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In this study, the adsorption capacities of activated empty fruit bunch biochar (EFBB) (an oil palm
industry byproduct that is converted into biochar) for methylene blue (MB) and direct red 80 (DR
80) commercial dyes were evaluated. The EFBB was chemically modified by treating it with
sulphuric acid (H2S0O4), potassium hydroxide (KOH) or iron chloride (FeCl3) to produce acid-treated
biochar (A-EFBB), alkali-treated biochar (B-EFBB) and iron-coated biochar (Fe-EFBB). The
characteristics of EFBB, chemically modified EFBB and activated carbon (AC) were determined.
These adsorbents were used to remove the cationic MB and anionic DR 80 dyes at different initial
concentrations and their adsorption capacities were compared. The Langmuir model fitted the
isotherm data better than Freundlich’s model, which indicated that adsorption was homogeneous
and monolayer. Results for MB showed that the adsorption capacity was in the order: A-EFBB (125
mg/g) > B-EFBB (76.34 mg/g) > Fe-EFBB (10.13 mg/g) > EFBB (6.14 mg/g). For DR 80, the
results showed that the adsorption capacity was in the order: B-EFBB (78.13 mg/g) > A-EFBB

(40.16 mg/g) > Fe-EFBB (4.71 mg/g) > EFBB (1.15 mg/g).
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Water pollution is a serious problem in developing
countries like Malaysia and this issue impacts the
sustainability of water resources. It also affects living
plants and organisms as well as population health and
the economy [1]. Notably, in 2017, foreign and domestic
investment in Malaysia’s textile industry earned a total
revenue of RM 428.8 million [2]. While having a huge
effect on the economy, the textile industry uses an
enormous amount of water for its preparation and
dyeing processes. Consequently, it consumes up to 3000
m? of water a day and accounts for 22% of the total
volume of industrial wastewater produced in Malaysia
[3, 4]. Industries involving dyes are rapidly growing in
Malaysia and synthetic dyes are widely used in the
textile, paper, leather, pharmaceutical and printing
industries [5-7], but dye effluents are released directly
into the environment and cause water pollution [4].
Even the smallest amount of dye in a sample of water
can make it unsuitable for human consumption. Dyes
also reduce sunlight penetration in water and so inhibit
the growth of aquatic plants. Aside from being toxic to
aquatic life, dyes may also be mutagenic, carcinogenic
and cause severe damage to the human body such as
dysfunction of the kidneys, reproductive system, liver,
brain and central nervous system [8, 9, 5]. Thus,
wastewater polluted with dyes needs to be properly
treated before it can be released into the environment.

Methylene blue (MB) and Direct Red 80 (DR 80)
dyes are among the hazardous materials found in textile

Received: October 2021; Accepted: January 2022

effluent [10]. MB is a cationic dye commonly used for
dyeing cotton, wool, and silk. Some of the severe
symptoms caused by MB include eye burns in humans
and animals, methemoglobinemia, cyanosis,
convulsions, tachycardia, dyspnea, irritation to the skin,
and if ingested, irritation to the gastrointestinal tract,
nausea, vomiting, and diarrhoea [11]. DR 80 is an
anionic azo dye, one of the largest classes of dyes used
in industry, which is often used for dyeing textiles and
leather [12, 13]. These contain one or more azo bonds
(-N=N-) and aromatic rings, which are considered toxic
and mutagenic to living organisms. Typically, the acute
toxicity of an azo dye is low, but it may cause skin and
eye irritation, weakness and dizziness [13, 14].

A variety of methods have been developed for
the treatment of dye-bearing wastewater such as
coagulation, flocculation, oxidation, biological
treatments, membrane filtration and adsorption. Yet
some of these techniques have major drawbacks such as
cost and time [9, 15]. Among these methods, adsorption
shows a number of essential benefits such as flexibility
and simplicity of the technique, ease of operation and
insensitivity to toxic substances. Thus, adsorption is
preferable over other methods and is widely used
because of its low cost and high efficiency. Recently, the
use of adsorbents prepared from agricultural by-
products such as biochar has been thoroughly
investigated due to its cost effectiveness and high
adsorption capacities [16]. Biochar is a carbonaceous
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material obtained from the pyrolysis of biomass under
zero or limited oxygen conditions and at a relatively low
temperature, usually below 700°C. It has been
recognized as a good sorbent for different kinds of
organic and inorganic pollutants [17, 18]. However,
biochar usually possesses a lower adsorption capacity
compared to activated carbon. Therefore, biochar has to
be activated to increase its surface area, porosity and
surface functional groups, which consequently enhances
its adsorption capacity [19, 20].

