#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Metal-free high-adsorption-capacity adsorbent
derived from spent coffee grounds for methylene
bluef

Bayaraa Sukhbaatar, ©22 Bongyoung Yoo*? and Jae-Hong Lim &

i ") Check for updates ‘

Cite this: RSC Adv., 2021, 11, 5118

Heavy-metal-free carbon materials were prepared from spent coffee grounds (SCG) using the coupled
KOH-urea and NaOH-urea as activating agents, and these were compared with SCG activation by the
alkali salts alone. SCG was impregnated with the activating agents before being pyrolyzed at 800 °C
under a N, atmosphere. Characterization of the as-pyrolyzed carbon materials was performed by field-
emission scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM), X-ray
diffraction (XRD), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and measurement of N,
adsorption—desorption isotherms. The carbon materials were utilized for the adsorption of methylene
blue (MB) in aqueous solutions. Combining KOH and urea as activating agents resulted in the generation
of pertinent SCG-derived carbon material properties, including a large surface area (1665.45 m? g% and
excellent MB adsorption capacity. Adsorption efficiencies were studied using adsorption kinetics
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Temkin) models. The influences of pH and temperature were investigated. The results of this work raise

DOI: 10.1039/d0ra09550h new possibilities for synthesizing carbon materials with high MB adsorption capacities from biowastes,
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Introduction

Worldwide coffee consumption has steadily increased over the
past decades, reaching an annual consumption level of almost
10 million metric tons' and leading to enormous amounts of
organic waste. Because over 50% of a coffee bean is thrown away
after the brewing process, more than five million metric tons of
spent coffee grounds (SCG) are produced, and this figure is
rising year-on-year. In South Korea, 82 446 tons of coffee were
imported in 2012, with this number increasing to 115 837 tons
in 2016.%

Since SCG contain a large number of organic compounds,
such as fatty acids, cellulose, hemicellulose, and other carbo-
hydrates, it can be utilized in biomass-to-energy conversion
technologies to generate value-added products.* Thus, many
researchers have focused on the valorisation of SCG for such
applications, which generates precursors for carbon mate-
rials,*® biodiesel production,” adsorbents,’*™ and fillers for
composite materials.'***
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via less-toxic, energy-saving conventional pyrolysis methods for water-treatment applications.

Carbon materials derived from biowaste are used as adsor-
bents for water treatment because they possess the advantages
of being low cost, abundant, and eco-friendly. In particular,
among methods for organic dye removal from wastewater, such
as filtration, ion-exchange, oxidation, electrocoagulation, etc.,
the adsorption method is the most economical and effective
technique.” The contamination of water with cationic dyes,
such as methylene blue (MB), is a hot topic because these
chemicals are widely used in the dye industry and challenging
to remove, toxic to health, and cause environmental damage.

Thus, coffee waste has been widely used as a precursor in
carbon material preparation for water treatment. Oliveira et al.
reported that metallic-chloride-activated carbon obtained from
coffee husks showed maximum capacities of 263 and 167 mg
g ' for MB and phenol adsorption, respectively.* Similarly,
Wen et al. prepared magnetic carbon materials from SCG using
FeCl; as an activator. These were shown to have adsorption
capacities from aqueous solution of 653.6 mg g~ ' for MB and
465.8 mg g~ " for methyl orange.

Despite the fact that there have been a number of attempts to
gain high-adsorption-capacity, highly efficient carbon materials
from biowastes, there remain some problems to be solved for
this approach. For example, the prepared carbon contains heavy
metals in some cases. Heavy metals are toxic to human health,
metallic elements in water being non-biodegradable. Thus,
metallic ions, such as iron, zinc, etc., can move up the biological
chain, eventually reaching human beings where their
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consumption may result in genetic disease or have mutagenic
or carcinogenic effects."”

In addition, to prepare carbon materials from biowastes,
chemical activation is widely utilized - chemicals such as KOH,
NaOH, KCO;, H3PO,, and urea are often used as activating
agents.'®"? NaOH-modified SCG has been prepared for nitro-
benzene adsorption, and a removal efficiency of 98.2% was
demonstrated.” Yun et al., reported the preparation of a porous
carbon supercapacitor material from coffee waste with KOH,**
and Ilnicka et al., prepared nitrogen-doped carbon via a urea
treatment for electrochemical applications.*” Likewise, many
other carbon materials have been prepared by alternative
chemical activation. In this work, high-surface-area carbon
materials were prepared from SCG using combinations of urea
and alkali salts (KOH or NaOH) as activating agents, and these
were compared with materials prepared by activation of SCG
with KOH or NaOH alone. To the best of our knowledge, a study
of the MB adsorption performance or one on that compares
alkali metal with alkali metal and urea-coupled activation
techniques for carbon material preparation from SCG have not
been reported previously.

