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Removal of Methylene Blue from Aqueous Media Using Coffee Inner Husks
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Virgin coffee inner husk (VCIH) and VCIH calcined at 1000°C (CIH1000) were prepared in this study.

These adsorbents were characterized by scanning electron microscopy imaging, thermal analysis, specific sur-
face area measurements, surface functional groups, and point-of-zero charge (pH,,). The adsorption capacity
of methylene blue (MB) was greater for CIH1000 than for VCIH. In addition, the MB adsorption capacity was
evaluated by demonstrating the effect of initial concentration, temperature, contact time, and pH on the adsorp-
tion. The results were fitted to both the Langmuir model (correlation coefficient: 0.915-0.997) and the pseudo-
second-order model (correlation coefficient: 0.989—0.997). To elucidate the MB adsorption mechanism, elemental
distributions and binding energies were characterized and the components of MB (carbon, sulfur, and nitrogen)
were detected after adsorption. These findings provide useful information for the removal of MB from aqueous
media.
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INTRODUCTION

Effluents containing very small amounts of dye can cause
serious negative impacts on the environment and ecosystem
by limiting light penetration, leading to a decrease in photo-
synthesis of aquatic species, among other adverse effects.!?
In addition, an estimated 7 x 105 tons of different coloring
chemicals from approximately 1.0 x 105 commercially avail-
able dyes are produced each year.3» Methylene blue (MB) is
an essential organic dye broadly used in various fields such as
biology, chemistry, and the medical and dyeing industries.5®
Because of its aromatic ring, MB is particularly toxic and
arduous and causes symptoms such as vomiting, nausea, ane-
mia, and hypertension in humans with long-term exposure.”?
Therefore, the development of general methods of treating
wastewater that contains dyes, particularly MB, has attracted
much attention globally.'®

Various physicochemical and/or biological processes
such as chemical precipitation, coagulation, reverse osmosis,
adsorption, advanced oxidation processes, and aerobic and/
or anaerobic microbial degradation are generally used to treat
MB-contaminated wastewater.!) Among the existing methods,
adsorption is a promising process in waste and/or wastewater

treatments. It also has low initial costs, produces few second-
ary pollutants, and is relatively simple in terms of the design
and operation of the treatment equipment. In addition, a wide
variety of adsorbents are available, which makes the process
cost-effective and enables the removal of various groups of
pollutants.!®

Coffee inner husk is major waste generated from coffee pro-
cessing in industry, and the conversion of waste biomass into
adsorbents can reduce the amount of disposed material and
environmental pollution.'? In addition, to increase the effi-
ciency of bioadsorbents in the adsorption of dyes from aque-
ous media, various chemical modifications such as acid and/
or thermal treatments have been used to improve the ability of
adsorbents to adsorb of dyes.!? In particular, simple traditional
pyrolysis treatments can change properties such as the number
of functional groups, resulting in a hard support with a great-
er surface area.'¥

The present study is aimed at exploring the effects of pyrol-
ysis treatments on coffee inner husk. The prepared adsorbent
was used to remove MB from aqueous media, and the effect
of the initial concentration, temperature, contact time, and pH
was studied. A detailed analysis of the adsorption data was
conducted using equilibrium and kinetic models. We expect
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our results to contribute to the sustainable development of cof-
fee inner husk as waste biomass and to evaluations of its suita-
bility as an adsorbent for purifying wastewater containing MB.

MATERIALS AND METHODS

Materials Methylene blue (MB, C,;H,,N,SCI-3H,0, CAS
RN: 7220-79-3) was obtained from FUJIFILM Wako Pure
Chemical (Japan). Virgin coffee inner husk (VCIH) was pur-
chased from Chiang Mai in Thailand. The calcination proce-
dure was conducted at 1000°C for 2 h in a muffle furnace; the
resultant product is referred to as CIH1000.

