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Abstract: This study reports the development of bio-based adsorbent by utilizing coffee endocarp
(CE) waste as a raw material for lead (Pb) removal from liquid wastewater. The effect of NaOH and
HCl as activation precursors on the characteristics and performance of the resulting adsorbents was
investigated. The prepared adsorbents were characterized using scanning electron microscopy (SEM),
Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), X-ray fluorescence (XRF) and
Surface Area Analyzer (SAA). The characterization results confirm the positive role of the activation
by either NaOH or HCl in enhancing the surface properties of the resulting adsorbents. The chemical
activations removed most of impurities leading to smoother surface, pore size enlargement and
enhanced surface area to pore volume ratio, which result in an enhanced adsorption capacity and
Pb removal efficiency. The raw adsorbent shows 57.7% of Pb removal efficiency and sorption
capacity of 174.4 mg/g. On the other hand, after the chemical treatment using HCl and NaOH,
the Pb removal efficiencies increased up to 63.9% and 89.86%, with adsorption capacity of 193
and 271.58 mg/g, respectively. Though both activated sorbents demonstrate better adsorption
performance compared to the non-activated CE, overall results reveal that the NaOH-activated
sorbent offers better characteristic and performance than the HCl-activated sorbent.

Keywords: adsorption; lead metal ion; coffee endocarp; biobased adsorbent

1. Introduction

Lead (Pb) is known as one of the most toxic metals and its presence in water is
threatening even at low concentrations. According to the United States Environmental
Protection Agency (US-EPA) standard, the maximum allowed level of Pb in water is
0.3 mg/L [1]. The presence of lead in drinking water at a concentration of 0.5 mg/L will
trigger the formation of a strong neurotoxic metal that may cause poisoning if consumed.
Acute lead poisoning in humans affects the central nervous system, digestive system,
liver, kidneys and can directly or indirectly cause serious health problems such as anemia,
hepatitis, nephritic syndrome and encephalopathy [2,3]. In addition, lead can affect the
metabolic system of calcium and vitamin D [4].
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In industrial wastewater, the concentration of Pb ranges between 200-500 mg/L. Pb is
usually discharged in the range of 5-66 mg/L in the battery industry, 0.02-2.5 mg/L in the
mining industry and around 125-150 mg/L in the oil processing industry [1]. This content is
considerably high compared to that allowed by a water quality standard of only 0.03 mg/L
(Government Regulation No. 82 of 2001, Class I). Therefore, the disposal of Pb-containing
industrial wastewater into drains or sewage systems is strictly regulated to reduce its
environmental impacts. Several methods have been carried out to reduce levels of Pb
in wastewater including extraction [5], ion exchange [6], membrane filtration [7,8] and
electrodialysis [9]. However, most of these methods have significant disadvantages such as
relatively high costs and low eligibility to be used in small scale industries.

Adsorption is a simple, effective and low-cost method for the removal of potential
toxic metals (PTM) [4], mainly due to the simple operation and design [10]. Moreover,
a wide choice of materials can be used as adsorbents with a large surface area and excellent
adsorption performance [11]. Based on the nature of the source materials, adsorbents are
classified into inorganic and organic. Inorganic adsorbents include zeolites, silica sand,
lignite, kaolin and bentonite [12,13]. There are also organic adsorbents like ion-exchange-
resins that have been proven effective to remove heavy metals like Pb [6,14,15]. In addition,
there are also nature-sourced bio-sorbents which are commonly developed from the low-
cost by-products of agricultural, domestic and industrial sectors [10]. The bio sorbents in-
clude powder from rubber leaf (Hevea brasiliensis), sawdust [4], rice husks [16], bagasse [17],
peanut shell [1], fruit stem [18], banana peels [19], peanut powder [20], coconut coir [21],
coffee grounds [22] and many others. For the specific application in Pb removal, vari-
ous bio-sorbents, such as peanut shells [1], Sargassum filipendula [23], Pinus sylvestris [24],
corncobs [25] and Cinnamomum camphora [26], have been used.

Aceh is one of the largest coffee-producing regions in Indonesia, particularly in Central
Aceh Regency where the best coffee (known as Gayo coffee) is produced. Coffee produc-
tion in Gayo Highland starts from cultivation, harvesting of the coffee bean, followed by
conversion of the coffee beans into coffee bean powder or coffee grounds. It is unavoidable
that many solid by-products with low economic value are produced during the processes.
The derivative wastes of coffee mostly consist of coffee husk, pulp, coffee grounds and oth-
ers. They are generally discharged directly into the environment as organic solid waste.
In recent years, many researchers have developed methods to further re-utilize these wastes,
that is, through conversion into adsorbent materials. Anastopoulos et al. [27] have summa-
rized the recent utilization of coffee derivative wastes as high-performing adsorbent ma-
terials. In their review, the materials used were mostly coffee grounds, coffee grains and
coffee husk. Despite knowing that the lignocellulosic part of coffee contains high lignin
and hemicellulose, few studies have reported the utilization of coffee endocarp (CE) as a
bio-sorbent material. According to the Indonesian Center of Excellence for Tropical Forest
Product Utilization, the CE contains > 50% cellulose, which is far higher than that of a
peanut shell as reported by Tasar and research team [1]. Therefore, in this study, the CE was
chosen to be utilized as a promising biosorbent-based material. It was hypothesized that the
high content of cellulose can be advantageous in fabricating a high-performing bio-sorbent,
as well as to reduce the abundancy of coffee waste in Gayo Highland.

