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ABSTRACT

Numerous research have been conducted to produce low-cost biosorbents. Because of this, this study aims to analyse the feasibility
of Oil Palm Biomass (OPB) and Factory Tea Waste (FTW) as the biosorbent for fixed-bed adsorption column system in removing copper
ions from wastewater under two parameters: initial concentration and pH value. Both biosorbents were compared in their surface
area, pore volume, width and diameter. They were then analysed regarding their isotherm behaviour. FTW is found to have a larger
surface area, pore volume and pore width, while OPB has a larger pore diameter than FTW. Besides, OPB showed higher efficiency of
copper ions removal at low initial concentrations (25 and 50 mg/L), but FTW was more effective for high initial concentrations (100,
150 and 200 mg/L). FTW was more favourable than OPB in acidic and alkaline conditions, but the copper ions removal efficiency was
over 99% for both biosorbents when operating at pH 7 of solution. Furthermore, it was proven that both biosorbents showed a better
fit to Langmuir Isotherm as the R? for both showed the highest value. In conclusion, this study suggested that FTW provided better

performance in copper ions removal than OPB.
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1 INTRODUCTION

Earth is covered with 71% of water. However, 97% of the total
water found in the oceans is saltwater and is unsuitable for human
and industrial uses except for cooling [1]. The remaining 3% is
freshwater, but 2.5% is unavailable for several reasons (high in
pollution, too far from the earth’s surface and locked up as glaciers,
polar ice caps and atmosphere) [1]. Hence only 0.5% of the
freshwater is available [1]. This happened because most industries
are discharging wastewater into rivers, lakes, and the sea without
proper treatment, which is harmful to the environment. It has
been identified that wastewater contains toxic heavy metals
such as lead (Pb), zinc (Zn), mercury (Hg), cadmium (Cd), copper
(Cu), chromium (Cr) and arsenic (As), which likely to harm human
health and aquatic lives [2]-[3]. These include nervous damage
function, interrupting blood composition, kidneys, lungs and
other significant organs. Hence, it is a must to remove those
contaminants from wastewater.

Removing copper ions from wastewater is essential. It is a
carcinogenic compound high in toxicity and may also cause
headaches, nausea, respiratory issues, abdominal pain, liver
and kidney failure when exposed to substantial amounts [4]-[6].
According to Malaysian Environmental Quality (Industrial Effluent)

Regulations 2009, the permissible discharge downstream for
copper ions must be lower than 1.0 mg/L [7]. It was found that
many industrial activities contributed to copper ions sources, such
as electroplating, electrolysis, electric appliances and electrical
components [5],[8]-[9].

Various conventional methods have been used in the industry,
including physical, chemical and biological processes such as
reverse osmosis, advanced oxidation, ion exchange, solvent
extraction and membrane filtration processes for heavy metals
ion removal [10]-[11]. However, these conventional methods
have been identified to have some limitations due to excessive
energy demand, bulk toxicity, sludge production in flocculation/
coagulation methods and fouling through the filtration process
caused by short half-life in ozonation [12]. The biosorption
method has been introduced as an attractive alternative for
the decontamination of water as it is recognised as an effective,
economic and eco-friendly process [11],[13]. Biosorption is a
process that provides the ability for the biological materials
(known as biosorbent) used to accumulate heavy metals
through physicochemical from the wastewater and remove
them. The most common biosorbent used is activated carbon
derived from biomass, but using activated carbon as biosorbent
in wastewater treatment [14]-[15]. Numerous researches have
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been conducted to develop low-cost biosorbents for heavy
metal removal [11],[14]-[15]. For instance, a coal combustion ash
(CCA) has been introduced as an alternative low-cost sorbent to
replace commercial activated carbons (GAC) for cadmium and
zinc removal from polluted water [14].

