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Abstract. This study explores the development of activated carbons (ACs) synthesized from
coffee husks using potassium hydroxide (KOH) as the activating agent under varying conditions,
focusing on their potential for phenol adsorption. The effects of impregnation ratio, activation
temperature, and activation time on the pore structure and surface chemistry of the resulting ACs
were studied. Under optimal synthesis conditions, the sample ACK3-750-60, with a specific
surface area of 1905 m? g!, a total pore volume of 0.8613 cm? g™!, and numerous surface functional
groups (2.35 mmol g acidic groups and 0.36 mmol g basic groups), was obtained. The ACs
have a predominantly microporous structure, as confirmed by iodine adsorption. The change in
iodine number correlates with the pore texture obtained from BET measurements. Equilibrium
sorption of phenol was studied and fitted by the Langmuir, Dubinin—Radushkevich, Elovich, and
Temkin isotherms. The ACs achieved a maximum monolayer adsorption capacity of 199.20 mg
gl at 30 °C, with an adsorption energy variation of 12.50 kJ mol™..

Keywords: coffee husk; activated carbon; surface area; phenol adsorption; isotherms.
Classification numbers: 2.4.2,3.3.2,3.4.2.

1. INTRODUCTION

In developing countries, economic development often entails many environmental
consequences, especially water pollution. Phenol is the simplest phenolic compound that is
commonly used in industries such as batteries, plastic, mining, textiles, electroplating, and
petroleum. Phenol persists in the environment due to its low self-degradability and adversely
affects aquatic flora, threatening the safety of drinking water, and has the potential to cause
endocrine disruption and cancer in humans even at low concentrations [1]. Therefore, the National
Technical Regulation on the quality of clean water for domestic use issued by the Vietnam Health
Environment Management Agency requires that the concentration of phenol in drinking water
must be below 1 ug L' (QCVN 01-1:2018/BYT). Several methods for phenol removal have been
reported, including electrocoagulation, photocatalysis, coagulation/flocculation, adsorption,
filtration, electrochemical oxidation, ion exchange, solvent extraction, advanced oxidation,
membranes, and biodegradation [2, 3]. However, based on factors such as efficiency, cost,
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operational features, design, and especially the treatment of phenol at low concentrations,
adsorption remains the method with the greatest advantages.

Choosing the right adsorbent material is very important, especially when applied on an
industrial scale. An ideal adsorbent material should possess key characteristics such as high
adsorption capacity, strong selectivity, rapid adsorption/desorption kinetics, long life, abundant
supply, and suitable price. As the world’s second-largest coffee exporter, Viet Nam currently has
a large surplus of coffee husk waste (CF) [4]. The main component of CF is cellulose, a
particularly durable compound that completely decomposes in about 2 to 3 years under natural
conditions. Recently, only a small amount of CF has been used as organic fertilizer or household
heating material, while the remainder has been left untreated in coffee-growing areas. While it
has a positive impact of softening the ground and limiting weeds, it can create a favorable
environment for harmful microorganisms to grow. Therefore, it is necessary to have effective
measures to use this surplus coffee husk. With its high carbon content [5], the CF can be a cost-
effective raw material for producing activated carbon, a well-known adsorbent. The preparation
of activated carbons from biomass has been extensively investigated. Chemical activation
methods are particularly effective, as they require lower temperatures and shorter processing
times [6] than physical activation, while yielding superior pore structures [7]. Among widely used
chemical activators, such as alkaline hydroxides, zinc chloride, phosphoric acid, etc., potassium
hydroxide (KOH) has the advantage of creating micropores [8] and —OH functional groups on the
carbon surface [9], enhancing the adsorption capability for small molecules.

In this work, the relationship between activated carbon preparation and its phenol adsorption
ability was investigated. The effects of KOH:biochar ratio, activation temperature, and activation
time were studied to determine the optimal parameters for producing activated carbons with
advanced porosity and high phenol adsorption efficiency.