A good adsorbent is expected to possess ideal characteristics such as large surface area,
high exchange of cations, excellent chemical and mechanical stabilities, small diffusion re-
sistance and outstanding reactivity as well as affinity to pollutant [11]. However, these char-
acteristics are hard to obtain from the raw sorbents, especially those based on natural ma-
terials. Therefore, adsorbents are generally given chemical or physical (better known as
activation) treatment to open the pores or expand the surface areas because natural-based
raw adsorbents contain high organic impurities [4]. Chemical activation is well known in
the preparation of activated carbon. It offers many advantages such as low pyrolysis tem-
peratures, can be done in one step, generally results in adsorbent with higher surface areas
and generates high adsorption yield [28]. Chemical activation is generally carried out
using acidic or basic materials such as NaOH, KOH, HCl and many others. In our previous
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work [29], the coffee ground waste was activated using HCI to fabricate a high-performing
bio-sorbent for removal of Fe metal. Compared to the nonactivated coffee grounds, the HCI-
activated bio-sorbent showed a much more porous surface morphology. In another re-
ports [30], HCI was used to activate natural bentonite as a PTM adsorbent. They reported
that the use of HCl as an activator increased the surface area and the number of active acidic
sites in the adsorbent. Activation with acid improved the number of strong Lewis acid
sites, which makes adsorbent more suitable for PTM removal. Whereas, NaOH has been
known as the most commonly used alkaline precursor in adsorbent preparation. It was
reported that the activation process using NaOH significantly increased the adsorption rate
due to the increase in adsorption sites on the surface of adsorbent through the occurrence
of redox reaction and carbon oxidation [28,31,32].

In this work, we selected the CE waste as the raw material for adsorbent for the
removal of Pb ion in wastewater. The raw CE adsorbents were further activated chemically
using both NaOH and HCl to improve the characteristics and performances. The effect
of two different chemical activators on the quality and characteristics of the prepared
sorbents were evaluated by the water content, ash content, iodine number and a series
of analyses using scanning electron microscopy (SEM), Fourier-transform infrared spec-
troscopy (FTIR), X-Ray Diffractometer (XRD), and Brunauer-Emmet-Teller (BET) surface
area analysis. The performance of the resulting adsorbents was further studied on the ad-
sorption of artificial lead-containing wastewater. The isotherms and kinetics of adsorption
are also discussed.

2. Materials and Methods
2.1. Materials

The CE as the raw material for adsorbent was obtained from the solid waste of Gayo
Arabica coffee production facilities located in Central Aceh Regency, Indonesia. Pb(NO3);
(Pudak Scientific) was used as the source of Pb ion in the model wastewater for the
adsorption test. Other chemicals of 0.1 N of Iodine solution (Sigma Aldrich), the starch
indicator (1%) (LabChem), 0.1 N of sodium thiosulfate (The Science Company) and distilled
water were employed as supporting materials during the preparation and characterization
of the produced adsorbents.

2.2. Preparation and Activation of CE Adsorbent

First, 1 kg of CE waste was washed, sun-dried, then carbonized in a muffle furnace
at a temperature of 350 °C for 2 h. After that, the resulting carbon was refined using
mortar and pestle, then sieved using a 100-120 mesh. The chemical activation process was
then carried out by immersing 25 g of the activated carbon in a 0.5 N NaOH solution and
0.5 N HCl, under a stirring speed of 250 rpm for 3 h. Following that, each mixture was
filtered and the resulting adsorbents were washed with distilled water to a neutral pH.
The adsorbent was then dried in an oven at a temperature of 110 °C until reaching a
constant weight to evaporate the remaining water. To avoid contact with moisture in a
humid air, the adsorbents were stored in a desiccator until further use.

2.3. Characterizations of the Sorbent

To evaluate the effects of activation using different precursors on the characteristics of
CE-based adsorbents, several characterizations and analyses were performed. Morphologi-
cal structure was analyzed using Scanning Electron Microscopy (SEM, FEI, Inspect-s50),
the chemical bonds spectra on the surface of the adsorbents using the Fourier Transform
Infra-Red Spectrophotometer at resolution of 2 cm~! (IRPrestige21, Shimadzu), the crys-
talline structure of the adsorbent using the X-Ray Diffraction (PanAnalytical, Expert Pro,
Malvern, UK), the elemental composition analysis on the adsorbent surface using the X-Ray
Fluorescence (PanAnalytical, Minipal 4), and the specific surface area and pores using the
Brunauer-Emmett-Teller (BET) method.



