbent. Jung et al.
studied the adsorption of acid orange and methylene
blue on spent coffee grounds and found that the
adsorption increased with increasing temperature
[27-29]. The Langmuir and Sips models imply that
the solid surface is homogeneous and that only
mono molecular layer adsorption occurs, while the
Freundlich model suggests that dyes are adsorbed in
a multi-layered manner in a heterogeneous medium.
The Langmuir, Freundlich, and Sips models were
employed and the determined isotherm model
constants are summarized in Table 1. As shown in
Table 1, the lowest error (%) values were estimated
by the Langmuir isotherm equation. Generally,
smaller error values reflect greater coherence between
the model and experimental results. In this study,

three isotherm models, the Langmuir, Freundlich and
Sips models, were used to correlate our experimental
equilibrium data. The linear least square method
and pattern search algorithm were used to identify
the parameters for each adsorption isotherm. The
value of the mean percentage error has been used as
a criterion for testing the fit of the correlations. The
mean percent deviation between the experimental and
predicted values was obtained using Eq. (5).

100 &
error(%) = ——

k=1

gexp._k - qlsm’.k‘ (5)

Qexp, k

where q_,, corresponds to the values of q predicted
by the fitted model and q, ,  those measured
experimentally. N is the number of experiments
performed. The parameters and the average percent
differences between measured and calculated values
for MB on CGAC are given in Table 1. As shown in
Table 1, the Langmuir model gives the best fit of our
experimental data.

Table 1. Adsorption equilibrium constants of MB on CGAC in terms of temperature.

Temperature (K)
Isotherm type Parameters 308
288 298 298 Coffee ground
q, 0.43 0.44 0.36 0.47
Langmuir b 79.96 114.39 81.42 117.56
error(%) 8.66 4.22 3.35 5.59
k 3.30 2.52 1.76 3.41
Freundlich n 1.55 1.82 1.84 1.67
error(%) 19.41 13.30 9.12 11.94
q, 0.43 0.44 0.36 0.47
Sips b 96.93 112.27 82.78 105.68
n 0.96 1.00 0.99 1.02
error(%) 7.70 4.35 3.36 5.62
Open Access Journal of Chemistry V7. 11.2025 85
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The adsorption amounts of MB on CGAC at
different temperatures were used to obtain the
thermodynamic parameters for the adsorption process.
The thermodynamic parameters, i.e., the Gibbs free
energy of adsorption (AG°), the enthalpy change
(AH°) and the entropy change (AS°) have been
estimated to evaluate the feasibility and exothermic
nature of the adsorption process. In this research,
thermodynamic parameters were calculated using the
following equations.

Where, R is the universal constant (8.314J/mol
K), T and k_are the absolute temperature (K) and
thermodynamic equilibrium constant, respectively.v,
is the activity coefficient of the adsorbed solute, and
v, isthe activity coefficient of the solute in equilibrium
suspension. The ratio of activity coefficients was
assumed to be uniform in the dilute range of the
solution [26]. As the concentration of the MB
approached zero, the activity coefficient approached
unity and Eq. (8) became

. Om
AG® =—RTh K, 6) lim = =k ©)
' Ce=0 Cq
Ink, = 237 2#° (7) The values of k_are obtained by plotting In q_/C_ vs.
R RT S . m €
) C, and extrapolating to C_= 0. The calculated values
k, = G U of kand the correlation coefficients are listed in
C. v Table 2. At temperatures of 288, 298 and 308K, the
Table 2. Thermodynamic parameters for MB on CGAC in terms of temperature.
Temperature [K] Ks R? AG®[kJ/mol] AH° [kJ/mol] AS° [J/mol K] R?
288 3.36 0.96 -2.90
298 3.74 0.95 -3.27 3.79 22.88 0.93
308 3.86 0.93 -3.46

values of the Gibbs free energy for MB on CGAC
were -2.90, -3.27, and -3.46kJ/mol. The values are all
negative, indicating that the adsorption process was
spontaneous. Furthermore, the absolute value of AG®
becomes larger with the increment of temperature. In
other words, the higher the temperature, the stronger
the driving force of adsorption. Therefore, the
adsorption of MB on CGAC occurs more easily and
is the most effective at high temperature [30].

The value of enthalpy and entropy can be calculated
from the slope and intercept of the Van’t Hoff plot
(Eq. (7)) of Ink_vs. 1/T, respectively (Fig. 7), and the

results are summarized in Table 2. The AH° value
of MB adsorption on CGAC was 3.79kJ/mol. The
positive AH° for MB adsorption indicates that the
adsorption process was an endothermic reaction [31].
The AS° value of MB adsorption was 22.88J/mol K.
This positive AS° for MB adsorption suggests that MB
adsorption on CGAC reduced the degrees of freedom
of the adsorbent molecules, with entropy reducing
during the adsorption process. The thermodynamic
studies results suggest that MB adsorption by the
CGAC in aqueous solution is a spontaneous process
and endothermic adsorption.