2. MATERIALS AND METHODS
2.1. Materials

Arabica coffee husks were sourced from a coffee mill in Son La Province, Viet Nam. The
husks were thoroughly washed with water, dried at 110 °C for 12 hours, crushed into smaller
pieces, and sieved to achieve a 1.0 mm particle size. The chemical composition of the CF particles,
as determined by energy dispersive X-ray spectroscopy (EDX), was found to be: C: 49.38 %, O:
45.30 %, Mg: 0.18 %, Al: 0.23 %, Si: 0.31 %, P: 0.14 %, S: 0.28 %, Cl: 0.08 %, K: 3.50 %, Ca:
0.60 % by mass (not shown). Phenol crystals (purity > 99 %) and potassium hydroxides (purity
85 %) were purchased from Xylong Chemical, China. A stock solution of phenol at a
concentration of 1000 mg L' was prepared two hours before use and was subsequently diluted to
the desired concentrations without pH adjustment.

2.2. Preparation of activated carbon

CF powder was subjected to carbonization at 450 °C for 90 minutes with a heating rate of
20 °C min™! under a nitrogen flow of 300 mL min™'. The resulting biochars were impregnated with
sufficient amounts of KOH (KOH:biochars mass ratio varied from 1:1 to 4:1). After drying at 120
°C for 12 hours, they were then heated in a nitrogen atmosphere (300 mL min™) at 400 °C for 20
min. Activation was conducted by gradually increasing the temperature (10 °C min™') to target
levels between 650 and 800 °C, followed by a predetermined retention time of 40 to 100 min.
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After that, it was neutralized by 0.1 N HCI, washed with hot water until the pH stabilized in the
range of 6.6 to 7.0, and finally dried in a vacuum oven at 120 °C for 24 hours. The activated
carbons (ACs) were labeled as ACK a-b-c, in which “a” stands for KOH:biochars mass ratio, “b”
- activation temperature, and “c” - activation time.

2.3. Characterization

The textural properties of the ACs were analyzed by BET (Micromeritics TriStar 3020). The
functional groups were identified via FTIR (Nicolet, Nexus 670). Morphological information was
obtained using FE-SEM (S4800-Hitachi). Acidic and basic functional groups were determined by
the Boehm method [10]. The adsorption capacity was determined using the iodine number
(ASTM D 4607-4). The carbon yield was calculated using the formula:

Wf
Y =—Lx100 (1)

0

where Y presents the carbon yield, Wrand Wy are the weights of activated carbon and of the initial
coffee husks. Phenol adsorption was conducted with phenol concentration of 45-250 mg L' and
100 mg AC (particle size 0.15 < d < 0.30 mm) after being agitated at 120 rpm for 24 hours at 30
°C. The equilibrium concentration of phenol was analyzed following the procedure outlined in
the Standards Methods for the Examination of Water and Wastewater, published by the American
Public Health Association (APHA). Each experiment was carried out in triplicate to ensure
reliability. The equilibrium adsorption capacity, q. (mg g'), was determined using the equation:
g = @
m
where C, and C. (mg L) are the initial and equilibrium concentrations of phenol, V (L) is the
volume of the solution, and m (g) is the dosage of activated carbon used.

3. RESULTS AND DISCUSSION
3.1. Characterization of activated carbons

The carbon yield results for the preparation of ACs under various conditions are summarized
in Table 1. The efficiency of AC synthesis from coffee husks ranges from 27.5 to 35.1 %. It was
noted that increasing the KOH:biochar ratio, activation time, and activation temperature gradually
reduces the efficiency of AC production. This can be attributed to the enhanced interaction
between carbon and KOH during the activation process, which consumes a portion of carbon and
facilitates the release of volatiles from the material. A comparable trend was also reported by
Njewa J.B. when preparing activated carbon from agro-waste [11].