The prepared carbon materials were employed as adsorbents
of MB under various conditions, including wide ranges of
temperature and pH. The combination of urea and an alkali salt
as an activation agent was shown to produce synergistic effects
on the properties of the carbon materials, which were demon-
strated to have higher capacities for MB adsorption from an
aqueous solution than the materials activated using alkali salts
alone. In particular, the carbon materials did not contain heavy
metals, which means a significant potential pollution problem
in water treatment is avoided. These SCG-derived carbon
materials could lead to developments in conventional energy-
saving pyrolysis techniques and adsorbents with low-toxicity
and high adsorption capacities for treatment
applications.

water

Experimental
Materials and chemicals

Waste from the extraction of coffee from medium-roast coffee
beans with hot water (SCG) was collected from commercial
sources in Korea (Starbucks). The extracted SCG powder was
dried in the oven at 105 °C for 12 h. All the chemicals used in
this work, including KOH, NaOH, urea, HCI, ethanol, and MB,
were analytical grade (Daejung Chemical and Metals Co. Ltd.,
Korea).

Sample preparation

Dried SCG powder was ground in a blender, and a mesh size of
40 (using a mesh strainer) was used to isolate samples for the
subsequent experiments. To carry out pyrolysis with chemical
activation, 10.0 g of SCG powder was mixed with an equal mass
of NaOH, 50 mL of water was added, and then the mixture was
agitated for 12 h on a magnetic stirrer plate at 200 rpm and
dried at 105 °C for not less than 12 h. Next, the sample was
placed at the centre of a tube electric furnace. All the air inside
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the furnace was evacuated and replaced with nitrogen. Pyrolysis
was performed under a nitrogen flow of 500 mL min~". The
furnace temperature was ramped at a rate of 10 °C min " until
the set carbonization temperature of 800 °C was reached, and
then this temperature was maintained for 2 h. After cooling in
a nitrogen flow, the sample was neutralized with 1 M hydro-
chloric acid and washed thoroughly with distilled water. After
drying at 105 °C for not less than 12 h, the obtained NaOH-
activated carbon derived from SCG (SCG-Na) was stored in
a vacuum desiccator.

The same principal procedures were employed to prepare the
other samples. The different activating agents—the combina-
tions of NaOH with urea and KOH with urea, as well as KOH
alone (mass ratios 1: 1 w/w for the single-chemical activation
and 1:1: 1 w/w/w for the combined agent activation)—resulted
in samples that herein we denote SCG-NaU, SCG-KU, and SCG-
K, respectively.

Characterization of carbon materials

The surface pore structures of the carbon materials were
investigated by N, adsorption at 77 K (TrisStar II 3020). Specific
surface areas were calculated from the N, adsorption isotherm
using the Brunauer-Emmett-Teller (BET) equation.> The pore-
size distribution was calculated using the Barrett-Joyner-
Halenda (BJH) model.** The carbon materials were analysed
morphologically via field-emission scanning electron micros-
copy (FE-SEM) (TESCAN MIRA3).>* X-ray diffraction (XRD)
measurements were recorded on a Bruker D8 Advance diffrac-
tometer using Cu Ko radiation. Data were collected with an
angular resolution of 0.02° at a rate of 8° min ", over the 20
range of 15° to 80°. X-ray photoelectron spectroscopy (XPS) was
performed by using a VG Scienta R3000 electron spectrometer.
Raman spectroscopic analysis was performed by using a Uni-
Ram system (Uninanotech Co., Ltd, Korea).

Adsorption experiments for aqueous MB solution

In this experiment, a calibration curve was obtained to deter-
mine the dependence of the absorbance on MB concentration,
to calculate the adsorption efficiency for the adsorbate based on
the Beer-Lambert law. Various initial MB solution concentra-
tions (120, 140, 160, 180, and 200 mg L™ ") were used. Activated
carbon (15 mg) was dispersed in 50 mL of the MB solution.
Aliquots of the solutions were extracted periodically and
centrifuged at 15000 rpm for 5 min before spectroscopic
measurements were acquired. The centrifugation was carried
out to prevent adsorption of the dye by the filters in the spec-
trometer. After centrifugation, the supernatants were analysed
by UV-visible spectroscopy, using the absorbance at 664 nm for
quantification. Experimental MB solutions were diluted to
concentrations that could be fit using the Beer-Lambert law
expression before the spectrophotometric measurements were
acquired. All of the adsorption tests were made by carrying out
three repetitions in parallel. This resulted in relative standard
deviations (RSD%) of less than 5%, and the means were recor-
ded as the experimental results. Measurements of a blank
sample (an MB solution without any carbon material added)
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were acquired to control for concentration reduction due to
unknown factors.