Oil palm empty fruit bunches are a major
agricultural waste generated by the oil palm industry.
These can be converted to biochar, which are good
adsorbents for the removal of dyes from aqueous
solutions [21]. In this study, empty fruit bunch biochar
(EFBB) was chemically modified and its respective
adsorption capacities for MB and DR 80 were evaluated.
The adsorption capacities of these chemically modified
biochars were compared with those of non-modified
biochar as well as to an activated carbon (AC).

MATERIALS AND METHODS
1. Chemicals and Materials

All chemical used were of analytical grade. Ultrapure
water (electrical resistivity 18.2 MQ cm'1) was used to
prepare all solutions throughout this study. Sodium
hydroxide (NaOH), potassium hydroxide (KOH),
hydrochloric acid (HCI) and sulphuric acid (H2SOs4)
were purchased from R&M Chemicals while Methylene
Blue (MB) and Direct Red 80 (DR 80) dyes were
purchased from Sigma-Aldrich. pH solutions were
adjusted using either 1 M sodium hydroxide (NaOH) or
1 M hydrochloric acid (HCI). Empty fruit bunch biochar
(EFBB) was purchased from the Malaysian Palm Oil
Board (MPOB) station, located at Pekan Bangi Lama,
Malaysia. The biochar was brought to the laboratory,
where it was ground and passed through a 250 um metal
sieve (Laboratory Test Sieve Endecotts Ltd., UK).
Meanwhile, activated carbon produced from acid-
washed lignite carbon with a particle size of 12-20 mesh
was purchased from Sigma-Aldrich (Darco®).

2. Chemical Modification of Biochar

Chemically modified biochars were prepared by
following the methods prescribed by both Liu et al.
(2012) [6] and Sajab et al. (2013) [22]. 20 g of EFBB
crude biochar was placed in a flask to which was added
200 mL of either 10 % H2SO4 (v/v) or 3 M KOH solution
and the solution was stirred using a magnetic stirrer for
1 hour at 60 — 70 °C. Then, the biochar was rinsed with
deionized water until the pH of the washed liquid was
around 7.0. The wet biochars were dried at 80 °C for
12 h and then stored in desiccators for later use. The
biochars prepared from the acid and base were
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designated as A-EFBB and B-EFBB, respectively.
3. Iron Impregnation of Biochar

Surface modification of the EFBB was done by coating
the biochar with FeCls according to the procedure
described by Huang et al. (2017) [23]. The optimum
equilibrium time and the concentration of the biochar
were determined prior to the coating procedure. 5 g of
EFBB was impregnated in a 1 L solution containing
1000 mg/L of Fe (III) prepared using FeCls salt. The
solution pH was adjusted to 6 using either | M HCl or 1
M NaOH. The mixture of biochar and Fe (IIT) solution
was shaken for 24 h and the biochar was washed with
deionized water several times until free Fe was no
longer detected in the filtrate. The Fe coated biochar was
then filtered on Whatman No. 42 filter paper and oven
dried at 105°C for 24 hours. The EFBB was then washed
several times with deionized water and dried for 48 h in
an oven at 50 °C. The biochar prepared via this
treatment was designated as Fe-EFBB.

4, Characterisation of EFBB, Chemically
Modified EFBB and Activated Carbon

The pH values of EFBB, Fe-EFBB, A-EFBB, B- EFBB
and AC were measured in a 4:100 (w/v) suspension of
adsorbents in water using a pH meter (Model Metrohm®
827, USA) as described by Samsuri et al. (2013) [24].
The EC reading was measured according to Savova et
al. (2001) [25] by soaking the adsorbent in deionized
water at a solid to water ratio of 1:5 (w/v) and agitated
for 24 h. The reading was measured using a CON 700
EC meter (Eutech Instruments, USA). The
exchangeable bases of adsorbents were extracted with
ammonium acetate and measured using a Perkin Elmer
AAnalyst 400 Atomic Absorption Spectrometer (AAS)
[25].

