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Abstract: Cadmium is one of the most hazardous metals in the environment, even when present at
very low concentrations. This study reports the systematic development of Kenaf fiber biochar as
an adsorbent for the removal of cadmium (Cd) (II) ions from water. The adsorbent development
was aided by an optimization tool. Activated biochar was prepared using the physicochemical
activation method, consisting of pre-impregnation with NaOH and nitrogen (N3) pyrolysis. The
influence of the preparation parameters—namely, chemical impregnation (NaOH: KF), pyrolysis
temperature, and pyrolysis time on biochar yield, removal rate, and the adsorption capacity of Cd
(IT) ions—was investigated. From the experimental data, some quadratic correlation models were
developed according to the central composite design. All models demonstrated a good fit with the
experimental data. The experimental results revealed that the pyrolysis temperature and heating
time were the main factors that affected the yield of biochar and had a positive effect on the Cd (II)
ions” removal rate and adsorption capacity. The impregnation ratio also showed a positive effect on
the specific surface area of the biochar, removal rate, and adsorption capacity of cadmium, with a
negligible effect on the biochar yield. The optimal biochar-based adsorbent was obtained under the
following conditions: 550 °C of pyrolysis temperature, 180 min of heating time, and a 1:1 NaOH
impregnation ratio. The optimum adsorbent showed 28.60% biochar yield, 69.82% Cd (II) ions
removal, 23.48 mg/g of adsorption capacity, and 160.44 m? /g of biochar-specific area.

Keywords: biochar; cadmium; optimization; adsorption; kenaf fiber; CCD-RSM

1. Introduction

The rapid industrial developments such as metal plating facilities, textile dyeing,
leather tanning, paint and pigment manufacturing, fertilizers, tanneries, batteries, paper,
and pesticides, as well as metal finishing industries, result in heavy metal accumulation
in the environment [1,2]. Heavy metals are elements with an atomic weight of 63.5 to
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200.6 g/mol, with a specific gravity of greater than 5 [3]. Heavy metals can be essential or
deadly based on their concentration and toxicity level [4]. Essential heavy metals include
zing, coppetr, iron, chromium, cobalt, and selenium. They are required for regular body
functions, as long as they are present at the permissible limit [5,6]. On the other hand,
nonessential heavy metals, such as cadmium, mercury, lead, and arsenic, are extremely
toxic, even at low concentrations [7]. The toxic heavy metals can affect the human body and
may cause acute or chronic effects, be carcinogenic, or may lead to digestive and nervous
system diseases [8,9].

Cadmium is one of the most hazardous metals. Yet, it is used in many industries,
including paint, batteries, and dyes [10] Cadmium is used in a form of cadmium nitrate and
cadmium sulfate and tends to leach into the environment [11]. Due to cadmium’s persistent
and toxicity characteristics, it is listed in the US Environmental Protection Agency under
Priority Control Pollutant List [12]. The United States Environmental Protection Agency
has also set the permissible concentration of cadmium in drinking water at 5 ppb, slightly
higher than the World Health Organization of 3 ppb [13]. Cadmium contamination causes
severe health risks upon exposure. Compounds of cadmium are very toxic; absorption at
a high level by the body can lead to various disorders, such as blood pressure and heart
diseases, and can even cause death [14]. Cadmium is dangerous not only because of its high
toxicity but, also, because of the proliferation of its compounds in several industries, such as
batteries, alloys, coatings (electroplating), solar cells, plastic stabilizers, and pigments [15].
Cadmium is derived from zinc byproducts and extracted from recycled batteries with
nickel-cadmium [16].

The treatments for removing heavy metals are many. They include ion exchanges,
chemical precipitation, filtration, and adsorption. Recently, adsorption is considered an
attractive method due to its simplicity, cost-effectiveness, and the possibility of using it on
a larger scale [17,18]. Many adsorbent materials have been applied in industries—namely,
activated carbon, activated alumina, silica gel, molecular sieve carbon, molecular sieve
zeolites, and polymeric adsorbents [19-21].