In order to establish the adsorption rate and understand the
MB adsorption dynamics of the samples, pseudo-first-order and
pseudo-second-order kinetic models were investigated. Lang-
muir, Freundlich, and Temkin isotherm models were employed
to evaluate various aspects of the adsorption behaviour,
including the type of adsorption and the adsorption capacity of
the samples. The influences of solution pH and temperature on
MB adsorption were studied in the range of 2-10 and 20-50 °C,
respectively, using an MB concentration of 200 mg L™ *'; the
solution pH was adjusted with 0.1 M HCI and 0.1 M KOH.

The quantity of adsorbed MB on an adsorbent sample (g, mg
g~ ") was calculated for each sample from eqn (1):

4=(C-C) o

where C, is the initial MB concentration of the solution, C; is the
solution MB concentration at a specific time, V is the solution
volume, and m is the adsorbent mass.

Recovery test

In the recovery test, 30 mg of adsorbent was added to 50 mL of
an MB solution with an initial concentration 120 mg L™ . Then,
the analysis procedure was performed in the same was as that
mentioned above. After the adsorption test, the sample was
separated by centrifugation, washed with water, and dried at
105 °C for 6 h. Next, the sample was recovered using 70%
ethanol with magnetic stirring for 2 h, then centrifuged, dried,
and annealed as previously described for the sample prepara-
tion. A further five cycles of adsorbent recovery and testing was
performed.

Results and discussion
Characterization of activated carbon

In this work, several types of SCG-derived carbon materials were
prepared and investigated with the aim of obtaining a more
convenient and less energy-consuming method for synthesizing
heavy-metal-free carbon materials. Morphological analysis,
porous structure observation, and chemical and crystal struc-
ture analyses were employed to determine the influence of urea
on methylene blue adsorption and compare the KOH/urea and
NaOH/urea activation agents with the known chemical acti-
vating agents KOH and NaOH.

Porous structure analysis

N, adsorption and desorption isotherms for the carbon material
samples were acquired at 77 K. The isotherms, and the pore size
distribution plots for SCG-Na, SCG-NaU, SCG-K, and SCG-KU
are displayed in Fig. 1. The isotherms for SCG-K and SCG-KU
resemble Type I isotherms, as defined by the International
Union of Pure and Applied Chemistry (IUPAC) classification.>*>*
No hysteresis loop and pore sizes of less than 20 A were ob-
tained, indicating micropore-dominated carbon for these
samples. In contrast, Type IV isotherms were obtained for SCG-
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Fig. 1 (a) N, adsorption—desorption isotherms at 77 K and (b) pore
volume distributions for carbon materials.

Table 1 Pore structure parameters of SCG-derived carbon materials

SBET Average pore Total pore volume
Samples (m>g™) size (A) (mL g™
SCG-Na 410.55 1719.54 0.21
SCG-NaUu 1032.28 17.62 0.38
SCG-K 1630.89 14.90 0.52
SCG-KU 1665.45 15.51 0.59

Na and SCG-NaU, with hysteresis loops at approximately 0.4-0.8
P[P, (Fig. 1(a)), which indicates the existence of a mesoporous
structure. The pore-size distributions of those carbon materials
were found to be in the range of 15-40 A, validating the meso-
porosity of the structures.

Differences between the pore structures of the activated
carbons are shown in Fig. 1(b) and Table 1. Activation with KOH
alone or in combination with urea resulted in carbon materials
with a much higher BET surface area (Sggr) of >1600 m*> g~ . It is
apparent that in the case of NaOH, there is a remarkable
difference between the Sggr values for SCG-Na and SCG-NaU
(with and without urea). Furthermore, the presence of urea
during the activation step resulted in a total pore volume of
0.38 mL g~ (SCG-NaU), a marked increase with respect to
0.21 mL g~ for the activation without urea (SCG-Na). Although
it is not a well-known interaction mechanism, the SCG fibres are
known to be enhanced by the infiltration of alkali activating
agents such as KOH and NaOH.*® Since KOH is more reactive
than NaOH, it can penetrate fibres and react more rapidly with
oil molecules than NaOH. This might be one reason why KOH
produces a more significant increase in carbon porosity than
NaOH.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, urea is shown to be capable of adequately
expanding the surface area and porosity of these carbon mate-
rials. Lee et al. derived nitrogen-doped carbon from chitosan
with urea and KOH, and the total pore size and mesopore
volumes of this material were found to be increased because of
the influence of urea.* In addition, Wakeland et al. used urea to
prepare graphene from graphite oxide. In this work, it was
demonstrated that urea acted as an expansion-reduction agent,
which means that the decomposition of urea generates a gas
that prevents the reduction of carbon materials during a high-
temperature annealing process.”