Sustainability 2021, 13, 3050

40f17

The resulting adsorbents were also characterized in terms of water content (WC, %),
ash content (AC, %) and iodine number using Equations (1) and (2) [18]:

WC = (”;b> % 100% 1)
a O,
AC = (5) x 100%. ?)

The symbols a and b denote the weight of adsorbent before and after the heat treat-
ment (g), respectively. The iodine number (In, mg/g) measurements were conducted by
means of titration using sodium thiosulphate as the standardized solution, starch as the
indicator and calculated using Equation (3).

{w_(sw x 12.69 x 2.5, 3)

In =

where V represents the spent volume of the sodium thiosulfate for titration (L), N is
concentration of sodium thiosulfate (N), S is the mass of carbon (g), and 12.69 is a constant
that represents the conversion factor from mEq sodium thiosulfate per grams of iodine (the
molecular weight of iodine is 126.9 g/mol). All experiments were conducted in five tries
and the averaged data were taken as the final results.

2.4. Adsorption of Simulated Lead Wastewater Experiment

The performance of prepared adsorbents was tested for the removal of Pb in a sim-
ulated Pb solution made of 300 mg/L Pb(NO3),. The adsorption test was carried out
batch-wise by contacting 0.1 g of adsorbent (each type) to 100 mL of Pb(NO3), solution
for varied durations of 30, 60, 90, 120 and 150 min at room temperature. The mixture
was stirred under a stirring speed of 250 rpm at room temperature. After each varied
adsorption time, the feed was separated from the adsorbent and the final concentration
was measured for the calculation of adsorption capacity (AC, mg/g) and the adsorption
efficiency (AE, %) using Equations (4) and (5), respectively.

o (CO — Ct) xV
AC = "= ()
AE = (CO — Ct) x 100%, (5)
Co

where Cy and C; correspond to concentrations of Pb before and after adsorption (mg/L),
V represents the volume of Pb solution used in the experiment (L), and W is the weight of
the adsorbent (g). The experiment was repeated five times for each adsorbent variation
and averaged data were taken as the final results.

2.5. Isotherm and Kinetics of Adsorption

The adsorption isotherm was evaluated by means of Langmuir, Freundlich, and Dubinin-
-Radushkevich isotherm models using Equations (6)—(8), respectively.

Ce 1 Ce
— = +— 6
e KL'Qm qm ( )
1
log g. = log Kr + = log Ce (7)
e = RTIn {1 + éj , 8)

where C, is the equilibrium concentration of adsorbate (mg/L), 4. is the adsorption capac-
ity (mg/g), Ky, is the Langmuir isotherm constant, g;; is the maximum adsorption capacity
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(mg/g), Kr is the Freundlich isotherm constant (mg/g), n is the adsorption intensity, ¢ is
the Dubinin—-Radushkevich isotherm constant.

The kinetics of adsorption were determined by using the pseudo-first order and
pseudo-second order kinetic equations as given in Equations (9) and (10), respectively.
Symbol gt denotes the adsorbed amount of Pb at time ‘t’ (mg/g), ki is the pseudo-first
order rate constant [min~1], and k; is the pseudo-second order rate constant [g/mg.min].

— =k1(9e — q1) )

In(ge — q¢) = Inge — kgt . (10)

3. Results
3.1. Characteristics of CE Activated Carbon

The carbonization process was carried out to break down cellulose into carbon ele-
ments and remove non-carbon elements from the base material. It is generally accepted
that the higher the content of cellulose in the material, the more beneficial it is to produce
an adsorbent [10]. Therefore, the prepared adsorbents are also polished for the further
improvement of quality through activations. Chemical activation is expected to remove
impurities to produce carbon with larger pores and higher surface area. The bigger the
surface area of a carbon, the higher the adsorption capability [33].

Table 1 shows the characteristics of the produced sorbents. The analysis was done in
terms of water content, ash content and iodine number. The results show that both the
NaOH-activated and HCl-activated CE sorbents meet the Standard Quality of activated
carbon according to Indonesian National Standard (SNI) No. 06-3730-1995.

Table 1. Quality characteristics of coffee endocarp (CE) sorbents.

Parameter SNI No. 06-3730-1995 Standard Activator Results
NaOH 0.5 M 1% + 0.72
Water content Max. 15% HCl10.5M 4% + 0.03
- 4% £+ 0.12
NaOH 0.5 M 3.5% £ 0.22
Ash content Max. 10% HCl10.5M 3.5% + 0.37
- 4% =+ 0.53
NaOH 0.5 M 1628.6 mg/g £+ 1.67
Iodine number Min. 750 mg/g HCl05M 1226.7 mg/g + 1.29

- 994.05 mg/g + 2.4

Adsorbent with a low water content is favorable because it has a better sorption
of gases or liquids. All of the prepared sorbents in this work have a relatively low wa-
ter content, which meet the national quality standard No. 06-3730-1995 (Standard Na-
sional Indonesia). The ash content was analyzed to determine the content of metal oxides,
minerals and impurities in an activated carbon. High ash content reduces the quality
of activated carbon because of the high amount of inorganic materials contained in the
sorbent. Table 1 shows that the CE sorbents have low inorganic impurities and shows
suitability for adsorption application.