The ash content of the biochars and AC was
determined by dry combustion. 5.0 g of adsorbent was
heated at 500 °C for 8 h [26]. The crucible was then
cooled to room temperature and reweighed. The ash
content was calculated as:

weight of ash (g)

Ash content = x100% (1)

dry mass of adsorbent (g)

The acidic groups on the surface of the
adsorbents were determined by the Boehm titration
method [27]. The number of acidic sites was determined
based on three assumptions: (i) that NaOH neutralizes
carboxylic, lactonic, and phenolic groups; (ii) that
Na,CO; neutralizes carboxylic and lactonic groups; and
(iii) that NaHCO3 neutralizes only carboxylic groups
[28]. The total carbon, hydrogen, nitrogen and sulphur
content in the adsorbents were determined using a
LECO TruSpec CHNS analyser.
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The surface area of the adsorbents was measured
with N, adsorption at 77.3 K, using a surface area
analyzer (Autosorb-1, Quantochrome Instruments,
USA). Prior to N, adsorption, the adsorbent sample was
degassed at 200 °C for 9 h. The multipoint Brunauer—
Emmett—Teller (BET) method was employed to calculate
total surface area. The pore volume was calculated from
their desorption isotherms using the Barrett—Joyner—
Halenda (BJH) method [23, 25, 22]. The presence of
surface functional groups in the adsorbent was
determined using a Spectrum 100 Perkin-Elmer FTIR
spectrometer with a resolution of 4 cm™! operating in the
range of 300-4000 cm'. The zeta potential of the
adsorbents was measured using a Malvern® Zetasizer
Nano instrument according to the method of Salame and
Bandosz (2001) [29].

The surface morphology analyses of the
adsorbents were conducted using a scanning electron
microscope (JEOL JSM-IT 100, Japan) while the ASTM
D4607-94 (1999) procedure was used to estimate the
iodine number of each adsorbent. The iodine number
was calculated using the following equation:

A—-BS

= 2

X
M M

where, X/M is the amount of iodine adsorbed per gram
of adsorbent (mg/g), A is N, (12693.0), N> is the
normality of iodine, S is the volume of sodium
thiosulfate, mL, M is mass of carbon (g), B is N*
126.93 and N, is normality of sodium thiosulfate.

5. Batch Equilibrium Adsorption Study

A batch adsorption experiment was carried out to
determine and compare the adsorption capacities of
EFBB, chemically modified EFBB and AC for MB and
DR 80 dyes at various initial concentrations. Stock
solutions of MB (1000 mg/L) and DR 80 (1500 mg/L)
were prepared. The experiment was carried out at room
temperature (25 £ 1.5 °C) using approximately 0.5 g of
adsorbent in centrifuge tubes containing 40 mL of either
MB or DR 80 dyes, at a range of concentrations from 5—
450 mg/L. The optimum equilibrium time and adsorbent
to solution ratio for the batch equilibrium method were
predetermined at 24 h and 0.5 g/40 mL respectively. The
centrifuge tubes were placed on a rotary shaker at 80
rpm for 24 h and then centrifuged using a Sartorius
Sigma 4-16 at 9500 rpm for 20 min before the
supernatants were passed through a Whatman No. 42
filter paper. The residual MB and DR 80 in the solutions
after adsorption were measured using a Cary 50 Probe
UV Visible Spectrophotometer at 665 nm and 543 nm
wavelengths, respectively. All experiments were
conducted in triplicate.

The Langmuir and Freundlich sorption isotherm
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models were used to fit the sorption data. The linearized
Langmuir’s adsorption model used was as follows:

Cl 1, G

94 9mk,  9Im )

Where C. is the concentration of adsorbate at
equilibrium (mg/L), qe. is the adsorption capacity at
equilibrium (mg/g), K¢ is the Langmuir constant related
to adsorption capacity (mg/g) and qm is the adsorption
capacity (mg/g). The essential characteristics of the
Langmuir isotherm can be expressed by a dimensionless
constant called the separation factor (Rr). Ry was
calculated as:

1
R -
1+ KpCo

4)

where Ky is the Langmuir constant and Cy is the highest
initial dye concentration (mg/L). The value of Rp
indicates whether the type of isotherm is favourable (0
< RL < 1), linear (RL = 1), unfavourable (RL > 1), or
irreversible (RL = 0) [30]. The linear form of the
Freundlich isotherm is as follows:

logq, =log K¢+ ilog C., 5)

where Kr is the adsorption capacity (L/mg), 1/n is the
adsorption intensity, g is the adsorption capacity at
equilibrium (mg/g), and C. is the concentration of
adsorbate at equilibrium (mg/L).