Among many alternatives to low-cost biosorbents, Oil Palm
Biomass (OPB) has proven to be effective in removing heavy
metals from wastewater [16]. The biggest advantage of OPB is
that there is abundant OPB available as the palm oil industry has
rapidly expanded in recent years [16]. Given this, this study has
been carried out to compare the feasibility of Oil Palm Biomass
OPB and Factory Tea Waste (FTW) as the biosorbents for fixed-
bed adsorption column system in removing copper ions from
wastewater. This study aims to compare the performance between
OPB and FTW as biosorbent for copper ions removal with two
different parameters: initial concentration (25, 50, 100, 150 and
200 mg/L) and pHvalue (3,5,7,9and 11).The isotherm behaviour
of both biosorbents was also analysed to evaluate whether they fit
Langmuir or Freundlich adsorption isotherm. In addition, Barrett,
Jayher & Halenda (BJH) and Brunauer-Emmett-Teller (BET) were
then used to compare both biosorbents in terms of their surface
area, pore depth, pore width and pore diameter.

2 MATERIAL AND METHOD
2.1 Preparation of Adsorbent

2.1.1 Oil palm biomass (OPB)

OPB was prepared from an oil palm trunk, and the new trunks
were collected locally from Kilang Sawit Felcra Nasarudin, Perak,
Malaysia. The new trunks were washed thoroughly with distilled
water and deionised water thrice. Then, the trunks were dried in an
oven at 60°C for 5 to 7 days. After that, the dried trunks were sieved
to achieve a standard form of 1.0 mm particle size, in accordance
to the American Society Testing and Materials (ASTM) method.

2.1.2 Factory Tea Waste (FTW)

FTW was prepared from rejected tea leaves grown in BOH Tea
Plantation in Cameron Highlands, Malaysia. They were rejected
due to the factory’s specification and kept in the freezer before
further use. The leaves were washed thoroughly with distilled
water and hot water (80°C) thrice. Then, the leaves were dried in
an oven at 80°C for 6 hours. After that, the leaves were sieved to
achieve a standard form of 1.0 mm particle size, in accordance
with the ASTM method.

2.2 Preparation of Stock Solutions

The stock solutions were prepared by mixing 1000 mg of the copper
(I sulphate powder with 1000 ml of deionised water in a volumetric
flask.The first manipulated variable is the initial ion concentration.
The stock solution was divided into different concentrations
(25,50, 100, 150 and 200 mg/L) by using a measuring cylinder.The
measured solutions were then transferred into another volumetric
flask and then again mixed with 1000 ml of deionised water. On
the other hand, another manipulated variable is the pH value.The
stock solutions were prepared with 100 mg/L of copper solution.
The stock solution was diluted with hydrochloric acid (0.1N) or
sodium hydroxide (99%) by using a pH meter as an indicator in
order to prepare the solution with different pH values (3, 5, 7, 9
and 11).

2.3 Adsorption Studies

The experiment consisted of a fixed-bed adsorption column
(3 cm x 10 cm) filled with 4 cm of glass wool (2 cm on top, another
2 cm at the bottom), 4 cm of glass beads (2 cm on top, another
2 cm at the bottom) and 2 cm of biosorbent (OPB or FTW), as
shown in Figure 1. The function of glass wool was to serve as a
filter aid, while glass beads provided proper distribution of the
inlet stream entering the column. Before starting the experiment,
distilled water was fed to the column as a step to ensure that all
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adsorbent impurities were removed. During the investigation,
the influent (copper solution) entered the column via the bottom
part of the column using a peristaltic pump at a constant flow rate
of 20 ml/min. In contrast, the effluent (treated solution) was
obtained and collected in a conical flask. Each experiment was run
for 20 minutes. The adsorption process was conducted at different
initial copper ions concentrations (25, 50, 100, 150 and 200 mg/L)
and pH values (3,5,7,9and 11).

2.4 Removal Efficiency

The final concentration of each sample (effluent) obtained was
measured by using Atomic absorption spectrometry (AAS). The
removal efficiency of biosorbent was calculated using the equation
shown in Equation 1.

Co - Ce)

% Removal: x 100% (1)

o

where % Removal is the percentage of removal efficiency of
biosorbent, C, is the initial concentration of copper ions (mg/L),
and C, is the final concentration of copper ions (mg/L).