Another parameter to determine the quality of adsorbent is iodine adsorption value.
It represents the sorbent capacity to adsorb low molecular weight substances in a lig-
uid phase. Data in Table 1 show that all CE-based sorbents meet the standard in term of
the iodine value. The increasing amount of adsorbed iodine by the adsorbents, especially
those with activation, is due to the low content of impurities on the surface thanks to
the chemical activation. According to Lillo-Rddenas et al. [28], activation using NaOH
enhanced the adsorbent surface through two steps of reactions, one of which included the
etching of carbon to form pores. Based on water content, ash content and absorption of
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iodine shows that the activated carbon produced in this study is suitable to be used as an
adsorbent in the reduction of Pb ion.

3.2. Morphological Analysis

Figure 1 shows obvious differences between the surface of the non-activated and the
activated sorbents. The nonactivated sorbent has a dirty and rough view of its surface,
which can be attributed to the presence of impurities that spread over the surface pores.
These impurities are unwanted hydrocarbon and inorganic components, as also reflected
by the ash content data in Table 1. These impurities can be removed through the acid or
alkaline treatment, as shown by the morphologies of the chemically activated sorbents.
As seen in Figure 1b,c, the surfaces of the activated sorbents are cleaner and smoother
after the activation using HCl or NaOH (0.5 M) compared to the one without activation.
The morphology with fewer impurities was obtained from erosion of tar and inorganic
materials dissolved by the chemical activators. The loss of tar and minerals from the
surface of the adsorbent enlarged the pores and positively impact the surface area of
the adsorbent and simultaneously increases the adsorption capacity [34]. Similar results
were also reported by others [35]. They fabricated a bio-sorbent based on wheat bran.
Without chemical activation, the structure of the resulting sorbent had a surface covered
with granules and no display of pore. Whereas, after activation with NaOH, the surface
displayed numerous pores.

BAT=20006  SguAtSEr  De3dec20n) I
WOs20mm  IPubas f01ph Time 104TST

ENT=2000K  SirlA= SE1
WD=115mm  |Probe= 101pA Time:101838

yag= 5o0Kx STTROW  SgwASEl  Dae3Dec2oie AN
WD=120mm  IPbe= 101pA Tne 104650

Figure 1. Scanning electron microscopy (SEM) imaging of (a) non-activated, (b) HCl-activated, and (c) NaOH-activated CE
sorbents (magnification of 500 x (a-1,b-1,¢-1), and 5000 (a-2,b-2,c-2)).

3.3. Chemical Functional Groups Analysis

Figure 2 shows the results of FTIR analysis at a spectra range of 5004000 cm™!.
The absorption of the -OH, C-H, C=0 and C=C of the aromatic groups dominates all
CE-based sorbents. Absorption of the -OH group, usually detected at a wavenumber
range of 4000-3400 cm ™! [36], is seen at 3620 and 3743 cm ™! for the non-activated sample;
at 3645 and 3743 cm ™! for the NaOH-activated sample; and at 3523 and 3628 cm ™! for
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the CE sorbent activated by HCl. These results indicate that all CE-based sorbents still
have hydroxyl groups from organic contents in the CE that resisted degradation during the
chemical activations and the carbonization process.

Transmittance (%)

55 ™,

s — Non-activated — — HCl-activated = -+---- NaOH-activated

445

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 2. Infra-red (IR) results of the CE sorbents without activation and with activation using NaOH and HCl.

Previous research revealed that the organic adsorbent containing C-H group in alkane is
usually marked by the appearance of peak at a wavenumber range of 2850-2970 cm ™ [37].
From Figure 2, the C-H group in the CE-based sorbents can be identified at wavenum-
bers of 2964 cm ™! (without activation); 2970 cm~! (NaOH-activated); and 2962 cm ! (HCl-
activated). Besides that, the aromatic C=C group is detected at wavenumbers 1649-1452 cm !
for the non-activated sorbent, at 1649-1450 cm ! for the NaOH-activated sorbent and at a
wavenumber range of 1583-1512 cm ™! for the HCl-activated sorbent. These results agree
well with the earlier works in which the aromatic C=C group commonly appears in a
spectra range of 1690-1450 cm ! [38].

The presence of the C=0 group from the aldehyde, ketone and carboxylic acid com-
pounds for all samples can be identified as follows—at a wavenumber of 1693 cm ™! for
the non-activated and the NaOH-activated sorbents IR, at a wavenumber of 1697 cm ™! in
IR result of the HCl-activated sorbent, as also reported earlier [36]. Those peaks indicate
that the cellulose, lignin and hemicellulose components were not all decomposed during
carbonization. The CE adsorbent has several functional groups, which generally con-
tain -OH, CH, C=0 and C=C with peaks that are not so sharp. It suggests that, though in
low content, the CE adsorbents still contain cellulose, lignin and hemicellulose that were
not fully carbonized.