RESULTS AND DISCUSSION

1. Characterisation of Adsorbents
1.1. Physical Properties

The ash content values for the adsorbents are presented
in Table 1. The ash contents were low and the values
varied among the adsorbents studied. The ash content
values increased in the order: A-EFBB (5.05%) < Fe-
EFBB (5.83%) < B-EFBB (7.14%) < EFBB (14.73%) <
AC (17.16%). The results indicate that chemical
modification reduced the ash content of EFBB by more
than half. Meanwhile, the ash content of AC was the
highest among the adsorbents. The EFBB used in this
study was produced via a slow pyrolysis process. This
explains its expected lower ash content, as lower
temperatures produce lower ash content values in
biochar [31]. The modified EFBBs had lower ash values
because alkali, acid and oxidizing agent treatments
removed the inorganic fractions from the original
EFBB. Even though the activated carbon used in this
study was produced from acid-washed lignite carbon, it
was pyrolyzed under high temperatures. Hence, the
resulting ash content is higher compared to the other
adsorbents.
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Table 1. Physical Properties of Adsorbent.

Physical Properties AC EFBB FE-EFBB A-EFBB B-EFBB
Ash Content (%) 17.16 14.73 5.83 5.05 7.14
BET Surface Area (m%/g) 522.32 0.79 2.92 0.89 1.06
Pore Volume (m?/g) 0.60 0.30 0.13 0.31 0.37

The BET surface areas and pore volumes of all
the adsorbents are listed in Table 1. Based on the results,
chemical modification increased the surface area of
EFBB. The BET surface area increased in the following
order: EFBB (0.7883 m?/g) < A-EFBB (0.8895 m?%/g) <
B-EFBB (1.0637 m%g) < Fe-EFBB (2.9208 m%*/g) < AC
(522.3249 m?/g). It was apparent that the surface area of
AC was much higher compared to the rest of the
adsorbents. On the other hand, the pore volumes
followed the order: FE-EFBB (0.13 m3/g) < EFBB (0.30
m?/g) < A-EFBB (0.31 m3/g) < B-EFBB (0.37 m%/g) <
AC (0.60 m%/g). Acid and alkaline treatments slightly
increased the pore volume of EFBB, but treating EFBB
with FeCls reduced its pore volume. Exposing biochar
to acidic solutions such as H>SO4 develops carboxylic
groups as well as micropores on the biochar’s surface,
which lead to an increase in surface area [35-37].
However, the pore volume of EFBB was reduced when
activated with FeCls perhaps because the EFBB pores
were clogged by iron particles, as reported by Sizmur et
al. (2017) [38]. AC had the highest pore volume
compared to the other EFBBs and similar results were
reported by Ayawei et al. (2017) who found that the AC
from unwashed lignite carbon used in their study had the
highest surface area compared to biochars produced
from Korean cabbage, rice straw and wood chips [32].

Sewu et al. (2017) reported a BET surface area
of 1.478 m?/g and a total pore volume of 0.035 cm?/g for
raw oil palm empty fruit bunches [33]. The values are
comparable with the data obtained in the current study
which show that EFBBs have low surface areas and pore
volumes as the biochar feedstock has the same
characteristics. Rebitanim et al. (2012) who studied the
chemical modification of biochar reported that chemical
modification using acids, alkalis and oxidizing agents
increased the surface area of the biochar [34]. Liu et al.
(2102) produced acid- and alkali-modified biochar by
chemically activating rice husk biochar using H,SO4
and KOH [6]. The surface area and micropore volume
of the acid activated biochar were 46.8 m?/g and 0.033
cm?®/g, while the values for the alkali activated biochar
were 117.8 m%g and 0.073 cm?/g, respectively. These
values were higher than the surface area and micropore
volume recorded for the raw biochar, which were 34.4
m?/g and 0.028 m>/g, respectively. As with the above
results, activation of EFBB with FeCls, H,SOsand KOH
in the present study was found to increase its surface
area and pore volume (Table 1).

SEM images of all the adsorbents are shown in
Figure 1. The surface structure of AC was rough, with
large, irregular pores. This was evidently reflected by its
high BET surface area and pore volume. However,
EFBB and its chemically-modified variants exhibited a
distinguishable honeycomb-like framework due to the
presence of tubular structures originally emanating from
plant cells. As a consequence of these well-developed
pores, all EFBBs possessed high BET surface areas
[18]. In general, all the modified EFBBs showed no, or
very little, evidence of clogged pores on their surfaces
which may be due to the removal of the ash during the
modification process (Table 1). Further, modification of
EFBB by acid and alkali treatment caused its surface to
become smoother and develop larger, irregular-sized
pores.

Figure 1. SEM Images of (a) EFBB, (b) Fe-EFBB, (c)
A-EFBB, (d) B-EFBB, (e) AC.
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Figure 2. Zeta Potential of Adsorbents.