2.5 Biosorbent Characterisation

The effluents obtained were analysed using Barrett, Jayher &
Halenda (BJH) and Brunauer-Emmett-Teller (BET) to examine the
surface area, pore- volume, and pore width pore diameter of both
biosorbents.

3 RESULTS AND DISCUSSIONS
3.1 Biosorbent Characterisation

The properties of biosorbent from OPB are evaluated by Barrett,
Jayher & Halenda (BJH), while Brunauer-Emmett-Teller (BET) was
used for biosorbent from FTW. The biosorbents were assessed in
surface area, pore-volume, pore width and pore diameter. The
results of both biosorbents were summarised in Table 1. FTW
showed a larger surface area than OPB, which are 1.2451 and
0.043 m?/qg, respectively. In terms of pore width, FTW also showed
a larger width compared to OPB. The pore width for FTW is
2.546985 nm. Meanwhile, the pore width for OPB is 1.700 nm.

In terms of pore diameter and volume, OPB has a larger
diameter (129.8511 nm) and volume (0.001385 m>/g) than FTW
(4.85205 nm, 0.000565 m>/g). According to the International
Union of Pure and Applied Chemistry (IUPAC), FTW has mesopore
size since the pore diameter is between 2 nm to 50 nm. OPB
has macropores size since the pore diameter is more significant
than 50 nm. Based on the findings, it is expected that FTW has
a better adsorption rate as it has a larger surface area and pore
width even with a smaller pore diameter and volume than OPB.
For a clear comparison, it is essential to note that pore width and
pore diameter are very different by definition. Pore width and
pore diameter were measured on two opposite walls (surface) of
biosorbent pores, but the difference was pore width measured in

the slit-shaped pores. In contrast, the pore diameter is measured
by the cylindrical pores [17].

Particle size is a dominant factor, especially for adsorption [18]-[19].
This is because the adsorption rate constant would increased as
the particle size decreases which causes the adsorption activation
energy to be reduced [20]. JosélJ. Pis et al. [21] stated that the
adsorption rate of activated carbon depends on the adsorbent
properties such as shape, internal surface area and pore size
distribution. Other researchers have proven that the particle size
is inversely proportional to the adsorption rate using activated
carbon [22] and zeolites [18]-[19] as adsorbents. Besides, Erto
et al. [14] claimed that a coal combustion ash (CCA) provided
higher adsorption efficiency than Commercial Activated Carbons
(GAC) for cadmium and zinc removal from polluted water. Another
study compared the performances of wood-based adsorbent,
and they found out that smaller particle size (semi-hardwood) has
higher efficiency compared to larger particle size (hardwood) [23].
Also, numerous studies mentioned that it is a must to measure
the adsorbent properties such as surface area, pore-volume, pore
width and pore diameter to assess the adsorption capacity and
efficiency of the materials used to remove heavy metals (zinc,
copper, cadmium) [24]-[28].

Table1 Properties of OPB and FTW
Biosorbent Properties oil I:;l:;; (l:;’:; ass, Fact:;)‘:vtf;;vr?ste,
Surface area (m?/g) 0.043 1.2451
Pore volume (mz/g) 0.001385 0.000565
Pore width (nm) 1.700 2.546985
Pore diameter (nm) 129.8511 4.85205

3.2 Effect of initial concentration towards copper ions
removal efficiency by using oil palm biomass (OPB)
and factory tea waste (FTW)

The removal efficiency of biosorbents is strongly affected by the
initial copper ions concentration [29]-[30]. The effect of initial
concentration on the removal efficiency of both biosorbents
was observed at the initial concentration of 25, 50, 100, 150, and
200 mg/L. The result of both biosorbents is illustrated in Figure 2.
The removal efficiency of both biosorbents indicates contrary
outcomes. The relationship between removal efficiency and initial
copper ions concentration shown inversely proportional for OPB
while it is linearly proportional to FTW.