Characterization of Prepared Adsorbents The morphol-
ogy of the prepared adsorbents was characterized by low-vac-
uum-pressure scanning electron microscopy (SU1510, Hitachi
High-Technologies, Tokyo, Japan). Thermogravimetry—dif-
ferential thermal analysis (TG-DTA) was conducted using
a TG8210 thermogravimetric analyzer (Rigaku, Japan), and
specific surface area was analyzed using a BELSORP MINI
X pore-size distribution analyzer (MicrotracBEL, Japan).
Surface functional groups were characterized, and the point
of zero charge (pH,,) was measured using previously report-
ed methods.!>!0

MB Adsorption Capacity of VCIH and CIH1000 Batch
adsorption experiments were conducted, and various parame-
ters, including the initial MB concentration (10-1000 mg/L),
adsorption temperature (7, 25, and 45°C), contact time
(0.5-24 h), and solution pH (2, 4, 6, 8, and 10), were varied.
Each experiment involved adding precisely weighed adsor-
bent (0.05 g) to 50 mL of MB solution and reacting the result-
ant mixture for 24 h under constant agitation at 100 rpm.
After the reaction, the sample solution was filtrated through a
0.45-pm membrane filter. The initial and/or equilibrium MB
concentration was determined from the absorbance measured at
a wavelength of 664 nm using a UV—visible spectrophotometer
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Fig. 1. SEM Images (A) and Thermal Analysis (B) of Adsorbents
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(UV-1280, Shimadzu, Kyoto, Japan). The amount of MB
adsorbed was calculated using the initial and equilibrium con-
centrations. The calibration curve range was confirmed in the
preliminary experiments. All data are expressed as mean +
standard deviation.

Finally, to elucidate the mechanism of MB adsorption onto
the prepared adsorbents, binding energy measurements were
conducted and the elemental distribution was characterized
before and after adsorption using an Axis-Nova spectrometer
(Shimadzu, Kyoto, Japan) and a field-emission electron-probe
microanalyzer (JXA-8530F, JEOL, Tokyo, Japan), respective-

ly.
RESULT AND DISCUSSION

Properties of VCIH and CIH1000 Figure 1 shows SEM
images of VCIH and CIH1000, along with their thermal anal-
ysis results. The coffee inner husk surface was broken by cal-
cination. In addition, the TG trace shows a slight decrease in
mass at ~100°C because of the evaporation of water on the
adsorbent's surface. Moreover, the mass clearly decreased
in the temperature range 300-500°C because of combus-
tion. In a previous study, the calcination of waste biomass at
300-600°C was reported to strongly affect the surface func-
tional groups; in particular, surface functional groups such as
carboxylic, phenolic, and other groups disappeared at these
calcination temperatures.'?

The physicochemical characteristics of VCIH and CIH1000
are shown in Table 1. The specific surface area of CIH1000
was greater than that of VCIH (not detected). The pH,,. val-
ue of CIH1000 and VCIH was 4.62 and 7.12, respectively. The
calcination of VCIH strongly affected its surface functional
groups, indicating a decrease in the amount of acidic function-
al groups and a slight increase in the amount of basic function-
al groups. Similar trends were observed in a previous study.!”
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Fig. 2. Adsorption Isotherms of MB onto VCIH and CIH1000

Initial concentration: 10—-1000 mg/L, sample volume: 50 mL, adsorbent: 0.05 g, temperature: 7, 25, and 45°C, contact time: 24 h, 100 rpm, e: 7°C,m: 25°C, A : 45°C
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Fig. 3. Sample Solution before and after Adsorption

Table 1. Physicochemical Characteristics of Adsorbents

Specific Acidic Basic
Samples surface area pH,, functional groups functional groups

(m*/g) (mmol/g) (mmol/g)
VCIH N.D. 4.26 2.31 4.45
CIH1000 953 7.12 1.37 4.80

Adsorption Isotherms of MB onto VCIH and CIH
Adsorption isotherms of MB onto VCIH and CIH1000 are
shown in Fig. 2. In addition, a sample solution before and
after adsorption is shown in Fig. 3. The MB adsorption abil-
ity of VCIH and CIH1000 increased with increasing adsorp-
tion temperature. Adsorption processes are generally clas-
sified as either exothermic or endothermic. The increase in

Before

100 mg/L

After Before
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adsorption ability with increasing temperature indicates that
the adsorption capacity of the adsorbents may have increased
or decreased with increasing temperature. An increase in the
adsorption capacity with increasing temperature indicates an
endothermic adsorption process.'® In addition, adsorption tem-
perature plays an important role in controlling the strength
of the adsorptive forces between the adsorbent and adsorb-
ate molecules.!” Therefore, the process of MB adsorption onto
VCIH and CIH1000 is endothermic, where the MB molecules
need energy to move around and penetrate deeper into the
pores of VCIH and CIH1000 at higher temperatures.'®

The two fundamental isotherms used to elucidate the
adsorption characteristics of VCIH or CIH1000 and to evalu-
ate the adsorption equilibrium for the removal of MB are the
Langmuir model and the Freundlich model.22D
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The Langmuir model is given as
1/g = U(WsaCe) + 1/Ws, 1)

where g represents the amount of MB adsorbed (mg/g), W,
represents the maximal monolayer adsorption capacity of MB
(mg/g), C, represents the equilibrium concentration of MB
(mg/L), and o denotes the Langmuir constant (binding energy)
(L/mg).