Table 2. Chemical Properties of Adsorbents.

Chemical properties AC EFBB Fe-EFBB A-EFBB B-EFBB
pH 6.07 7.73 6.55 4.61 7.01
EC (uS/cm) 100.0 746.33 103.8 59.1 302.7
Exchangeable bases

(cmol/kg)

Ca* 0.66 7.90 0.47 0.2249 0.7160
Mg?* 0.57 7.42 1.16 0.0194 0.29275
K* 5.02 12.39 3.18 2.2898 6.9217
Elemental composition (%)

C 69.48 62.26 66.37 60.56 68.95
H 0.29 3.50 3.54 3.41 3.364
N 0.03 0.54 0.98 0.6078 0.6227
S 0.38 0.77 0.54 0.3609 0.6201
o 29.82 32.93 28.58 35.06 26.44
H/C molar ratio 0.004 0.056 0.053 0.056 0.049
O/C molar ratio 0.429 0.529 0.431 0.579 0.383
(O+N)/C 0.430 0.538 0.445 0.589 0.392
Acid functional groups

(meq/g)

Total acidic groups 0.94 0.70 1.94 2.55 0.99
Carboxylic groups 0.52 0.25 0.64 0.95 0.64
Lactonic groups 0 0 0 0 0
Phenolic groups 0.42 0.45 1.30 1.60 0.35

Iodine number (mg/g) 780.73 61.23 90.25 88.38 101.28
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1.2. Chemical Properties

The zeta potential of all adsorbents at different
pH values are shown in Figure 2. The zeta potentials
of all adsorbents were negative over the whole pH
range except for AC at pH 3, indicating that negative
charges were dominant on the surfaces of the
adsorbents [39, 40]. The zeta potentials of the
chemically modified biochars were less negative
compared to the unmodified EFBBs while AC had the
highest zeta potential among all the adsorbents over
the pH range of 3 to 9 (Figure 2). This implies that
the surface of AC was less negatively-charged than
all the EFBBs. The zeta potentials of the chemically-
modified EFBBs were less negative than that of
EFBB, suggesting that deprotonation of the
carboxylic and hydroxyl functional groups decreased
after chemical modification, and the functional
groups could have interacted with the H+, K+ or Fe3+
that were present in the solution. Among the
adsorbents studied, AC had the least negative surface
charge over this pH range because all the EFBBs used
in this study were pyrolyzed at lower temperatures
while AC was produced at high temperatures, hence
the EFBBs contained more functional groups which
could be deprotonated [42].

The elemental composition of all the
adsorbents are shown in Table 2. Generally, a clear
pattern was observed where all the adsorbents
contained C and O as their two major elements. The
high C content of the EFBBs make them suitable as
adsorbents for the removal of dyes [42].

However, the total C content of the EFBBs
were slightly lower compared to AC indicating that
the EFBBs were less carbonized [43]. Acid
modification via H»SO4 increased the oxygen
content, which resulted in high surface aromaticity
(higher H/C), high stability (higher O/C) and lower
hydrophobicity [44]. Furthermore, the A-EFBB had
the lowest C content, highest O content, and the
highest H/C and O/C ratios, which make it a good
adsorbent for aqueous contaminants  [45].
Meanwhile, KOH and FeCl; treatment increased the
carbon content of EFBB while reducing the O
content, resulting in low H/C and O/C values for B-
EFBB and Fe-EFBB. Alkali and FeCl; activation
reduced the aromaticity but increased the aromaticity
of the resulting biochars [46].

The pH values of the adsorbents are listed in
Table 2. The unmodified EFBB had the highest pH
while A-EFBB had the lowest, but the pH values of
both Fe-EFBB and B-EFBB were not significantly
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different from that of EFBB. The pH of AC was lower
than that of EFBB, Fe-EFBB and B-EFBB, but higher
than that of A-EFBB. The commercial AC used in this
study displayed a weakly acidic pH value (6.07)
which was higher than the value of 5.5 reported by
Ma et al. (2014) for a commercial activated carbon in
their study [47]. In the production process, AC was
acid washed which could be the reason for the slightly
lower pH values recorded in this study compared to
the rest of adsorbents except for A-EFBB. Empty fruit
bunch biomass generally has a neutral to slightly
alkaline character with pH values ranging from 7.20
to 7.80 [48, 42]. Therefore, biochar produced from
the same biomass would display similar or higher pH
values. After chemical modification, the biochars
were washed with deionized water until the pH of the
elution water was 7.0, and this is probably why the
Fe-EFBB and B-EFBB pH values were lower than
that of the unmodified EFBB. A pH value of 4.61 was
recorded for A-EFBB due to the acidity of the
sulphuric acid solution. Biochar modification using
H>SO4 leads to more acidic functional groups on its
surface, thus A-EFBB had more carboxylic groups
containing oxygen [49, 50].