In this study, the highest copper ions removal efficiency when
OPB was used as biosorbent was 96.70% which was at the lowest
initial ion concentration (25 mg/L). The removal efficiency of OPB
at an initial ion concentration of 200 mg/L was found to be the
second highest (87.2%) in terms of OPB. However, the highest
copper ions removal efficiency when FTW was used as biosorbent
was 94.62% which was at the highest initial ion concentration
(200 mg/L). Similar findings were reported in another study
usinghenna leaves biosorbent for copper ions removal via
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conventional filtration method [31]. It was found that the copper
ions removal efficiency observed in that study was 93%, 95% and
97% at 70,90 and 100 mg/L, respectively. Hence, the findings in our
study were acceptable since it was in a similar range to the reported
literature. Al Moharbi et al. [32] reported that the highest copper
ions removal efficiency was achieved by using Azadirachta indica
(A. indica) powder (produced from neem leaves) biosorbent via
centrifugation method was up to 73% at an initial ion concentration
of 120 mg/L. They claimed that no further copper ions removal
happened at initial ion concentration >120 mg/L due to the
blockage of adsorbent surface area.

More vital driving forces established the increase of copper
ions removal capacity with the increase of initial copper ions
concentration for mass transfer [33], resulting in faster kinetics.
Hence, OPB is more suitable for using as biosorbent when applying
low initial ion concentrations (25 and 50 mg/L). Still, FTW is more
effective for applying high initial ion concentrations (100, 150
and 200 mg/L). As the surface area of FTW is higher than OPB,
the ability of FTW to remove a high amount of copper ions from
wastewater is higher than OPB. This is due to the driving forces
of the copper ions transfer from the bulk solution to the active
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Effect of initial concentration towards removal efficiency by OPB and FTW as biosorbent

sites of the biosorbent increasing as the initial concentration
increase. Hence, this vigorous competition between copper ions
would decrease copperions’adsorption, especially for biosorbent
with low surface area. As conclusion,there are a limited number
of active sites for the copper ions adsorption [34]. Besides, this
phenomenon would also lead to active sites for the biosorbent
becoming saturated, which affected the capacities of the
biosorbent to adsorb copper ions [35].

3.3 Effect of pH on copper ions removal efficiency by
using oil palm biomass (OPB) and factory tea waste
(FTW)

Another important factor that affected the removal efficiency of
biosorbent is the pH value. Many studies claimed that the pH value
of copper ions solution would affected the biosorbent surface
charge, solubility of copper ions, and the degree of ionisation
of biosorbent species [36]-[37]. The effect of pH on thecopper
ions removal efficiency of both biosorbents was evaluated at pH
values of 3,5,7,9,and 11.The result of both biosorbents is shown
in Figure 3. The trend for both biosorbents was observed to be
similar. As the pH increased from 3 to 5, the copper ions removal
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Figure 3 Effect of pH towards removal efficiency by OPB and FTW as biosorbent
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efficiency for FTW biosorbent showed only a slight decrement
from 95.19% to 95.09% but for OPB biosorbent showed an abrupt
increment from 71% to 88.67%, respectively. However, both
biosorbents showed an increment in removal efficiency as the pH
increased to 7. They reached their maximum removal efficiency
at pH 7 with 99.86% and 99.69% efficiency.

Other studies found that copper ions removal via henna leaves
biosorbent was 80% [31] copper ions removal using (A. indica)
powder (produced from neem leaves) biosorbent was 58.8% [32].
According to Chang et al. [38], there is limited active sites for
copper ions adsorption under low pH (<7) solution due to high
competition between the copper ions and hydronium ions. Also,
Xu et al. [39] also stated that electrostatic interaction played
a significant role in the adsorption process. The electrostatic
interaction between the biosorbent active sites and copper
ions are restricted under low pH (<7) solution hence, reduce
the adsorption capacity as well as the copper ions removal
efficiency [38].