Surface morphology analysis

FE-SEM images of the samples are shown in Fig. 2. The
morphology of SCG-Na is much less porous than that of SCG-
NaU, with a collapsed structure apparent in Fig. 2(a). As
shown in Fig. 2(b), combined NaOH and urea activation results
in a structure for SCG-NaU that is more porous, disordered, and
interconnected. Further, an interconnected carbon structure
can be seen, which indicates that urea played a significant role
in altering the morphology of those carbon materials.>

Similarly, in the case of activation KOH alone, the resultant
structure was disordered, whereas, with the participation of
urea in the activation process, the resulting material displayed
more interconnected surface structures.

Furthermore, TEM images of SCG-K and SCG-KU are
provided in Fig. S1f and these provide a clearer understanding
of the morphology of these samples. Both SCG-KU and SCG-K
exhibit rough surfaces, which indicates porous and amor-
phous structures. In addition, it is possible that Fig. S1(b)t}
displays a few graphitic layers (the wave-like structures in the
image) that exist because of the urea effect.'>*® Fig S1(d),t
however, does not include any wave-like shapes, which indi-
cates a more amorphous structure.

In addition, urea affects structure-directing agents for
carbon materials during high-temperature pyrolysis. Both KOH
and NaOH act synergistically with urea, as indicated by the
generation of porous and interconnected morphologies for

Fig.2 FE-SEM images of (a) SCG-Na, (b) SCG-NaU, (c) SCG-K, and (d)
SCG-KU.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD patterns of SCG-derived carbon materials.

carbon materials.>® Substances such as biuret, cyanic acid,
ammeline, ammelide, ammonia, and a diverse range of poly-
mers are formed by the decomposition of urea, depending on
the reaction temperature.” These types of gaseous derivatives
can act as reducing agents, preventing the oxidation of the
carbon surface by other substances during pyrolysis.

Crystal structure

Fig. 3 displays wide-angle XRD patterns of SCG-Na, SCG-NaU,
SCG-K, and SCG-KU. Two distinct diffraction peaks are
observed in both the SCG-Na and SCG-NaU patterns, at
approximately 23° and 44°. These peaks can be respectively
assigned to planar graphite (002), indicating some carbon-layer
stacking and amorphous structure, and carbon (100), indicating
the ordered hexagonal carbon structure.* The presence of both
of these peaks suggested the formation of disordered carbon
materials. The SCG-K and SCG-KU patterns both include
a broad peak for graphite (002) as a result of the depletion of the
carbon layer during pyrolysis with KOH. It is confirmed that the
pore surface area was increased by KOH activation to a greater
extent than by NaOH activation, and the KOH activation mainly
generates micropores within the carbon structure.® It was also
previously reported that KOH is a better porosity-developing
agent than NaOH during pyrolysis.*** KOH is principally
used in applications such as the production of soap and elec-
trolytes for batteries and fuel cells and as a catalyst for biodiesel
manufacturing since its reactivity is higher than that of sodium
hydroxide.*

Generally, alkaline substances such as KOH and NaOH can
react with carbon during pyrolysis via the following reaction
mechanism:

6MeOH + C < 2Me + 3H, + 2Me,CO; 2)

Raymundo-Pifiero et al. reported the KOH and NaOH reac-
tions as proceeding differently, depending on the pyrolysis
temperature. This provides a reason for the difference between
the effects of these two substances on the development of the
carbon structure and porosity.*

In the case of KOH activation, this proceeds at around 800 °C
via the reactions shown in eqn (3) and (4):*®

K,CO; + C < K,O0 +2CO (3)

RSC Adv, 2021, 11, 518-5127 | 5121
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Fig. 5 XPS C1 spectral interpretation for SCG-derived carbon
materials.

K2C03 Ad KQO + C02 (4)

The reaction may occur as follows if the temperature is
higher than 800 °C.