If observed closely between the IR of the non-activated and the activated sorbents,
there are some visible shifts of peaks. This shift of peaks indicates that the activation process
affects the absorption intensity as suggested by others [39]. The CE adsorbent has several
functional groups, which generally contain -OH, CH, C=0 and C=C with rather broad
peaks. It suggests that, though low in content, the CE adsorbents still contain cellulose,
lignin and hemicellulose residual that was failed to be broken down into carbon during
carbonization.

3.4. XRD and XRF Analysis

Figure 3 shows the results of X-ray diffraction analysis on the three adsorbent samples.
It was reported that activated carbon shows a highly irregular microcrystalline structure in
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which graphite micro crystals are randomly oriented [40]. The presence of carbon in the
non-activated sorbent can be seen in 20 = 26.28° (d = 3.3887 A) and 44.27° (d = 2.0443 A).
The non-existent of a sharp peak in the non-activated sorbent confirms that this adsorbent
has an amorphous structure [41].

800 4

600 -

400 4

200 +

/' C Without activation
C

/4

800 +

HCL activated

C

J"JI..J "‘.Illlll‘

NaOH activated

T
15.00
Cu-Ka1 (1.540598 A)

T T T T T T T T T T T T
20.00 25.00 30.00 35.00 40.00 45.00 $0.00 $5.00 60.00 65.00 70.00 75.00 o

Figure 3. X-ray diffraction (XRD) pattern of non-activated, HCl-activated, and NaOH-activated CE sorbents.

In the HCl-activated adsorbent, several peaks that indicate the presence of chlorine
(Cl) are detected, namely the 26 in an area of = 19.66° (d = 4.5114 A); 22.75° (d = 3.9052 A)
37.84° (d = 2.3755 A); 57.42° (d = 1.6036 A) and 64.34° (d = 1.4468 A). Meanwhile, some broad
and sharp peaks are seen in the NaOH-activated sorbent. Sharp peaks are the result of
better alignment of the layers that represent the characteristic of the crystalline struc-
ture [41]. The XRD pattern of the NaOH-activated sorbent contains several sharp peaks
in the region of 20 = 28.77° (d = 3.1005 A); 32.10° (d = 2.7863 A); 57.82° (d = 1.5935 A);
58.44° (d = 1.5781 A) and 64.37° (d = 1.4461 A), which can be attributed to the presence of
sodium (Na). The sharpness of the peak indicates that the Na crystal is relatively large,
although it is still in the micro range.

To further investigate the composition of the CE adsorbents, XRF analysis was per-
formed. As seen in the Table 2, it appears that SiO, is the main component in the non-
activated CE adsorbent, the NaOH-activated CE adsorbent and the HCl-activated CE
adsorbents with compositions of 47.32%, 56.72% and 60%, respectively. Silica is the most
desired and important component in an adsorbent as it greatly affects the reactivity of
an adsorbent during adsorption process [12,13]. Therefore, it is expected that the NaOH-
activated CE adsorbent to show a better performance in comparison to the rest.
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Table 2. X-ray fluorescence (XRF) analysis results.
% wlw
Component
Non-Activated HCI-Activated NaOH-Activated
SiO, 47.32 56.72 60.0
Al,O3 12.46 8.9 6.8
Fe, O3 9.98 8.21 8.11
MgO 9.84 6.96 7.52
SOs3 0.16 0.23 0.21
K,O 0.45 0.36 0.35
CaO 15.54 13.9 13
Na,O 0.07 0.11 0.9
P,0s5 0.161 0.161 0.161
TiO, 0.377 0.362 0.355
Mn,03 0.163 0.146 0.139
CrO; 0.078 0.135 0.112
SrO 0.26 0.29 0.26
BaO 0.05 0.07 0.05
ZnO 0.03 0.07 0.03
CuO 0.079 0.089 0.079
MnO 0.402 0.5 0.34
K,O 2.16 1.79 1.16
Euy O3 0.32 0.9 0.32
Re, O7 0.1 0.1 0.1

3.5. Surface Area Analyzer (SAA)

Table 3 shows that the surface area of the non-chemically activated adsorbent is
1.8405 m? /g with a pore volume of 0.001836 cm®/g. The surface area of the HCl-activated
adsorbent is 1.4057 m? /g with a pore volume of 0.001262 cm?/g, meanwhile the NaOH-
activated sorbent has a surface area and pore volume of 0.9707 m? /g and 0.000689 cm?/g,
respectively. In general, the chemically activated sorbents have a higher surface area to
pore volume ratio compared to the non-activated CE adsorbent. If further compared,
the NaOH-activated sorbent poses the highest surface area to pore volume ratio, and the
largest pore size amongst the others. This is due to the removal of impurities through
hydrolysis and deacetylation of cellulose fiber, as well as the dissolved of hemicellulose and
pectin from the cell wall of adsorbent as reported in a published literature [42]. It was also
reported that the greater the ratio of surface area to pore volume ratio, the more reactive
the adsorbent [43].