Several adsorbents, like graphene oxide [22], the metal-organic framework [23], zeo-
lites [24], activated biochar [25], carbon nanotubes [26], activated carbon [27], and many
others, have recently been developed for the removal of heavy metals from aqueous
solutions. However, when compared to agricultural-based adsorbents, they are often
more expensive [28].

Kenaf or Hibiscus cannabinus is a plant of the Malvaceae family that grows in tropical
and subtropical areas [29]. It typically consists of cellulose (33-42%), hemicellulose (21.50%),
lignin (15-19%), and mineral ash (2.5-4%) [30]. It has been widely explored as a feedstock
for adsorbents. Recently, numerous attempts have been reported on the use of biochar
extracted from agricultural waste for the removal of heavy metals from water [31,32].

Biochar has the same properties as activated carbon, which makes it promising as an
adsorbent. The chemical and physical characteristics of biochar differ based on the quality
of the raw materials, method, temperature, and time of pyrolysis, as well as chemical
modification of the biochar by exposure to acids or alkalis [33,34]. Many variables affect
the composition of biochar. Biochar is typically rich in functional groups such as hydroxyl,
carboxyl, carbonyl, and methylene on the surfaces of the pore system [35]. Biochar has a
large surface area and strong adsorption efficiency that makes it attractive for the removal
of heavy metals from wastewater [36].

This study investigates and optimizes the adsorption of cadmium (Cd) (II) from a
synthetic aqueous solution by kenaf-activated biochar. Response surface methodology
(RSM) was applied to help with the optimization of the preparation parameters. The
application of RSM allowed a minimal number of tests, and the software is incorporated
with mathematical and statistical tools and, as such, can be used to analyze interactions
between parameters [37-39]. Some of the previous studies used RSM in the preparation
of activated carbons using precursors such as olive-waste cakes [40], rice husks [41], and
Luscar char [42]. Monik Kasman [43] applied RSM to study cadmium removal by using
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raw rice husks and found that raw rice husks poorly adsorbed cadmium with 70% removal,
suggesting the need for adsorbent improvement. Taimur Khan [44] found that rice husk
carbon was a sufficient adsorbent for lead removal after optimization with an artificial
neural network during the adsorbent development. Raphael et al. also reported the
adsorption of Cadmium from water using Raffia Palm seed (Raphia hookeri)-activated
carbon as an adsorbent [45].

To date, there has been no research on the preparation of biochar from the Kenaf
fiber using the RSM method by a physicochemical activation method, including NaOH
impregnation and N Pyrolysis. This study implemented a central composite design to
evaluate the effect of the input parameters during the preparation of the biochar. The input
parameters included the pyrolysis temperature, pyrolysis time, and chemical impregnation
(NaOH/KEF) on the four response parameters of the adsorption capacity, removal efficiency,
specific surface area, and biochar yield.

2. Materials and Methods
2.1. Collection, Purification, and Preparation of Materials

The Kenaf fiber was obtained from the Kenaf plantation in Pahang, Malaysia. It
was washed continuously with distilled water 3-5 times to remove the impurities and
dust from its surface, followed by drying in an oven (Thermo Scientific Vac Oven 65.1 L
120,401 Millcreek Road, Marietta, OH 45750, United States) at 105 °C for 24 h. The dried
sample was ground by using a mechanical shredder machine (Granulator WSGP-230) and
sieved using a vibratory sieve shaker to the desired mesh size of 1 to 2 mm. It was then
placed in an airtight container at room temperature before using it. The other chemicals,
such as sodium hydroxide, hydrochloric acid, cadmium nitrate trihydrate, ferrous and
ferric chloride, and ethanol, were bought from Sigma-Aldrich. The chemicals were used as
received without any treatment.

2.2. Biochar Based Adsorbent Preparation (Design of Experiments)

The pyrolysis was performed by placing the samples in an Alumina Tube Furnace
under different input parameters, as presented in Table 1. Purified nitrogen (99.995%)
with a flow rate of 100 cm®/min was used, under a heating rate of 10 °C/min during the
pyrolysis process.

Table 1. Independent variables and their coded and actual levels for the central composite design for
the preparation of biochar.