The FTIR spectra of all the adsorbent samples
are shown in Figure 3 while the band positions and
their related functional groups are listed in Table 3.
The AC spectrum had a peak at 765.27 cm! attributed
to aromatic —CH stretching while the peaks at 1114.28
and 1458.81 cm™! were due to the -COOH bending
vibration, C=0 stretching of aryl-alkyl and C=C
vibration. The -CH stretching vibration of
asymmetric aliphatic -CH, -CH; and -CH3 in the AC
were represented by the peak at 2910.18 cm™!' while
the band at 3353.65 cm™ is typical of the -OH
stretching/isolated or exchangeable functional group.
The spectrum for EFBB displayed characteristics of
the common polymeric plant-based materials
cellulose, hemicellulose and lignin, at 763.01 -
768.89 cm™!, 1108.63 — 1166.32 cm™! and 1357.55 —
1379.07 cm! respectively. The band around 3100 —
3500 cm™! found in the EFBB spectrum signifies the
presence of a hydroxyl (O-H) stretching vibration.
After chemical modification, the hydroxyl (O-H)
stretching vibration peaks shifted to 3373.25 cm™!,
3175.83 cm’! and 3367.59 cm! for Fe-EFBB, B-
EFBB and A-EFBB respectively, suggesting that
chemical modification had taken place on the surface
of EFBB. The O-H stretching peaks detected for
chemically-modified EFBBs were broader, while the
peaks were sharper and more intense on the AC,
indicating that AC had free O-H groups while
chemically-modified EFBBs had H bonded O-H
groups [6, 32, 51].
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Figure 3. FTIR Plots of Adsorbents.

The unmodified EFBB showed a peak at
2925.70, which suggests the presence of a CH3 group
stretching vibration. The peaks were shifted to
2912.06 cm’', 2919.73 cm’!, and 2927.60 cm™' in the
spectra of Fe-EFBB, B-EFBB and A-EFBB,
respectively. The CHj stretching vibration peak for
AC at 2910.18 cm' was observed to be slightly
stronger and sharper when compared with the other
adsorbents. The peak at 1588.41 cm™' in the EFBB
spectrum indicates the presence of asymmetric —
COO- stretching of the carboxylic salt. After
chemical modification, the peak shifted to 1582.03
cm!, 1582.26 cm™, and 1596.32 cm’! in the Fe-
EFBB, A-EFBB and B-EFBB spectra, respectively.
As for AC, the peak detected at 1458.81 cm™! could
be attributed to C=C-C aromatic ring stretching [38,
42]. Table 3 lists all the surface functional groups
present in all the adsorbents. It is evident that
functional groups on the chemically-activated EFBB

varied depending on the chemicals used.

Total acidity values followed the ascending
order: EFBB (0.70 meq/g) < AC (0.94 meq/g) < B-
EFBB (0.99 meq/g) < Fe-EFBB (1.94 meq/g) < A-
EFBB (2.25 meq/g), and they were dominated by
carboxylic and phenolic groups. Based on the total
acidity values and the FTIR spectra, the EFBB total
acidity as well as the carboxyl groups increased after
chemical modification. Meanwhile, no lactone
functional groups were detected in any of the
adsorbents. Chemical modification significantly
increased the number of carboxylic groups in the
EFBBs. After chemical modification, phenolic
groups significantly increased in A-EFBB and Fe-
EFBB. There were significant increases in the total
acidity values for A-EFBB and Fe-EFBB but no
significant increase was recorded for B-EFBB after
chemical modification.
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Table 3. Functional Groups of Adsorbents.