Table 3. Summary of the CE-based adsorbents properties.

Adsorbent Type Surface Area (m?/g)  Pore Volume (cm3/g) Pore Size (A) Surface Area to Pore Volume Ratio
Non-activated 1.8405 0.001836 39.9030 1002.451
HCl-activated 1.4057 0.001262 42.8215 1113.866

NaOH-activated 0.9707 0.000689 47.8671 1408.853

The BET test results also reveal that the average pore diameter for the non-activated
sorbent is 39.9030 A, while the adsorbents activated by 0.5 M HCl and 0.5 M NaOH
have an average pore diameter of 42.8215 A and 47.8671 A, respectively. According to
Mariana et al. [29], the mesoporous diameter is in the range of 20-500 A. This shows that
the adsorbents obtained in this study fall under mesoporous classification.

3.6. Effect of Contact Time on the Adsorption Efficiency and Capacity of Lead

The adsorption process is influenced by several factors, namely contact time, initial
concentration of feed, adsorbent dose and pH of the feed solution [44]. As contact time
is one of the important factors, it is necessary to evaluate the optimum contact time
for adsorption. It is defined as the time required by activated carbon adsorbent to absorb
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the maximum amount of Pb. The relation between contact time and the adsorption
efficiency of Pb using adsorbents developed in this study is shown in Figure 4.

100

—s=— NaOH-acctivated
—e— HCl-activated
—a— Non-activated

80

Adsorption Efficiency (%)
5
1

4 T L) T L T Y T
0 30 60 90 120 150
Contact Time (Minutes)

Figure 4. Effect of contact time (min) on the adsorption efficiency (%) of Pb with initial adsorbate
concentration of 300 mg/L.

Figure 4 shows that the longer the contact time between adsorbate and adsorbent,
the higher the efficiency of absorption until the equilibrium is reached. For the non-
activated sorbent, the adsorption occurs relatively fast within the first 90 min and remains
constant after 120 min. The fast adsorption at the beginning occurs due to the large
availability of the adsorbent sites, hence Pb ions can easily interact with the sites [1].
For the non-activated CE, the adsorption equilibrium is obtained at 90 min contact time
with an adsorption efficiency of 56.34%. The equilibrium time obtained in this study is
faster than that of reported by Tasar et al. [1] that used a peanut shell-based sorbent for
the removal of Pb that achieved equilibrium state after contact time of 120 min with an
adsorption efficiency of 65.75%.

The NaOH or HCl-activated sorbents show higher adsorption efficiencies than the
non-activated ones. As seen in Figure 4, the adsorption process reaches constant values
at 120 min with the adsorption efficiencies for the HCl-activated and the NaOH-activated
sorbents are 63.92% and 89.86%, respectively. This result is supported by the SEM imaging
(Figure 1) which show that after activation using either NaOH or HCI, the sorbents have
cleaner surfaces with no impurities covering the surface. Therefore, the sorbents have more
area for adsorption [45]. Higher adsorption efficiencies in the activated adsorbents can
be associated with available adsorption sites (surface functional groups) on the surface
of adsorbents. Figure 4 also shows that the NaOH-activated sorbent had the highest
absorption efficiency. This is because the acid activator (HCl) promotes formation of more
positive charge, whereas, the base activator (NaOH) causes the adsorbent to be more
negative-charged which is more beneficial in the adsorption process [46]. The Na ion from
NaOH has good affinity to functional groups that carry negative ions, thus, during the
adsorption process the ion exchange between Na ions and metal ions can be promoted [47].

Figure 5 displays the relationship between contact time and capacity of adsorption.
Capacity of adsorption defines the quantity of adsorbate that can be adsorbed by per unit
mass or volume of adsorbent [44]. It shows that the adsorption capacity increases with pro-
longed contact time, in which the amount of adsorbed Pb also increases until equilibrium.
At the early duration of adsorption (30-120 min) using the NaOH-activated sorbent, the Pb
absorption rate is very large. After 120 min, the equilibrium state (te) occurs for both of
the activated sorbents. On the other hand, the optimum contact time of adsorption using
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the non-activated sorbent is achieved at 90 min. The long contact time is required if the
adsorbent has bigger capacity to adsorb more adsorbate. Adsorbent with a high capacity
has more reactive sites on the adsorbent surface that are available to take up the adsorbate
molecules [48]. This is considered a satisfactory result given that the initial concentration
of artificial Pb used was high (300 mg/L).

300

—=— NaOH-activated
—s— HCl-activated
—— Non-activated

250 —

200

150

100

50

Adsorption Capacity (mg/g)

T T T M T T T

M T T T
0 30 60 90 120 150
Contact Time (Minutes)

Figure 5. Effect of contact time (min) on the adsorption capacity of Pb with initial adsorbate concen-
tration of 300 mg/L.