K,0+ C < 2K + CO (5)

Lillo-Rodenas et al. reported that NaOH activation, as
defined in eqn (6), occurs via different reactions that are ther-
modynamically possible during pyrolysis at around 730 °C.*

a

Table 2 Functional group content for SCG-derived carbon materials'

Samples C-C or C=C (%) C-0 (%) O=C-OH (%)
SCG-Na 49.2 11.7 39.1
SCG-NaU 26.5 61.1 12.3
SCG-K 37.4 38.1 24.5
SCG-KU 21.1 61.0 17.9

“ Content values calculated from integrated peak areas after fitting.
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6NaOH + C < 2Na + 3H, + 2Na,CO; (6)

Thus, KOH reduction is more favourable than NaOH at the
pyrolysis temperature. During pyrolysis, metallic potassium
ions may affect the carbon surfaces by undergoing intercala-
tion, generating micropores at high temperatures.*?

The Raman spectra exhibit two distinct peaks centred at
1368 cm™ ' (D band) and 1588 cm ™' (G band) (Fig. 4), indicating
disordered carbon and hexagonal carbon structures, respec-
tively.** The ratios of the D and G band intensities (Ip/Ig) were
found to be approximately 0.930, 0.966, 0.977, and 0.995 for
SCG-Na, SCG-NaU, SCG-K, and SCG-KU, respectively. The
higher I/l values for SCG-K and SCG-KU suggest a higher
proportion of defective, porous and amorphous structure. SCG-
Na exhibits much lower I/l values, indicating significantly
reduced amounts of porous and amorphous carbon structure.
The presence of urea corresponds to increased I/I; values, for
both NaOH and KOH activation, in agreement with the XRD
results. The influence of KOH on micropore formation and
disorder is well known, but it has also been reported that urea
had a role as a structure-directing agent, as mentioned above.>®

Chemical structure

In Fig. 5, via the fitting of the C1 XPS spectra, three significant
contributions to this spectral band were demonstrated. The
peak assigned to graphitic structure, sp>-hybridized carbon
(C=C), or sp*hybridized carbon (C-C), is centred at around
284.5 eV; the presence of oxygen (C-O-C) is confirmed via the
peak centred at ~286.0 eV, and the peak indicating the presence
of O=C-OH groups appears at ~289.0 eV.**

By calculating the percentage of functional groups from the
integrated area of the corresponding peaks after fitting
(Table 2), we found that SCG-Na contained a much higher
proportion (49.2%) of graphitic groups (C-C or C=C) and
a much lower proportional C-O content (11.7%) than the other
samples. However, the C-O content and graphitic structure for
SCG-NaU were 61.1% and 26.5%, respectively. SCG-K contained
the most even distribution of content among graphitic structure
(37.4%), C-0 (38.1%), and C=0 (24.5%). In the case of SCG-KU,
the C-O content was increased to 61.0% by the addition of urea,
whereas the graphitic structure and C=0 contents decreased to
21.1% and 17.9%, respectively.

According to the XRD and Raman spectroscopy results, the
SCG-NaU and SCG-KU samples possessed disordered struc-
tures. These structures were also confirmed by XPS to have
reduced C=O contents and increased C-O contents with
respect to the SCG-Na and SCG-K structures, respectively. These
results may explain the observed greater porosity and surface
area for these samples.'**

MB adsorption kinetics

Fig. 6(a) illustrates the kinetics of the adsorption of MB onto the
SCG-derived carbon materials. SCG-KU was recorded as having
the highest adsorption capacity for MB, as measured over
180 min (475.5 mg g '), and this was followed by SCG-K
(383.05 mg g '), SCG-Na (144.1 mg g '), and SCG-NaU

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Adsorption capacity curves and (b) pseudo-second-order

kinetic model results for SCG-derived carbons (initial MB concentra-
tion: 200 mg L™, adsorbent dosage: 300 mg LY.

(287.5 mg g ). MB adsorption on the samples was found to be
fast during the initial stages of the measurement (~20 min). It
then slowed down and began plateauing between 20 and
180 min, reaching equilibrium after approximately ~160 min of
contact time (Fig. S27). Thus, in the beginning, adsorption
occurs rapidly, thanks to an abundance of initially available
adsorption sites, before decreasing with time until an equilib-
rium is reached. The remaining sites have obstacles to contin-
uous adsorption due to repulsive forces between solute
molecules on the solid and the bulk phase.?® The differences
among the adsorption rates for the different carbon-material
samples at the initial stage and their adsorption capacities are
directly related to porosity (Fig. S37), as verified by the nitrogen
adsorption—-desorption isotherm measurements for each
sample.