The nitrogen adsorption-desorption isotherms of ACs elaborated from coffee husk prepared
under varying conditions are illustrated in Figure 1. The shapes of these isotherms conform to
Type I classification according to [UPAC standards, with no hysteresis observed at p/p°® > 0.42,
indicating that all synthesized ACs are predominantly microporous. This is confirmed by the
textural data for ACs calculated from the isotherms shown in Table 1, which indicate that
micropores account for over 98 % of the specific surface area and more than 93 % of the total
pore volume. These results align with other studies, indicating that KOH activation led to a high
percentage of micropores [12, 13]. The textural characteristics of all studied activated carbons
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surpass those of Tra Bac activated carbon — a commercialized type made from coconut shells
widely used in Viet Nam, which exhibits a surface area of 691 m? g'! and a pore volume of
0.159 mL g'[14]. According to the findings, the impregnation ratio showed the greatest impact
on the pore structure of AC. Sger increases drastically from 838 to 1905 m? g! when the
impregnation ratio increases from 1:1 to 3:1 but decreases to 1694 m? g'! when the impregnation
ratio further increases to 4:1. The total pore volume also follows a comparable trend, increasing
from 0.3915 to 0.8613, then decreasing to 0.7742 cm?® when the impregnation ratio increases from
1:1 to 3:1 and then to 4:1. The increase in the activating agent promotes the contact area between
coffee husk precursors and KOH, and sequentially promoting micropore formation and enlarging
the specific surface area of carbon [15]. In contrast, further increasing the KOH concentration to
an impregnation ratio of 4:1 appears to degrade the deeper structure of the aromatic layer, leading
to pore enlargement and reductions in both Sger and total pore volume [16].

At a fixed KOH:biochar ratio of 3:1, the biochars were activated from 650 to 800 °C to
investigate the impact of activation temperature. As shown in Figure 1(b), nitrogen uptake at 77 K
reached its peak at an activation temperature of 750 °C. Pore development improved within this
temperature range, with Sger increasing from 1216 to 1905 m? g'!' as temperatures rose from 650
to 750 °C. However, at temperatures exceeding 752 °C (the boiling point of metal K), metal K
vaporized and migrated between carbon microcrystals. This process destroyed the aromatic
lamellar layer and expanded pore sizes [16], thereby decreasing microporosity. At 800 °C, the
specific surface area and total pore volume decreased to 1740 m? g' and 0.8020 cm® g,
respectively.
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Figure 1. Adsorption-desorption isotherms of N, and pore-size distribution curves (inserted images)
of ACs by KOH activation at different: (a) impregnation ratios, (b) activation temperatures,
and (c) activation times.

The pore development of ACs is least affected by the activation time. After 40 minutes of
activation, the pores are not fully developed, with Sger and Viea remaining significantly lower

476



Preparation of activated carbons from coffee husk using KOH activation for phenol adsorption

compared to other activation times, reaching only 1201 m? g!' and 0.5402 cm?® g!, respectively.
When the activation time is 60 min, the Sger and Vi increase significantly to 1905 m? g and
0.8613 cm? g!, respectively. However, further prolonging the activation time to 80 and 100
minutes results in only a marginal decline in these values. Specifically, at 100 minutes of
activation, the Sggr of the resulting activated carbon decreases to 1786 m? g!, and Vel drops to
0.8194 cm? g!. This might stem from prolonged reaction between KOH and carbon, leading to
pore widening and collapse. Comparable trends in pore structure variation due to activation time
have been found in the ACs prepared from other agricultural by-products [17]. The inserted
images of pore size distributions (PSDs) illustrate that all samples predominantly feature pores
smaller than 4.0 nm, with the majority in the 0.8-2.0 nm range. These findings align with data
derived from N, adsorption-desorption isotherms.

Table 1. Porosity characteristics, carbon yield, and iodine number of the activated carbon samples.

Label SBET Smic Smic/SBET  Vmic Viot Viie/Viet Y Iodin number
mgh mgh (%) (em’gh) (em’gh) (%) (%)  (mggh)