15

In Ks
-
(5]

'
ER] 31

UT (K) x10°

32 33 34

Figure 7. Plot of In k_vs. 1/T for the adsorptions of MB on CGAC.

3.3 Adsorption Kinetics

To measure the mass transfer mechanism of MB
adsorption on CGAC in a batch system, using initial
concentration decay curve. When the diffusion

resistance does not prevail, the transfer rate of any
species to the external surface of the adsorbent, N ,,
can be expressed by.
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NA = kf‘qs{cﬂ- - Caj
(10)

For a batch system with an adsorption time of less than
300 seconds, the following approximation holds.

In(Z) = —k,A.t/V (11)

In this equation, k. and A_are the film mass transfer
coefficient (m/s) and the effective external surface

area of adsorbent particles (m?), As, can be expressed
as.

A, =3W/p,R, (12)

Where, ppand R are density and radius of CGAC,
respectively. When In(C/C ) is plotted versus t of Eq.
(11), a straight line with slope -k, A /V is obtained
(Fig. 8). The values of calculated film mass transfer
coefficient on CGAC of 0.1, 0.25, and 0.5g were 7.09
x 10°t0 0.16 x 10°m/s.

0.0
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Figure 8. Determination of kffrom plots of In(C/C ) vs. time for MB on CGAC.

To measure order of reaction for the dye adsorption
on CGAC, kinetic data were calculated by the pseudo-
first-order and pseudo-second-order kinetic models
[32]. The pseudo-first-order kinetic is presented as
the following equation.

loglg,, —q,):bgqeq—zzBf (13)

where q,, and q, are the amounts (mol/kg) of
adsorbed MB on CGAC at equilibrium and at
time t, respectively, and k, is the rate constant (1/
min). Fig. 9 shows the Lagergren pseudo-first-order
kinetic plot for adsorption MB on CGAC in terms of
dosage at 298K. The first-order rate constant, k , and
theoretical q_ values were calculated from the slope

1.0

0.8 [

0.6 -

0.4

- 0.2+

0.0 -

02t

04
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-0.8

L
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Time (min)

L L
40 60

Figure 9. Linearized pseudo-first-order kinetic model in terms of dosage.

and intercept. The determined rate constants of k , and
theoretical e, values were in the range of 2.10 x 10
-4.19 x 10° min" and 2.08 x 102- 0.84 x 102 mol/kg.
The correlation coefficients (R?) of the pseudo-first-
order model for the linear plots of adsorption MB on
CGAC are close to 1. Although the R? values can be
reasonably high, the calculated q_ values obtained
from this kinetic model gave unreasonable values
(Table 3), which were too low compared with those

obtained experimentally. This suggested that the
adsorption process of MB on CGAC does not follow
the Lagergren expression for pseudo-first-order
adsorption. The sorption kinetics may be described
by a pseudo-second-order model. The second-order
kinetic model is expressed as.

r 1 1 (14)

S it
q,; 2009 sa Gy
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Table 3. Kinetic parameters for MB on CGAC.

Pseudo-First Order Pseudo-Second Order
Do[sg?ge K, x10° q, x10% moy | R’ _ . _ R’ “ﬁf,?s““;fk"e
nin] “ gl k, x10? [kg/mol min] | g, x10?[mol/kg] x10°[mol/kg]
0.10 2.10 2.08 0.99 0.60 2.61 0.97 2.36
0.25 2.67 1.54 0.99 1.05 1.97 0.99 1.80
0.50 4.19 0.84 0.98 3.64 1.19 0.99 1.13

where k, is the rate constant of the pseudo-second-
order kinetic model (kg/mol min). The rate parameters
k, and q_ can be directly obtained from the intercept
and slope of a plot of t/q, versus t, as shown in Fig.
10. The values of k, and q,, are shown in Table 3. The
results in Table 3 show that the correlation coefficients
(R?) for the second-order kinetic model were close to

1. The values of k, increased with increasing dosage,
presumably due to the enhanced mass transfer of the
dye molecules to the surface of CGAC. The calculated
equilibrium adsorption capacity (ch) is consistent
with the experimental data. These results demonstrate
that the pseudo-second-order adsorption mechanism
is predominant.
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Figure 10. Linearized pseudo-second-order kinetic model in terms of dosage.

4. Conclusion

The surface area, average pore diameter and total pore
volume of the CGAC were 2,423m?/g, 18.91A° and
1.15cc/g, respectively. Adsorption amounts of MB on
CGAC was greater than that of coffee grounds. The
adsorption capacity of MB on CGAC increased with
increasing temperature and the maximum adsorption
amount was 0.47mol/kg (308K). The negative values
of the Gibbs free energy for MB on CGAC indicated
that a spontaneous process and the positive values
of the enthalpy indicated that the adsorption process
was an endothermic reaction. Film mass transfer
coefficient of MB on CGAC calculated from
concentration decay curves. Kinetic studies showed
that the adsorption of MB on CGAC in the system
followed pseudo-second- order kinetics.
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