Adsorption is a process of solute mass-transfer to the
adsorbent surface. The MB adsorption processes were evaluated
using different commonly used kinetic models, including the
pseudo-first-order and pseudo-second-order models. In the
kinetic study of MB adsorption on the samples, 200 mg L™ " was
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used for the initial concentration of MB, and the carbon
material sample dosage was 300 mg L™ ".

The following equations are used in the adsorption kinetics
models. For the pseudo-first-order kinetics:

K
2303 ?)

IOg(l]e - CI:) = IOg(qe) -

where g. and g, are the amounts of MB adsorbed (mg g~ ') at
equilibrium and time ¢ (in min), respectively; K; is the rate
constant for the pseudo-first-order kinetic model (in min™").
For the pseudo-second-order kinetics:

t 1 n t ()
q Kgl g
where K, is the rate constant (in g mg~" min ") for the pseudo-
second-order kinetic model of adsorption.*

The pseudo-second-order model was found in this work to
better represent the adsorption mechanism, and hence the
results of this model are shown in Fig. 6(b). The adsorption
parameters, including R> and other constants, were calculated
for both models and these are listed in Table 3. Using the
pseudo-second-order kinetic model, the parameters were better
fitted to the data for our samples. For example, the R* value for
the pseudo-second-order model fit for SCG-KU was 0.9992. The
amount of MB adsorbed at equilibrium (g.) predicted by the
model was 476.19 mg g~ ', which is close to the experimental
value (476.19 mg g~ ). Even though the R* value of the pseudo-
first-order kinetic model fit for SCG-Na was 0.9946, other
parameters predicted by this model were not in agreement with
the experimental data. As all the sample adsorption mecha-
nisms were found to possess pseudo-second-order kinetics, i.e.,
the MB molecules were chemisorbed on the adsorbent carbon
materials, an adsorption mechanism based on valence bond
formation between the adsorbate and adsorbent, via the
sharing or exchange of electrons, is the logical conclusion.” It is
verified that, in this study, the carbon materials with larger
surface areas contained a higher proportion of C-O and
exhibited good adsorption performance (Fig. S47).

In addition, in previously published work, pseudo-second-
order characteristics have been shown for activated carbon
materials because of their microporous and mesoporous
structures or thanks to various types of C-O and C=0 bonding
at their surfaces. As already mentioned, Oliveira et al. and Dia Y.
et al. reported activated carbon materials fabricated from coffee
waste with similar behaviors.'**® As the adsorption capacities of
carbon materials depend on surface area and porosity, as well as

Table 3 Kinetics of adsorption of MB from solution by activated carbon materials

Pseudo-first order

Pseudo-second order

K (min™") ge (mgg™) R K; (min™") ge(mgg™) R Expt. g. (mg g~ ")
SCG-Na 0.0064 75.77 0.9946 0.00205 131.57 0.9976 151.72
SCG-NaU 0.0228 39.71 0.5615 0.00304 270.27 0.9955 287.87
SCG-K 0.0092 37.48 0.4264 0.00203 370.37 0.9991 383.05
SCG-KU 0.0149 209.07 0.9801 0.00016 476.19 0.9992 476.95

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Langmuir isotherms (lines) and experimental data (points) for
the adsorption of MB onto the SCG-derived carbon materials (pH 6.0,
initial MB concentrations: 120-200 mg L%, adsorbent dosage:
300 mg LY.

the organic molecule (mainly oxygen complexes at the surface)
content, charge and hydrophobicity are expected to be critical.
In our experiment, SCG-NaU and SCG-KU were assessed via XPS
as having lower oxygen contents (O=C-OH), which may corre-
spond to a decrease in the hydrophobicity of these carbon
materials. This also leads to H-bonding between water mole-
cules and the surface, reducing the accessibility of the carbon
surface for the adsorbate.*”

MB adsorption isotherms

The equilibrium adsorption characteristics were analysed using
Langmuir, Freundlich, and Temkin isotherm models and
compared with measurements using different initial MB solu-
tion concentrations from 120 to 200 mg L™ '. The data was
recorded at various contact times, including 120 min, 140 min,
160 min, 180 min, and 200 min. Fig. 7 shows the Langmuir
isotherm plots for the adsorption of MB onto the activated
carbon materials. The isotherm plots also display the experi-
mental data, and the calculation parameters are listed in
Table 4.

The Langmuir isotherm model can be described via the
following equation:

Ce 1 C.

qe B KLqm q:

)
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where C. (in mg L") is the equilibrium concentration of MB, g,
(in mg g7') is the amount of MB adsorbed at equilibrium per
gram of carbon, K (in L g~') is the adsorption equilibrium
constant related to the energy of adsorption, and g, (in mg g ™)
is the maximum capacity.