ACK1-750-60 838 827 98.69 0.3645 0.3915 93.10 35.11 840
ACK2-750-60 1587 1561 98.36 0.6820 0.7227 94.37 3232 1549
ACK3-750-60 1905 1891 99.27 0.8252 0.8613 95.81 30.74 1850
ACK4-750-60 1694 1667 98.41 0.7327 0.7742 94.64 29.23 1652
ACK3-650-60 1216 1198 98.52 0.5281 0.5574 94.74 34.47 1210
ACK3-700-60 1492 1470 98.53 0.6468 0.6904 93.68 31.56 1447
ACK3-800-60 1740 1721 98.91 0.7615 0.8020 94.95 27.52 1700
ACK3-750-40 1201 1188 98.92 0.5178 0.5402 95.86 3248 1195
ACK3-750-80 1789 1767 98.77 0.7721 0.8028 96.18 2977 1718
ACK3-750-100 1786 1761 98.60 0.7723 0.8194 94.25 28.13 1710

The iodine number for ACs prepared under varying conditions presented in Table 1 reveals
a clear correlation among the Sger, Smic, and iodine number. Notably, the impregnation ratio has
the greatest effect on Sger, Smic, and iodine number. The iodine number increases from 840 to
1850 mg g as the impregnation ratio rises from 1:1 to 3:1, but decreases to 1652 mg g!' when
the ratio reaches 4:1. Regarding activation temperature, the iodine number grows from 1210 to
1850 mg g! as the temperature increases from 650 to 750 °C, but decreases to 1700 mg g at 800
°C. lodine number increases with activation time up to 60 min, then decreases as activation time
increases to 80 and 100 min. The iodine number characterizes the adsorption ability and
microporosity of activated carbon and is comparable to Sger [18]. Based on the Sger, Smic, and
iodine number values, it can be concluded that the micropores of the as-prepared ACs serve as
active sites and can be employed for adsorption.

The morphology of ACs synthesized under varying conditions was examined by FE-SEM.
Figure 2 highlights the influence of different impregnation ratios on the textural properties of the
resulting activated carbon. At an impregnation ratio of 1:1, activated carbon has an uneven and
rather packed surface with small cavities and some open pores. As the ratio increases to 2:1 and
3:1, small cracks develop into larger, deeper pores. This might be due to increased interaction
between KOH and C, leading to a highly porous structure with many caves and cavities, as
suggested by BET measurements. However, at a higher impregnation ratio of 4:1, the violent
interaction between the activation agent and carbon destroyed the freshly formed pores, resulting
in a flatter surface of the AC samples.
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ACK1-750-61

Figure 2. FE-SEM images of the ACs at varying impregnation ratios.

FTIR spectroscopy was utilized to determine the surface functional groups on the ACs, as
shown in Figure 3. The band at 3410 cm™ is customarily assigned to the O—H stretching bond [19].
The band around 3000-2800 cm™ was due to symmetric and asymmetric stretching of C—H in —CH,
—~CH,, or —CH3[20]. The band at 2858 cm! is assigned to the vibration of the CH3-O group. These
bands are almost unchanged under different activation conditions. The band appearing at 1680 cm’
!'is associated with C=0 vibrations of acidic groups [21], while the band at 1545 cm is ascribed to
carboxylate ion groups. This band decreases with increasing impregnation ratio and activation
temperature, indicating a decrease in carboxylate content. The broadband around 1057 c¢m’!
corresponds to C—O stretching vibrations found in primary C—OH [17].
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Figure 3. FTIR spectra of some selected AC samples.
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The surface functional groups on the ACs under study are quantified using Boehm titration
techniques. Total acidic and basic groups and their respective ratios are summarized in Table 2.
The acidic groups, falling between 1.73 and 2.35 mmol g™!, consistently outnumber basic groups,
which range from 0.36 to 0.86 mmol g! across all samples. The ratio of acidic to basic groups is
notably high, exceeding 2.5 in all cases. Except for the ACK2-750-60 and ACK3-700-60 samples,
which have high ratios of 6.53 and 5.76, respectively, the remaining samples have ratios ranging
from 2.58 to 4.35. It can also be seen that the amounts of acidic groups gradually decrease at
elevated temperatures, especially the carboxyl group, while the amounts of basic groups remain
relatively constant. This might be because the basic groups are more thermostable than the acidic
groups: quinone and carbonyl decompose above 700 °C, while carboxyl groups decarboxylation
to form CO; at below 400 °C, phenol groups release CO between 500-750 °C, and lactone break
downs to form CO above 600 °C [22]. Accordingly, the amount of carboxyl groups is most
affected, consistent with the FT-IR results.