Ranges and Coded Levels

Parameters Units Code

- -1 0 +1 +o

Pyrolysis Temperature °C X3 197 300 450 600 702
Reaction time Minutes Xo 19 60 120 180 220
Impregnation ratio w/w X3 0.32 1 2 3 3.68

Determination of the value of parameters in Table 1 was done using the design of
the experiment via RSM. RSM is usually carried out to widen the screening mathematical
and statistical methods for analyzing and improving products, which are followed up by
experimental quantitative data to determine the regression models and optimal operating
conditions. A highly accurate second-order quadratic model was composed by CCD with
the minimum possible number of experiments [46].

The value range of the pyrolysis temperature for kenaf was 300-600 °C. The range
was selected based on values recommended from previous studies [34,47,48], which stated
that the kenaf mass loss was attributed to three main stages: drying and evaporation
of light particles (stage I), volatilization of hemicellulose and cellulose (stage II), and
decomposition of lignin (stage III). Stage I happened at temperatures below 150 °C, stage II
started degassing from 150 to 375 °C, and finally, stage III at temperatures above 400 °C.
For that reason, the recommended range of pyrolysis temperature was 300-600 °C, which
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helped in converting the lignin into biochar and kept biochar stable. The effect of residence
time is often dominated by the pyrolysis temperature. Therefore, it is sometimes hard to
give a straightforward value for the role of residence time in biochar stability. Therefore, a
big range value was assigned to the reaction time parameter [49,50]. The selection of the
heating rate was at 10 °C/min, which was considered low but favorable for producing
biochar derived from agricultural feedstocks [50,51]. Furthermore, a lower heating rate
(10 °C/min) could facilitate the aromatic structure formation in biochar. Moreover, a low
heating rate favored the retention of structural complexity, while the loss of structural
complexity would happen at a high heating rate due to the local melting of cell structures,
phase transformations, and swelling [52].

The obtained biochar was activated by the physicochemical method by changing
the preparation parameters. The parameters were pyrolysis temperature (X;), pyrolysis
time (Xp), and the impregnation ratio (X3) of NaOH:KF. Sodium hydroxide (NaOH) was
used for the chemical activation process because of its good efficiency in enhancing the
surface properties of activated biochar during the pyrolysis process [53]. These three
parameters were found to be the most important factors affecting the characteristics of
biochar-based adsorbents [54]. Eight factor points and six axial points and center points
were scheduled for the central composite design. There were five levels of selected factors
(=, —1,0, 1, and +«), resulting in the number of experiments of 20. Table 1 indicates the
lower and higher limits of every factor. The data were processed using the analysis of
variance (ANOVA) and visualized using surface contour plots.

The central points were used to determine the experiment errors and data repeatability.
The independent parameters were labeled at intervals of (—1, 1), with low and high
values assigned, respectively, to —1 and +1. The axial points were positioned at (£, 0, 0),
(0, £, 0), and (0, 0, £x), where « is the distance from the axial points to the central point,
making the design, which is fixed, at 1.682 mm.

For the adsorption study, 1000 mg/L Cd (II) stock solution was prepared by dissolving
cadmium nitrate trihydrate. The stock solution was diluted to 25 mg/L of Cd?* for batch
studies. The solution was treated with a fixed variable to obtain the best pyrolysis process
parameters for cadmium removal. The fixed parameters were the dose of the adsorbent,
the pH of the solution, the stirring speed, and adsorption time. The pH of the solution was
adjusted to 6.0, because a previous study [55] proved that the Cd* ions could be adsorbed
at that pH value. The rotation speed and time were fixed at 200 rpm for 1 h [56]. The sample
before and after adsorption was collected and analyzed for the cadmium concentration
by flame atomic absorption spectrometry. The difference between the initial and final
(or equilibrium) Cd?* concentrations determined the amount of Cd?* absorbed by the
kenaf-based biochar. The yield, removal efficiency, and adsorption capacity of kenaf-based
biochar were calculated according to Equations (1)—(3).