Observing the obtained coefficients, it is apparent that the
Langmuir isotherm model provided a better fit for adsorption
data compared to the other two isotherm models. The R” value
for the fit of the SCG-KU data to the Langmuir isotherm model
was 0.986, which is higher and significantly closer to 1 than that
for the fits to the data of the Freundlich and Temkin isotherm
models, indicating excellent linearity. Thus, it can be concluded
that the MB adsorbate molecules formed a homogeneous
monolayer covering the activated carbon surface.*® Compared
with the other materials, SCG-KU displayed excellent results for
MB adsorption because of its large specific surface area, large
pore volume, and ordered pore distribution. Thus, we can use
the Langmuir isotherm model to calculate the possibility of
adsorption on the adsorbent at a specific concentration, called
a separation factor (Ry), which is defined by the following
equation:*®

1

Rl=—
LT1Y KL G

(10)
where C, (in mg L") is the initial MB concentration.

Theoretically, if Ry, > 1, adsorption is unfavourable, if Ry, < 1,
it is favourable, if R, = 1, it is linear, and if R, = 0, it is
irreversible.*

Table 5 compares the MB adsorption capacities of various
biowaste-derived adsorbents.'*'%#39-47 Ag shown in the table,
a higher adsorption capacity was measured for our carbon
materials than some carbon materials reported in the literature.
Chemical activators such as ZnCl,, KOH, FeCl;, K,CO;, and
NaOH are widely used to prepare activated carbon materials
from biowastes.**** Some researchers have obtained suitable
adsorbents for organic dyes from SCG and biowastes. However,
metallic activation techniques were used in these cases, and
while such adsorbents have many advantages, their use could
result in metallic contamination. This potential environmental
problem that should be strongly avoided, even while seeking to
solve the problem of organic dye pollution. Further, other

Table 4 MB adsorption isotherm parameters for activated carbon materials

Adsorbents
Isotherm models Parameters SCG-Na SCG-NaUu SCG-K SCG-KU
Langmuir gm (mgg™) 116.28 256.41 333.33 400.00
Ky (L mg™Y) 0.033 0.183 0.833 0.172
Ry, 0.130 0.026 0.006 0.028
R? 0.996 0.986 0.991 0.986
Freundlich 1/n 0.462 0.079 0.033 0.091
K (L mg™ ") 1480.59 397.38 286.69 245.97
R? 0.979 0.349 0.110 0.692
Temkin A 574.94 378.91 285.03 225.24
B 85.81 22.26 10.93 32.93
R? 0.989 0.351 0.106 0.677
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Table 5 Maximum MB adsorption capacities for various adsorbents derived from biowastes
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Adsorbents Activator qm (mg g™ Ref.

SCG-K KOH 389.20 (This work)
SCG-KU KOH, urea 499.90 (This work)
Rattan sawdust activated carbon KOH 294.14 40

H;PO, activated carbon H;PO, 159.90 41

Palm fibre activated carbon KOH 277.78 42
Pistachio shell H;PO, 129.00 43
Coffee-husk-derived activated carbon FeCl; 263.00 16
Activated carbon prepared from pea shell ZnCl, 246.91 39
Activated carbon prepared from hazelnut shell ZnCl, 8.82 44
SCG-derived porous carbon spheres FeCl, 653.60 10

Rice husk — 40.58 45
Cornstalk biochar KOH 406.43 18

Apricot kernel shell KOH 33.67 46
Activated carbon from Jatropha seed husk KOH 250.00 47

researchers have derived adsorbents for organic dyes from
biowastes using non-metallic chemical activation.'®*® The
combining of non-metallic activators and other additional
agents have not, however, thus far been employed in the
impregnation or activation of carbon materials from coffee
waste.

In our work, new non-heavy-metallic activation techniques
involving the combination of alkalis NaOH and KOH with urea
were employed to obtain adsorbent carbon from coffee waste, to
increase the effectiveness of MB adsorption from aqueous
solution. Furthermore, in our approach, no additional
contamination problems were observed after using the mate-
rials to isolate MB, thanks to the ease of recovery of the activated
SCG material.

—0— SCG-NaU @
600 - —o— SCG-Na
——SCGK
500 —v—SCGKU 476.9
© 400 - ;
o
g sof L
o 3037
=
2001 1558 151.7
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Fig. 8 Effect of (a) temperature and (b) pH on MB adsorption capacity
(initial MB concentration: 200 mg L™, activated carbon material
sample dosage: 300 mg L ™).