A high concentration of hydrogen ions is found at a low pH level
due to its acidic state; hence the copper ions need to compete
with hydrogen ions to bind with the active sites of the biosorbent.
Therefore, it would result in low removal efficiency. Moreover,
the surface of biosorbents bounded by hydronium ions (H+)
prevents the copper ions from approaching the binding sites of
the biosorbents, which leads to minimum adsorption at low pH.
On the other hand, the solution's alkaline state (high pH) contains
a low concentration of hydrogen ions, hence lesser competition
between copper ions and hydrogen ions, increasing the copper
ions removal efficiency. As the biosorbent surfaces become
less positively charged, more excellent copper ions removal is
achieved. Biosorbent surfaces with high negative charges attract
copper cations in the solutions through electrostatic action [38].
Precipitation of copper ions to form Cu(OH), at the biosorbent
surfaces starts at a pH of 7 [40], leading to the high removal of
copper ions from wastewater at a high pH value. Based on the
observation of both biosorbents under various pH values, it is
found that FTW is more favourable than OPB under both acidic
and alkaline states as it gives higher copperions removal efficiency

0.30
0.25 y =0.1399x + 0.0426
R?=0.95438
0.20
(9]
g 015 -
0.10 " y=0.1399x + 0.0426
R? =(0.954338
0.05
0.00
0.00 0.25 0.50 0.75 1.00 1.25 1.50
1/Ce
(A)

than OPB.The result suggested that the FTW biosorbent has a high
adsorption capability and affinity toward copper ions. Thus, it can
be deduced that FTW biosorbent is more effective for copperions
removal in wastewater.

3.4 Adsorption Isotherm

3.4.1 Langmuir Adsorption

The Langmuir Isotherm model assumes that the heavy metal ions
removal occurs on a homogenous adsorption surface monolayer
without interaction between adsorbed ions. According to
Fogler [41], the Langmuir Isotherm is based on four main
hypotheses, which are 1) adsorption sites are equal, and the
surface is uniform, 2) adsorbed molecules on the adsorbent do
not interact with each other, 3) adsorption processes happen in
the exact mechanism and 4) all molecules are adsorbed onto the
surface of adsorbent only (adsorbate molecules do not deposit
or react with other molecules that the adsorbent has adsorbed
during maximum adsorption). The Langmuir Isotherm can be
expressed as in Equation 2.

1 1 1 1

=t — @)
qe KLqmax Ce Gmax

Where ¢, is the adsorption capacity of biosorbent (mg/g), K; is
the adsorption energy (L/mg), ¢,,4 i the maximum adsorption
capacity of biosorbent (mg/g), and C, is the final concentration of
heavy metal ions (mg/L).

The graphs of 1/ge against 1/Ce for both biosorbents are plotted
and shown in Figure 4. The gradient from each graph was used
to determine the adsorption energy (KL) of each biosorbent.
High adsorption energy indicated that biosorbent has a high
affinity towards the heavy metals ion [42]. Affinity can be related
to biosorption capacity in which high affinity specifies that the
biosorption occurred in high capacity [13].This study shows FTW
has higher adsorption energy towards copper ions than OPB due
to the gradient of the FTW graph being more elevated than OPB,
which are 0.954 and 0.1399.
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Figure 4 Langmuir Isotherm plot for adsorption of copper ions by OPB (A) and FTW (B)
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On the other hand, the slope value intercept from both graphs
is to identify the maximum adsorption capacity (¢,,..) of
each biosorbent. From the result obtained, FTW has a higher
maximum adsorption capacity compared to OPB, with values
of 0.0528 and 0.0426\. Hence, under the Langmuir lisotherm
condition; that FTW is more effective for copper ions removal
than OPB as it has high adsorption energy and capacity.
Meanwhile, the R? value was used to measure the suitability
of each biosorbent with Langmuir Isotherm, which was
compared with Freundlich Isotherm in the following subsection
(3.4.2 Freundlich Isotherm).

3.4.2 Freundlich Adsorption

Theisotherm for Freundlich is reported to have similar behaviour
to Langmuir Isotherm. However, it assumes that different
adsorbate types have a distinct affinity with each site [43]. It is
also considered more realistic than Langmuir Isotherm due to
the assumption of independence and equivalence of adsorption
sites, hence ignoring the possibility of an initial layer that acts as
a substrate for the adsorption. The Freundlich Isotherm can be
expressed as shown in Equation 3.

1
log g.= — log C, + log K (€)
n

where ¢, is the adsorption capacity of biosorbent (mg/q), Ky is
the adsorption energy (L/mg), nis the adsorption intensity, and
C, is the final concentration of heavy metal ions (mg/L).