Table 2. Surface groups of the AC samples.

Surface functional groups (mmol g™!) Acidic
Total _— groups/
Label Carboxyls  Lactones Phenols acidic Total basic - Basic
aroups groups groups
ACK1-750-60 0.96 0.58 0.47 2.01 0.48 4.19
ACK2-750-60 1.00 0.59 0.76 2.35 0.36 6.53
ACK3-750-60 0.75 0.31 0.67 1.73 0.67 2.58
ACK4-750-60 0.67 0.63 0.70 2.00 0.46 4.35
ACK3-650-60 1.07 0.50 0.66 2.23 0.86 2.59
ACK3-700-60 0.98 0.53 0.68 2.19 0.38 5.76
ACK3-800-60 0.48 0.49 0.53 1.50 0.37 4.05
ACK3-750-40 0.86 0.47 0.53 1.86 0.69 2.70
ACK3-750-80 0.84 0.43 0.98 2.25 0.57 3.95
ACK3-750-100 0.74 0.55 0.45 1.74 0.46 3.78

3.2. Phenol adsorption

To evaluate the phenol adsorption capacity of the ACs, BET analysis and FTIR spectroscopy
were performed on two representative samples prepared at 700 °C and 750 °C, respectively, and
subsequently immersed in a phenol solution of 150 mg L' (labeled as ACK3-700-60-Phenol and
ACK3-750-60-Phenol). A comparison of the N, adsorption-desorption isotherms obtained before
and after immersion in the phenol solution (Figure 4(a)) revealed a notable reduction in the
amount of N> adsorbed by the sample after immersion. This decrease resulted in a significant drop
in the specific surface area, particularly affecting the micropore areas (Smic from 1470 to 1137 m?
g’! for ACK3-700-60, and from 1891 to 1603 m? g'! for ACK3-750-60). Furthermore, an analysis
of the FTIR spectra (Figure 4(b)) identified three new bands with strong intensities in the samples
after phenol immersion. The band at 1706 cm™' is attributed to the stretching vibration of C=C
functional groups, while the one at 1550 ¢m™ corresponds to the C=C stretching vibrations
associated with the aromatic ring [23]. Additionally, the fingerprint region around 515 cm!
displays various complex absorptions attributed to C-O, C-C, and C-H bending vibrations [24].
The findings from the BET and FTIR analyses validated the effective adsorption of phenol onto
the activated carbon surface, highlighting the significant role of the micropores in this process.
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Figure 4. (a) Adsorption-desorption isotherms of N» at 77K and (b) FTIR spectra of ACs produced
at 700 and 750 °C before and after phenol adsorption.

The adsorption equilibrium isotherms of phenol at 30 °C of the samples prepared at different
impregnation ratios and activation temperatures are given in Figure 5 by plotting q. against Ce..
As can be seen, q. increases with C., initially significantly and then more slowly. Since there are
no plateaus, it can be inferred that under the investigated conditions, the adsorption is not
saturated. Within the investigated concentration range, the ACK3-750-60 sample consistently
exhibited the highest adsorption capacities, likely due to its enhanced surface area and pore
volume.
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Figure 5. Adsorption isotherms of phenol at 30 °C on AC samples synthesized at different:
(a) impregnation ratios, (b) activation temperatures.

To model the adsorption behavior more comprehensively, four isotherm models, namely
Langmuir (Eq. (3)), Dubinin—Radushkevich (Eq. (4)), Elovich (Eq. (5)), and Temkin (Eq. (6))
[25], were employed to fit the experimental equilibrium concentration of phenol in the solution.
The mathematical expressions for these models are listed below:

S = LCE + !
d. 4 9,K,

3)
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Ing, =Inq,,— B¢’ (4)

mi=— 9 iimK,q (5)
e QmE

g, =BInK, +BInC, (6)

where qm represents the maximum coverage adsorption capacity, € is Polani potential in the
Dubinin—Radushkevich equation. Ky, 8, Kg, B, and Kr are the constants of the four models.