Figure 5 also shows that the maximum adsorption capacity is 272.56 mg/g obtained by
the NaOH-activated CE sorbent. This is supported by the data presented in Table 2 which
shows that it has a greater iodine absorption value of 1628.6 mg/g compared to that of the
HCl-activated of 1226.7 mg/g. This result is in accordance with that of research conducted
by Gaya et al. [49]. Table 4 shows the comparison of the maximum adsorption capacity
obtained in this work with several other studies using different adsorbent materials.

Table 4. Comparison of adsorption capacity of NaOH-activated CE-based adsorbents with other
bio-based adsorbents reported in literature.

Adsorbent Material Maximum Capacity of Adsorption (mg/g) Reference
Arabica Gayo CE :
(NaOH.ac ot 9 272.56 This work

Peanut shell 39 [1]

Rice husk 5.08 [50]
Bentonite-water hyacinth 0.987 [51]
Australian Pine Cones 151.515 [52]
Areca Catechu Shell 55.25 [53]

Oil Palm Empty Fruit Bunches 9.319 [54]

3.7. Effect of Activator Type on the Adsorption Efficiency and Capacity

The involvement of activators in the chemical activation of the adsorbent greatly influ-
ences the ability of the adsorbent to absorb the adsorbate moiety, as summarized in Figure 6.
Figure 6 also obviously shows that the NaOH-activated sorbent produces the greatest re-
moval efficiency of 89.9% and the adsorption capacity of nearly 300 mg/g (272.56 mg/g)
compared to the HCl-activated and the non-activated sorbents. From all of these results,
it is clear that the NaOH-activated showcased the best performance in terms of efficiency
and the capacity of adsorption in comparison to two other prepared sorbents; therefore,
further investigation in the following sections will only focus on NaOH-activated sorbent.
The adsorption process using sorbents activated by NaOH and HCI resulted in higher
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efficiency values compared to the sorbent without activation. This is due to the effect of
chemical activation, which can release impurities on the adsorbent so that the pores of the
active site are widened and promote formation of functional groups effective in absorbing
metal ions [34]. It is suggested that the complex interaction between adsorbent and metal
ions not only occurs through chelation or ion exchange, but also through bonding between
surface functional groups [55].

100 300
Vs
7/ 275
80 5
b 7555 [s)
g Z4 plead -
& 60+ 2, >
s 7 4225 §
& 7 )
S 40 0 c
B 0 o
2 77/ 120 §
o 7 7 o
< 2 Y, B
T K//,/ /,/ d17s <
S
7
7 SHES S
0 , (L ¢ 150
Non-activated NaOH-activated HCl-activated
Adsorbent

Figure 6. Effect of activator types on the adsorption efficiency and adsorption capacity of Pb with
initial adsorbate concentration of 300 mg/L and contact time of 120 min.

3.8. Adsorption Isotherms

The Langmuir isotherm of NaOH-activated CE sorbent in Pb adsorption was obtained
by plotting Ce vs. Ce/qe, whereas the Freundlich adsorption isotherm was obtained by
plotting between log Ce vs. log qe, and the Dubinin-Radushkevich isotherm was evalu-
ated by plotting a curve between In Ce vs. &2 to obtain the K,q (Dubinin-Radushkevich
isotherm constant, mol?/kJ?), and gs (theoretical isotherm saturation capacity, mg/g).
The obtained constants for all three isotherms are summed in Table 5. Determination of the
equilibrium model can be done by looking at the highest determinant coefficient (R?) from
the graph generated from each adsorption isotherm plot.

Table 5. The constants of isotherm model acquired from the adsorption of Pb using NaOH-activated CE sorbent and sorbent
which is based on other materials.

Langmuir Isotherm Freundlich Isotherm Dubinin-Radushkevich Isotherm Ref
eference
qm K R? n Kr R? qs (mg/g)  K,q (mol?/kJ?) R?

434.78 0.04 0.99 3.1 0.28 0.85 5.86 —0.003 0.96 This work
16.81 0.30 0.99 1.5 2.88 0.82 6.8 0.064 0.83 [56]
9.32 1.55 0.99 1.4 -0.13 0.33 - - - [54]
54.95 0.37 0.99 1.5 0.03 0.91 - - - [52]
500 0.004 0.99 1 0.02 1 - - - [49]

Based on data in Table 5, the adsorption of Pb by the NaOH-activated CE sorbent
tends to follow the Langmuir isotherm model. This can be seen from the determinant
coefficient (R?) of the model (of 0.99), which is higher than the determinant coefficient of
the Freundlich isotherm model (of 0.85). The finding is in line with a previous study using
an adsorbent derived from zeolitic tuff [56], with an R? value of 0.99. Adsorption onto an
oil palm empty fruit bunches as sorbent also followed the Langmuir model with an R?
value of 0.997 [52]. The adsorption mechanism in the Langmuir isotherm suggests that the
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active sites found on the surface of the adsorbent are homogeneous, where the adsorbent
can only adsorb one Pb metal ion for each active site and there is no interaction between
Pb with the adjacent active sites [52].