The graphs of log ¢, against C, for both biosorbents are plotted
and shown in Figure 5. The gradient from both graphs was used
to determine the adsorption intensity (n) of each biosorbent. In
this study, it is found that OPB has higher adsorption intensity

1
— = 2.398) compared to FTW (n =

1
(n - gradient - 0.471 gradient -

1
I 2.398). On the other hand, the adsorption energy (K) was

identified from the slope’s intercept obtained from the graph. It is

1.8
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revealed that OPB has higher adsorption energy (K»=1og ™' 0.7328
= 5.405) compared to FTW (K = log™'(~0.3647) = 0.432). Hence,
it is concluded that under the Freundlich Isotherm condition, the
OPB is more effective for copper ions removal compared to FTW
as it has high adsorption intensity and energy.

Meanwhile, as mentioned in the previous subsection (3.4.1), the
R? value was used to measure the suitability of each biosorbent
with Freundlich Isotherm, which was compared with the previous
Langmuir Isotherm. By comparing both biosorbents under both
isotherms, it is proven that both biosorbents showed a better fit
for the Langmuir Isotherm than the Freundlich Isotherm. Table
2 summarised the adsorption capacities of both biosorbents
in both Langmuir and Freundlich Isotherm to deliver a better
comparison. For OPB, the R? value for Langmuir and Freundlich
Isotherm are 0.9544 and 0.9010, respectively. Meanwhile, for
FTW, the R-squared value for Langmuir and Freundlich Isotherm
are 0.9598 and 0.8685, respectively. This summarised that the
R? for both biosorbents showed a higher value for Langmuir
Isotherm than Freundlich Isotherm. Hence, both biosorbents
have been recognised to have homogeneous binding sites
equivalent to monolayer coverage [44]. The copper ions also will
not interact with each other. Hence it will not affect the binding
of those copper ions to the binding sites on the surface of both
biosorbents. This result was found to be aligned with the study
made by Darweesh et al.[45]. They mentioned that the adsorption
of copper ions follows the Langmuir Isotherm and considers a
physically equilibrated mechanism. Hence, it is proven that FTW
is more effective for copper ions removal compared to OPB as it
has high adsorption energy and capacity under the Langmuir
Isotherm condition.

4 CONCLUSIONS

This study provided evidence of the potential benefits of using
FTW and OPB to remove copper ions from wastewater. It was
suggested that both investigated parameters, initial copper
ions concentration and pH value, were observed to significantly

18
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Figure 5 Freundlich Isotherm plot for adsorption of copper ions by OPB (A) and FTW (B)
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Table2 Adsorption capacities for both biosorbents in Langmuir and Freundlich Isotherm

Type of biosorbent Oil palm biomass (OPB) Factory tea waste (FTW)

Langmuir Isotherm

Adsorption energy (L/mg) 0.1399 0.9540

Maximum adsorption capacity (mg/g) 0.0426 0.0528

Suitability to Langmuir isotherm, R? 0.9544 0.9598
Freundlich Isotherm

Adsorption energy (L/mg) 5.4050 0.4320

Adsorption intensity (dimensionless) 2.3980 0.5830

Suitability to Freundlich isotherm, R? 0.9010 0.8685

influence the efficiency of copperions removal. The highest copper
ions removal efficiency when OPB was used as the biosorbent is
96.70% which is at the lowest initial ion concentration (25 mg/L).
The highest copper ions removal efficiency when FTW was used as
biosorbent is 94.62% which at the highest initial ion concentration
(200 mg/L). In terms of pH value, it was found out that FTW is more
favourable than OPB under both acidic and alkaline state as it gives
higher copper ions removal efficiency than OPB. The biosorption
of copper ions on the FTW and OPB fitted the Langmuir Isotherm
well. From this study, both FTW and OPB were found to be suitable
biosorbents for copper ions removal, depending on the condition
of the wastewater solution. However, FTW exhibited better overall
performance. This work provided an insight into applying the FTW
and OFB as biosorbents of heavy metals in water.
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