The correlation between the empirical and predicted adsorption values was estimated using
the coefficient of determination (R?). Table 3 summarizes the modeled parameters along with
their respective R? values. The Dubinin—Radushkevich isotherm exhibited a low R? (<0.7795).
The Elovich isotherm, although it has a rather high R? (0.9770 < R?< 0.9958), yields calculated
maximum monolayer coverage capacities (gm) that are considerably lower than the experimental
adsorbed amounts (at the highest C. of each sample). Therefore, the Dubinin—Radushkevich and
Elovich models are not suitable for describing phenol adsorption onto activated carbon under the
conditions investigated. Both adsorption models, Langmuir and Temkin, yield R? values close to
1 (0.9813 < R?<0.9930 for Langmuir and 0.9742 < R?< 0.9957 for Temkin), indicating excellent
linearity, confirming that both models can describe the adsorption of phenol on the obtained ACs.

Table 3. Equilibrium parameters for phenol adsorption onto ACs.

Dubinin— Elovich Tempkin Langmuir

Radushkevich

2 qm 2 B 2 qm 2 )

R (mggh " (mgg!) N (mgg") N Rumas  Remi
ACKI1-750-60 0.7128 37.49 0.9856 25.18 0.9856 134.95 0.9909 0.292 0.069
ACK2-750-60 0.7677 53.33 09957 33.39 0.9957 165.73 0.9930 0.277 0.065
ACK3-750-60 0.6989 67.66 0.9742 39.62 0.9742 199.20 0.9813 0.261 0.060
ACK4-750-60 0.7795 58.73  0.9923 36.06 0.9923 179.24 0.9907 0.267 0.062
ACK3-650-60 0.7185 53.79 0.9809 32.80 0.9809 163.93 0.9855 0.321 0.078
ACK3-700-60 0.7556 54.67 09894 33.61 0.9894 166.56 0.9887 0.303 0.073
ACK3-800-60 0.6972 59.50  0.9839 36.36 0.9839 184.23 0.9873 0.261 0.060

For the Langmuir model, the separation factor Ry is also a crucial parameter to indicate the
type of adsorption, in which 0 < Ry < 1 implies favorable adsorption. Ry is calculated as follows:

1

- 7
1+K,C, @

L

where K is the Langmuir constant, and C, is the initial concentration of phenol in the solution.

Table 3 shows that all Ry min and Ry max values calculated at the minimum and maximum C,
values for all ACs fall within the range of 0 to 1, indicating favorable phenol adsorption. Based
on the Ry max, Rimin, and R? criteria, the Langmuir model can appropriately describe the adsorption
data. Therefore, for convenience in comparison with other authors, data from the Langmuir model
will be used for further discussion. It can also be observed from the Table 3 that the maximum
adsorption capacity gm obtained from the Langmuir isotherm is reported to range between
134.95 and 199.20 mg g and can be compared to qm values of activated carbon from magnetic
chitosan (51.68 mg g!) [26], coconut tree waste (56.00 mg g™') [27], black wattle bark waste
(98.57 mg g!) [28], rice husk (194.24 mg g™') [29], as well as Chinese commercial activated
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carbon (169.91 to 212.96 mg g!) [30]. The differences in qm of ACs prepared from coffee husks
under different conditions can be attributed to variations in surface area and pore texture,
particularly micropore volume. The ACs with large microporous volume groups will have high
phenol adsorption capacity, as maximum adsorption capacity is generally a linear function of
micropore volume [31].