© 2021 The Author(s). Published by the Royal Society of Chemistry

Effects of temperature and pH

The effect of temperature on the adsorption of MB was
observed, as shown in Fig. 8(a); the adsorbed MB quotient was
measured, after stirring at 150 rpm for a contact time of
240 min, using 50 mL of a solution containing 0.015 g of MB
(dye concentration: 200 g L") and the adsorbent, at pH 6.00. In
the range of 20 to 50 °C, the dye-adsorption capacity remained
approximately constant. However, above 50 °C, the adsorption
capacities of SCG-K and SCG-KU tended to increase with
temperature (data not shown). The maximum adsorption
capacities at 50 °C were determined to be 476.9 and 383.1 for
SCG-KU and SCG-K, respectively. It is possible that at higher
heating temperatures, e.g. 50 °C, some organic matter began to
decompose, which might have been conducive to the formation
of new pores.*®

In general, the pH of the solution can have a significant
influence on adsorption processes. Such effects can occur via
alterations of the surface charge of the absorbent and/or by the
dissociation of functional groups of the adsorbent and/or
organic dye molecules.”® Therefore, the effects of the initial
pH of the MB solution on the adsorption of the activated carbon
materials were investigated. Fig. 8(b) illustrates the effect of
initial pH on the MB adsorption capacity of the SCG-derived
carbon materials; the initial dye concentration was
200 mg L', the adsorbent dose was 300 mg L™ ", the tempera-
ture was 20 °C, and a contact time of 240 min was used. The
results for SCG-Na indicate that the adsorption capacity is less
sensitive to variations in the initial pH of the MB solution. The
equilibrium adsorbed MB quotient remains almost constant
over the pH range of 2-10. KOH and NaOH activation resulted
in the introduction of hydrophilic oxygen-containing functional
groups—such as hydroxyl, carboxylic, and carbonyl groups—to
the outer surfaces and defect sites of the SCG-derived carbon
materials. The variation in MB adsorption capacity with pH was
also due to the competition between cationic dyes and excess
OH /H" ions in the solution. With the addition of OH™, more
MB" was adsorbed on the surface of the carbon adsorbent by
electrostatic interactions.
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Furthermore, other mechanisms, for example, - electron-
donor-acceptor interactions or pore-filling mechanisms, might
prove to be beneficial for adsorption in this case.*® As shown in
Fig. 8(b), SCG-KU and SCG-NaU displayed increased adsorption
capacity with pH; the maximum adsorbed MB quotients ob-
tained, at pH 10, were 499.9 and 332.2 mg g, respectively.
Interestingly, the adsorption capacity of SCG-K decreased as the
pH increased in the range of 6-10, an effect that may result from
the fact that the C-O content was significantly decreased when
urea was not used during the activation process (Table 2).

Recovery characteristics of adsorbents

The recovery of SCG-KU and SCG-K was performed using 70%
ethanol as eluent and thermal annealing at 800 °C; the
maximum number of recovery cycles was five. The experimental
results are shown in Fig. S5. SCG-KU exhibited the mainte-
nance of an adequate adsorption capacity (96.1%) after five
recovery cycles; the value for SCG-K was slightly lower (94.2%).

Carbon materials have significant advantages, including
economic advantages as well as the fact that they are prepared
from eco-friendly and reusable raw materials using a low-
energy, low-toxicity preparation method; in addition, they are
heavy-metal-free and have excellent adsorption capacities and
recoverabilities. Thus, the combined use of urea and KOH as
activation agents seems to be very important as a useful
candidate for carbon material conversion from SCG with
significant potential.

Conclusions

This work demonstrated heavy-metal-free carbon materials
derived by pyrolysis at 800 °C from SCG via the use of new KOH-
urea and NaOH-urea combined activation agents. The capa-
bilities and properties of these new products were compared
with those of SCG materials prepared by activation with a single
KOH or NaOH activating agent. The combined KOH and urea
synergistic activating agents produced various excellent prop-
erties for the carbon material, such as a high Sggr value, large
pore volume, high MB adsorption capacity, and excellent reus-
ability. The MB adsorption process was found to fit a pseudo-
second-order model, in which adsorption is dependent on
adsorption-site availability. Equilibrium adsorbed MB quotient
values were fitted to the Langmuir isotherm model, and hence it
was demonstrated that monolayer coverage of activated carbons
by MB molecules had occurred. The results of this work confirm
our proposed method as an effective method for coffee waste
recycling and heavy-metal-free carbon material preparation.
Furthermore, the combined KOH and urea activation method
has significant potential to obtain a highly effective adsorbent
for MB dye in aqueous solutions with wide pH and tempera-
tures ranges.
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