3.9. Kinetics of Adsorption

The kinetic models used are Lagergren’s pseudo-first order and pseudo-second or-
der models. Kinetic studies are needed to optimize different operating conditions for
absorption [57]. The pseudo-first order kinetic of Pb adsorption using the activated and
non-activated sorbents is given in Figure 7 from which the data for Lagergren’s pseudo-
first order kinetic, determinant value (R?), and the pseudo-first order rate constant (ki)
were obtained and are presented in Table 6. The results are also compared with those of
other studies, which used different kind of adsorbent materials. The pseudo-second order
adsorption kinetic of Pb adsorption using CE adsorbents is shown in Figure 8 from which
the data for Lagergren’s equation, determinant value (R?), and the pseudo-second order
rate constant (ky) were acquired and summarized in Table 7.

5.0 4
4.5 o
R"=0.94341
4.0 p
i R™ =0.98836
__ 351| = NaOH-Activated
o 1 @® HCI-Activated
I, 3.0 1 A  Non-Activated 5
8. { [Faweton y=av b R*=0.6614
[= Weight Ne Weighting
= 2.5 | Residual sumat 0.0256 000627 100852
= Squares
4| Pearson'sr 098575 099709 091143
Adj. R-Square 0.94341 098836 06614
2.0 4 Value Standard Error
Intercept 579586 0.24441
1| NaOH-activated Siope 0.653 D037
Intercept 539291 0.12097
1.5 | Horactvates Slope -0.0244 0.00187 A
Intercept 655921 1.53402 i
] | Mon-activatad Slope 005243 0.02367
1.0 T T T T T
30 60 90

Contact Time (Minutes)

Figure 7. Pseudo-first order kinetic of Pb adsorption using NaOH-activated, HCl-activated, and
non-activated CE sorbents at initial concentration of 300 mg/L.

Table 6. Pseudo-first order kinetic model values of Pb adsorption using various adsorbents.

Adsorbent K; (minute—1) R?
NaOH-activated CE —0.022 0.943
HCl-activated CE —0.024 0.988
Non-activated CE —0.052 0.661
NO3-activated Coffee husk [45] 0.0103 0.8867

Peanut shell [1] 0.0184 0.999
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Figure 8. Pseudo-second order kinetic of Pb adsorption using NaOH-activated, HCl-activated, and
non-activated CE sorbents at initial concentration of 300 mg/L.

Table 7. Pseudo-first order kinetic model values of Pb adsorption using various adsorbents.

Adsorbent K? (g/mg min) R?
NaOH-activated CE 0.063 0.938
HCl-activated CE 0.100 0.999
Non-activated CE 0.070 0.097
NOj3-activated Coffee husk [45] 0.00753 0.9998
Peanut shell [1] 0.00052 0.999

According to Tables 6 and 7, the adsorption using the NaOH-activated CE sorbent
followed the pseudo-first order and pseudo-second order pseudo kinetic models with the
RZ-values of 0.971 and 0.969, respectively. The adsorption process by using HCl-activated
CE sorbent tends to follow a pseudo-second order kinetic with an R? of nearly 1 (0.999).
A similar result was also obtained in a previous study [45], in which they performed an
adsorption on Pb using the HNOgs-activated coffee husk sorbent and obtained a correlation
value of 0.9998. The adsorption process using the non-activated CE sorbent is found to
follow the first-order kinetic model with an R? of 0.830. In previous work conducted
by Tasar et al. [1], the adsorption kinetic from the removal process of Pb using the non-
activated peanut shell adsorbent also followed the pseudo-first order and pseudo-second
order models with a R2-value of 0.999.

4. Conclusions

The fabrication of bio-sorbent sourced from EC waste has been done for application
in the removal process of Pb metal ions. The characterization results confirm that the
adsorbent has better surface properties after being activated by either NaOH or HCI.
The chemical activation removed most of the impurities on the sorbent, which leads to a
smoother surface, increasing pore size and surface area to pore volume ratio. The improved
surface characteristics give a significant impact to the removal performance of CE-based
adsorbent in terms of adsorption capacity and efficiency. The adsorption of Pb using
raw CE sorbent yields 57.7% of adsorption efficiency and adsorption capacity of only
174.4 mg/g, with treatment using HCl and NaOH the efficiency of removal increased up
to 63.9% and 89.86%, with a capacity of 193 and 272.56 mg/g, respectively. Though both
activated sorbents have better adsorption performance compared to the non-activated CE,
overall results reveal that the NaOH-activated sorbent showcase the best characteristic and
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performance. The adsorption process using NaOH-activated CE fits the Langmuir isotherm
model with R? of 0.991, the kinetics of this process follows both the pseudo-first order and
pseudo-second order with R? of 0.943 and 0.938, respectively. Considering the effectiveness
of EC waste-based biosorbent, application of the material in more realistic conditions can
be explored in the future with studies on the reusability as well as disposal of, the spent
biosorbent.
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