Band Positions (cm™)

Functional groups

AC EFBB FE-EFBB A-EFBB B-EFBB

. 3353.65 3169.18 3373.25 3367.59 3175.83

O-H stretching
3174.48

Aliphatic C-H stretching 2910. 18 2952.70 2912.06 2927.60 2919.73
—COOH bending vibration, C=O 1114.28 1588.41 1582.03 1582.26 1596.32
stretching of aryl-alkyl, C=C and
Aromatic C-H stretching 765.27

cellulose
hemicellulose
lignin

763.01-768.89
1108.63—-1166.32
1357.55-1379.07

2. Adsorption Isotherm

Figure 4 (a) and (b) show the equilibrium adsorption
isotherm plots of both MB and DR 80 dyes by the
various adsorbents. All the plots form L-curves, which
suggests a monolayer adsorption on the homogenous
surface of the adsorbents [52]. In general, adsorption
increased as the concentration of both dyes increased.
The linearized Langmuir and Freundlich adsorption
isotherm plots for both MB and DR 80 dyes onto
different adsorbents are shown in Figure 5 (a)-(d) and
the isotherm constants and correlation coefficients of
the plots are presented in Table 4. Although the
adsorption data fit both the Langmuir and Freundlich
isotherm models well, the Langmuir model exhibited a
slightly better data fit than the Freundlich model based
on their R? values (Table 4). The results of this study
are in accordance with those of Ayawei et al. (2017)
[32]. They reported that the adsorption of an anionic
dye (Congo red) and a cationic dye (crystal violet) by
biochars produced from Korean cabbage, rice straw
and woodchips, fit the Langmuir isotherm better than
the Freundlich isotherm, suggesting that adsorption of
the dyes onto the biochars were homogenous and
occurred on the surface of the adsorbents. Wong et al.
(2004) [53] also reported that adsorption of MB by
switchgrass biochar pyrolyzed at two different
temperatures (600 and 900°C) were better described by
the Langmuir than the Freundlich adsorption model.
The Langmuir model’s maximum adsorptive capacity
values (qm) for MB by the adsorbents followed the
increasing order: EFBB (6.14 mg/g) < FE-EFBB
(10.13 mg/g) < B-EFBB (76.34 mg/g) < A-EFBB (125
mg/g) <AC (136.99 mg/g). For DR 80, the maximum
adsorptive capacity values (qm) followed the
increasing order: EFBB (1.15 mg/g) < FE-EFBB (4.71
mg/g) < A-EFBB (40.16 mg/g) < B-EFBB (78.13
mg/g) <AC (116.28 mg/g), as shown in Table 4. Based
on these results, the chemically modified EFBBs

showed higher adsorption capacities for both MB and
DR 80 compared to the unmodified EFBB. However,
AC was the best adsorbent for both dyes, with
adsorption capacities of 136.99 mg/g and 116.28 mg/g
for MB and DR 80, respectively. The Ry values for all
the adsorbents were between 0 and 1 indicating that the
adsorption  processes were favourable [30].
Meanwhile, the Freundlich adsorption capacity (Kr)
followed the ascending order: EFBB < Fe-EFBB < B-
EFBB < A-EFBB < AC for MB, while for DR 80, the
order was: EFBB < Fe-EFBB < A-EFBB < B-EFBB <
AC.

The Langmuir plots for both dyes in Figure 5 (a)
and (c) showed that AC was the best adsorbent, likely
because it had the largest surface area and pore volume
(Table 1) as well as a highly porous structure, as can be
observed in the SEM micrograph (Figure 1). These
attributes suggest more sites are available for the dyes
to be adsorbed. Ayawei et al. (2017) reported that AC
was the best adsorbent for Congo Red dye removal
when compared to other adsorbents, including different
types of biochars [32]. He attributed this finding to the
large surface area and mesoporous nature of AC. The
adsorption isotherm plots (Figure 4) also showed that
unmodified EFBB had the least adsorption capacity for
both dyes compared to the other adsorbents. This could
be due to several reasons. The ash content of EFBB was
higher than those of the chemically-modified EFBBs.
The higher ash content may have blocked or filled the
micropores on the unmodified EFBB and hindered the
adsorption process of both dyes. According to Park et al.
(2019) [54], during the dye adsorption process, dye
molecules must first encounter the external boundary
layer, then diffuse from the boundary layer film onto the
adsorbent surface, and finally into the porous structure
of the adsorbents. EFBB also recorded the lowest
surface area value (Table 1), which could also be a
reason for its lowest adsorption capacity value (qm).
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Moreover, Saad et al. (2007) stated that higher ash
content indicates higher inorganics and higher pH [55].
Therefore, there is a higher possibility of ionic exchange
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and chemical interactions instead of physical
interactions. This could be a reason for the higher qm
value of EFBB for MB compared to DR 80 (Table 4).
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Table 4. Adsorption Isotherm Model.