In this study, the plot of qm (of Langmuir) versus Vi (in Table 1) shows a nearly linear
relationship, as shown in Figure 6. ACK3-650-60 and ACK3-750-60 samples show positive
deviation (higher phenol adsorption capacities), while the ACK3-700-60 and ACK2-750-60
samples display negative deviation (lower phenol adsorption capacities). Apart from the surface
area, surface functional groups also strongly influence phenol adsorption; acidic groups have a
reduced effect, while basic groups enhance adsorption. Thus, the acidic-to-basic group ratio
effectively measures the contribution of surface functionality to phenol adsorption. The ACK3-
650-60 and ACK3-750-60 samples that have a smaller ratio of acidic/basic groups (2.6) will have
a larger qm, and the ACK3-700-60 and ACK2-750-60 samples that have a higher ratio of
acidic/basic groups (5.8 and 6.5, respectively), will have a lower gqm. Consequently, some
empirical data lie above or below the qm-Vmic plot in Figure 6.
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Figure 6. Relationship between the maximum monolayer coverage capacity and the micropore volume
for the ACs produced at different activation conditions.

As indicated above, under these experimental conditions, the Temkin model is suitable for
describing the experimental data within a moderate error limit. Therefore, this model is adopted
to calculate the variation of adsorption energy. In the Temkin model, B is the constant related to
the heat of adsorption given by the following equation [32]:

RT
B — qlﬂ
AQ
where gm (mg g') is the maximum monolayer coverage capacity; R (J mol”! K') is the gas
constant, T (K) is the temperature, and AQ (J mol™) is a variation of adsorption energy. The qm

can be obtained either by the Langmuir isotherm or calculated from specific surface area (Sger)
using the following formula:

(®)

— SBETM

= ©)

4
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where o is the surface area of the phenol molecule (30.49x102° m? [32]), N4 is Avogadro’s
constant (6.02x10?* mol™!), M is the molar mass of phenol (94.11 g mol™'), and Sggr is the specific
surface area (m” g™).

Table 4. qm and AQ for the adsorption of phenol onto activated carbon.

Sample gm calculated using BET AQ Qm deterrpined u.sing _ AQ
surface area (mg g™!) (kJ mol"))  Langmuir equation (mg g!)  (kJ mol™)

ACK1-750-60 429.66 42.99 134.95 13.50
ACK2-750-60 813.69 61.39 165.73 12.50
ACK3-750-60 976.74 62.10 199.20 12.66
ACK4-750-60 868.55 60.68 179.24 12.52
ACK3-650-60 623.47 47.88 163.93 12.59
ACK3-700-60 764.98 57.33 166.56 12.48
ACK3-800-60 892.14 61.82 184.23 12.77

The AQ values calculated by equation (10) for both qm from the Langmuir isotherm and Sger
are presented in Table 4. These results reveal that all calculated AQ values are positive, indicating
the exothermic nature of the phenol adsorption process. Notably, the AQ values based on qm from
Sger are always 4 to 5 times greater than those obtained via Langmuir-derived qm. This is because
the assumption that all BET surfaces are covered by phenol molecules is practically impossible.
Therefore, the AQ values based on qm from the Langmuir isotherm are closer to empirical data.
Except for the ACK1-750-60 sample with AQ = 13.50 kJ mol™, all other ACs have AQ = 12.50
kJ mol™!. This finding is relatively similar to a previous research by Hamdaoui and Naffrechoux,
who reported a AQ value of 12.16 kJ mol™! [32] for phenol adsorption on commercially available
granular activated carbon.

4. CONCLUSIONS

Activated carbons from coffee husks were successfully synthesized using a two-step KOH
activation under different conditions. The results revealed that the KOH:biochar impregnation
ratio was the most critical parameter, and the optimal preparation conditions for obtaining
activated carbon with a large specific surface area and predominantly microporous particles were
a KOH:biochar mass ratio of 3:1, an activation temperature of 750 °C, and an activation time of
60 min. Under these conditions, the resulting activated carbon exhibited a Sger of 1905 m? g'!, a
Vimic 0f 1891 m? g, a Viora1 0£0.8613 cm? g”!, and an iodine number of 1850 mg g™'. The adsorption
behavior of phenol was modeled using the Langmuir, Dubinin—Radushkevich, Elovich, and
Temkin isotherms. Based on the Langmuir model, the AC prepared under these optimized
conditions demonstrated a phenol adsorption capacity of 199.20 mg g'. These experimental
findings demonstrate that producing AC from coffee husk waste is a cost-effective and sustainable
approach for wastewater treatment applications in Viet Nam.
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