The Freundlich model is given as

1
logg = ZlogCe + logk, 2)

where the value of # is used to evaluate the adsorption nature,
whereas k denotes the Freundlich constant. Three outcomes
for n are demonstrated: n > 1 (chemical); » = 1 (linear opera-
tion); and n < 1 (physical) (Table 2).

The results in Table 2 show that the value of the linear cor-
relation coefficient () in the Freundlich isotherm model is rel-
atively low (VCIH: 0.803-0.895, CIH1000: 0.944—-0.963),
indicating its unsuitability for describing the adsorption of
MB onto the VCIH and CIH1000. Conversely, its value is
high in the Langmuir isothermal model (VCIH: 0.921-0.997,
CIH1000: 0.915-0.990, except for 45°C in CIH1000), sug-
gesting that this model can be used to characterize the equi-
librium adsorption. In addition, according to the Langmuir
model, the maximum adsorption capacity () of MB is close
to the value of (¢) in the experimental data.?? Similar trends
have been observed in previous studies.?*24 Our results show
that the adsorption of MB is a dynamic chemisorption process
based on the adsorption affinity in terms of surface functional
groups and bonding energy.2

Kinetic Studies of MB Adsorption Using VCIH and CIH
Figure 4 shows the effect of contact time on the adsorption of
MB onto VCIH and CIH1000. The amount of MB adsorbed
increased with increasing adsorption temperature. Adsorp-
tion equilibrium was reached at ~24 h under our experimental
conditions. Various chemical and/or physical parameters were
controlled to manipulate the adsorption kinetics to facilitate
the adsorption process.?¥ To elucidate the adsorption mecha-
nism and sorption kinetics of MB onto VCIH and CIH1000
under different experimental conditions, two models—specif-
ically, the-pseudo-first-order model (PFOM) and pseudo-sec-

Table 2. Langmuir and Freundlich Constants for the Adsorption of MB
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ond-order model (PSOM)—were used to explore the relation-
ship between the adsorption capacity and contact time.??
The PFOM is given as)

In(ge — q1) = Inge — kt, 3)

where ¢, (mg/g) is the adsorption capacity of MB at equilibri-
um, g, (mg/g) is the adsorption capacity of MB at time ¢, and
k, (1/h) is the overall constant in the PFOM.

The PSOM is given as20)

t t 1

g qe * kaxge® @

where k, (g/mg/h) is the pseudo-second-order adsorption con-
stant.

Table 3 represents the results of kinetic data fit using the
PFOM and the PSOM. In the PSOM, the value of the cor-
relation coefficient (0.989 < r <0.997) is high. The value of
q..a Was closer to the value of ¢, in the PSOM. Therefore,
the PSOM is more feasible for describing the process of MB
adsorption onto VCIH and CIH1000, which indicates that
chemisorption was the rate-limiting step in the adsorption pro-
cess.?” Previous investigations have reported that the chemical
adsorption process involves valence forces exerted through the
sharing or exchange of electrons between the adsorbate and
adsorbent.28-30)

Effect of pH on the Adsorption of MB onto VCIH and
CIH1000 Adsorption is strongly influenced by solution pH,
which plays a critical role in the process of adsorbing adsorb-
ates from aqueous media.!» The MB adsorption ability of
VCIH and CIH1000 under different pH conditions is shown
in Fig. 5. The amount of MB adsorbed onto VCIH increased
with increasing solution pH. Conversely, the amount of MB
adsorbed onto CIH1000 did not change with increasing/
decreasing solution pH. When VCIH is used, MB, a cationic
dye, acquires a positive charge in solution and its adsorption
is favored by basic pH conditions. The increase in hydrox-
ide ion concentration accompanying an increase in solu-
tion pH creates a negative charge on the adsorbent.') In addi-
tion, the pH_,. of VCIH was found to be 4.26. Therefore, the
electrostatic attraction between VCIH and negative adsorp-
tion sites improves its adsorption ability. Similar trends have
been observed in previous studies.3!=3 Also, in the case of