Dyes Adsorbent Eﬁ:ngmun‘ om : Freundlich 2
i (L/mg) (mg/g) R Ru Kr(mg/g) n R
i 0.0249 13699 09955  0.0819  15.79 03806 0.9704
S 0.1066  6.14 09970  0.0204  0.02 08915  0.9962
petylene g EFBB 00098 1013 09997  0.5156  0.12 08424 0.0958
A-EFBB 0.0046 125.00 09998  0.3257  1.04 07404  0.9898
B-EFBB 00019 76.34 09994  0.8260  0.15 09848  0.9971
- 0.0546 11628 09679  0.0391 1111 04965  0.9631
- (BISEE 0.0213 115 09986 0.0944  0.04 06116  0.9591
poreet Red ke EFBB 00276 471 09966  0.0745  0.13 09527 00952
A-EFBB 0.0050 40.16 09926 03076 038 07609 09557
B-EFBB 00034 7813 0.9868 03953  0.54 06662 09411

The Langmuir’s maximum qm for A-EFBB was
higher than that for unmodified EFBB and the other
chemically-modified EFBBs. Although A-EFBB had a
lower surface area and porosity compared to B-EFBB
(Table 1), the qm value of A-EFBB was higher than that
of B-EFBB. This may be attributed to the higher O
content (35.06%) and carboxylic groups (0.95 meq/g) in
A-EBB, which indicates that the surface acidic groups
may play a major role in the adsorption mechanism, as
suggested by Valix et al. (2004) [56]. Oxygen containing
functional groups are usually negatively-charged in
solution, which may result in attractive electrostatic
interactions between the cationic MB dye and the
surface of A-EFBB. However, adsorption of A-EFBB to
the anionic DR 80 was poor likely because of the
repulsive electrostatic interaction [57, 58]. Hence A-
EFBB, which contained the highest number of
carboxylic groups among the adsorbents (Table 2),
showed a stronger adsorption to the cationic dye but
poorly adsorbed the anionic dye.

Chemical modification of biochar with alkali
produces a positively-charged biochar which in turn
assists in adsorbing negatively charged species [34].
Thus, KOH modification enabled the formation of a
hydroxyl (-OH) functional group on the surface of B-
EFBB, which is responsible for its slightly basic pH
(Table 2). Therefore, the adsorption of the anionic DR
80 by B-EFBB was higher than the adsorption by A-
EFBB and the unmodified EFBB (Table 4). Gong et al.
(2005) studied the adsorption of anionic dyes (Reactive
Black 5 and Congo Red) onto coffee waste modified
with polyethylenimine (PEI) and found that the highest
adsorption recorded was due to the formation of
attractive electrostatic interactions between positively-
charged amine groups on the PEI-CW surface and
negatively charged anionic dyes [59].

The zeta potential values of Fe-EFBB were all

less than zero throughout the studied pH range,
indicating that Fe-EFBB was negatively charged. The
negatively charged Fe-EFBB would have developed an
electrostatic attraction to the cationic MB, hence
improving the adsorption capacity of Fe-EFBB
compared to the unmodified EFBB. However, the
negatively charged Fe-EFBB would have been
electrostatically repulsed by the anionic DR 80 and
therefore the qm value of Fe-EFBB was lower than that
of the unmodified EFBB (Table 4). Wong et al. (2020)
also found similar results on the effects of coating an
acid-treated biochar with magnetic Fe3O4 nanoparticles
[60].

CONCLUSIONS

In this study, the chemically-modified biochars A-
EFBB, B-EFBB, and Fe-EFBB showed enhanced
adsorption capacities towards commercial dyes (MB
and DR 80) compared to unmodified EFBB. This could
be attributed to a lower ash content, increased BET
surface areas and pore volumes, surface aromaticity and
the presence of functional groups. However, AC showed
the highest adsorption capacity compared to the rest of
adsorbents due to its largest surface area and pore
volume. A-EFBB showed a higher affinity towards MB
than B-EFBB and Fe-EFBB due to the high O content
and carboxylic groups in A-EFBB. On the other hand,
B-EFBB showed a higher affinity towards DR 80, as
chemical modification with KOH enabled the formation
of a hydroxyl (-OH) functional group on its surface.
Hence, these findings prove that chemically-modified
biochars have good potential to be cheap and effective
adsorbents that are almost equivalent to the highly
efficient but expensive commercial AC. The
experimental results for the removal of both MB and DR
80 dyes in this study were limited to a maximum
concentration of 450 mg/L to fit lab scale experiments
and only one type of low-cost adsorbent was used.
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However, the concentrations of dye contaminants in the
environment are generally much higher and their impact
much greater. Therefore, the utilisation of low-cost
adsorbents should be explored further, with higher
concentrations of dye pollutants, to test the efficiency of
this method on a larger scale.
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