Freundlich constants

Langmuir constants

Samples Temp. (°C)

logk 1/n r Ws (mg/g) [ r
7 0.69 0.13 0.895 10.4 0.19 0.921
VCIH 25 0.52 0.31 0.803 17.6 0.15 0.997
45 1.10 0.13 0.847 25.6 0.47 0.994
7 1.35 0.44 0.944 292.2 0.06 0.990
CIH1000 25 1.94 0.26 0.948 381.3 5.50 0.990
45 1.94 0.31 0.963 451.2 2.45 0.915

Table 3. Fitting Results of Kinetic Data Using Pseudo-First-Order Model and Pseudo-Second-Order Model

Pseudo-first-order model

Pseudo-second-order model

Geexp

Adsorbent k k .
/ 1 qecal 2 qecal
(mg'e) (1/hr) (mg) ’ (g/mg/hn) (mglg) ’
VCIH 17.1 0.099 8.12 0.957 0.038 17.25 0.997
CIH1000 385.2 0.110 256.3 0.945 0.0009 401.6 0.989
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Fig. 4. Effect of Contact Time on the Adsorption of MB onto VCIH or CIH1000
Initial concentration: 1000 mg/L, sample volume: 50 mL, adsorbent: 0.05 g, temperature: 25°C, contact time: 30 min, 1, 3, 5, 6, 9, 12, 15, 18, 20, and 24 h, 100 rpm
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Fig. 5. Effect of pH on the Adsorption of MB onto VCIH or CIH1000
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Initial concentration: 1000 mg/L, sample volume: 50 mL, adsorbent: 0.05 g, temperature: 25°C, pH: 2, 4, 6, 8, and 10, contact time: 24 h, 100 rpm

CIH1000, our results indicate that the adsorption capacity is
less sensitive to variations in the initial pH of the MB solu-
tion. The amount of MB adsorbed remained almost constant
over the pH range 2—10. The authors of previous studies have
reported that excess hydrogen ion and/or hydroxide ion in
the solution strongly affects the MB adsorption capacity.’ In
addition, other mechanisms such as n—r electron donor—accep-
tor interactions or pore-filling mechanisms might prove benefi-
cial for adsorption.39

Mechanism of MB Adsorption onto VCIH and CIH1000
In the preceding sections, we evaluated the adsorption mech-
anism of MB by demonstrating the effects of initial concen-
tration, temperature, contact time, and pH on its adsorption.
To elucidate the adsorption mechanism of MB in detail, we
characterized the elemental distribution (carbon, nitrogen, and
sulfur, which are components of MB) and binding energies
(Figs. 6 and 7, respectively). The values of each element inten-
sity significantly and/or slightly increased after the adsorption

of MB. In addition, the carbon energy (285 eV) was detect-
ed and found to substantially increase. By contrast, no chang-
es were observed in the sulfur energy (165 and 225 eV) and
nitrogen energy (398 eV). Finally, the MB adsorption capaci-
ties of VCIH and CIH1000 were compared with those of oth-
er reported adsorbents (Table 4).34.36-3%) CIH1000 adsorbed MB
more efficiently than the other adsorbents except SCG-K and
SCG-KU. These results indicate that the prepared CIH1000 is
a promising adsorbent for removing MB from aqueous media.

In conclusion, this study showed that CIH1000 exhib-
its good ability to adsorb MB from aqueous media and can
potentially contribute to the purification of wastewater con-
taining MB. In addition, the elemental distribution and bind-
ing energies of MB were characterized to elucidate its adsorp-
tion mechanism. Our findings provide a new perspective on
the adsorption of MB and introduce a promising adsorbent for
the removal of MB from wastewater.
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Table 4. Comparison of MB Adsorption Capacity with Other Reported Adsorbents

Vol. 8, No. 4 (2025)

Adsorption capability

Temp.  Initial concentration ~ Contact time ~ Adsorbent

Samples (mg/g) pH C) (mg/L) (h) (g/L) References

SACHAC 88.1 8.0 30 500 1 5 Deivasigamani et al., 2023
Activated coffee husk 357.38 7 30 50-500 16 1 Hien Tran et al., 2021
Activated coffee husk 316.46 7 30 50-500 16 1 Hien Tran et al., 2021
Fe;0,-CHBNC 51.02 7.5 25-45 20 4 5 Kochito et al., 2023
Fe;0,-KLBNC 78.13 7.5 25-45 20 4 5 Kochito et al., 2023
SCG-K 389.20 10 20 200 33 0.3 Sukhbaatar et al., 2021
SCG-KU 499.90 6 50 200 33 0.3 Sukhbaatar et al., 2021
CIH1000 381.3 - 25 1000 24 1 This study
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