Biochar Yield% = Wy % 100 D
W;
Removal Effciency % = % x 100 2)
i
_ (G =C) x (V)
e = m (3)

where Wy, and W, are the weight of biochar and the weight of raw rice husks. C; and
Ce are the initial concentration and final concentration (mg/L), qe (mg/g) is the adsorp-
tion capacity of biochar, m is the dry mass of biochar (g), and V is for the volume of
the solution (L).
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3. Results and Discussion
3.1. Effect of the Heating Temperature on Kenaf Biochar Yield and Cadmium Removal

Figure 1 shows the effect of the pyrolysis temperature on the biochar production
yield. The heating temperature is one of the most important factors affecting the biochar
properties. The biochar yield was achieved at low temperatures and vice versa. Figure 1
also shows a steep decline in the biochar yield at a higher temperature, in which the biochar
percentage dropped from 45% (at 702 °C) to 25% (at 197 °C). The findings are strongly
supported by the literature, as a more solid product (biochar) is produced by pyrolysis at a
low heating temperature. Nizamuddin et al. found a similar result and attributed the trend
to the conversion of solid carbon into a gaseous form [57]. Another plausible explanation
is that the cellulose and hemicellulose biomass decompose at higher temperatures [58]. A
similar trend was also reported by Delik Angir [59] on the impact of different pyrolysis
temperatures (ranging from 350 °C to 650 °C) and different heating rates (10 °C/min,
30 °C/min, and 50 °C/min) on the biochar yield from the slow pyrolysis of safflower
seed press cake. They attributed the low yield at a high temperature to a greater primary
decomposition or through the secondary decomposition of char residues. In this study, the
heating rate was kept at 10 °C/min to get the high yield [60].

[ Removal rate = —#=—Biochar Yield

50 1 90

1 85

45 %0
— IERS
g 40 S
= 70 8

()

S 35 | 65 =
@© >
S 60 £
@ 30 &

55

a5 | 50

45

20 40

150 250 350 450 550 650 750

Temperature (°C)

Figure 1. Temperature effect on the yield of Kenaf-based biochar and removal rate of cadmium.

Figure 1 also shows the effect of the heating temperature of the biochar-based ad-
sorbent on the removal rate of cadmium. The removal rate of cadmium increases for the
biochar produced at high temperatures. To justify the findings, Figure 2 was composed to
show the proximate and ultimate analysis that tells how the O/C and H/C ratios affect
the biochar properties. The O/C ratio indicates the polarity and abundance of the polar
oxygen-containing surface functional groups in biochar. A higher O/C ratio indicates more
polar functional groups [61], which actively take part in the adsorption of Cadmium. On
the other hand, the H/C ratio indicates an aroma and stability of the biochar [62].
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Figure 2. The Van Krevelen diagram comparing the O/C and H/C ratios of the prepared biochar.

3.2. Effect of the Heating Time on Biochar Yield and Cadmium Remouval Rate

Figure 3 shows that the biochar yield is a function of the heating time. The yield
decreases from 44% (20-min heating time) to 29% (220 min heating time). This finding is in
line with the study reported by Tangjuank et al., in which the yield of biochar decreased
from 82% to 64% when the activation time was increased from 20 to 150 min [63]. The
trend can be ascribed by further decomposition at a prolonged heat exposure that led to
the removal of volatile organic compounds, thereby reducing the biochar’s quantity [34].

50 - 1 90
I Removal Rate ~ —#=Biochar Yield
1 85
45
80
— 75
K40 S
© 70 g
] ®
> 35 65 —
® >
£ o0 ¢
o 30 ]
55 &
50
25
45
20 40

0 30 60 90 120 150 180 210
Heating Time (min)

Figure 3. Effect of heating time on the biochar yield and removal rate of cadmium.

A long heating time enhanced the cadmium removal that increased from 68% to 74%
with a longer heat time, from 180 to 220 min (Figure 3). This result is similar to the other
study in which the removal rate and adsorption capacity of cadmium by biochar derived
from Eichhornia crassipes increased from 96% to 99% and 9.63 mg/g to 9.90 mg/g with the
increase in the heating time from one to two hours [64]. Due to the compensating effect of
the yield and efficiency, it is important to perform parameter optimization to balance the
removal efficiency and the biochar yield, as conducted via the RSM in this study.
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3.3. Effect of the Impregnation Ratio on Biochar Yield and Cadmium Removal

Figure 4 displays the yield of impregnated biochar at different NaOH impregnation
ratios. The yield of biochar was computed by dividing the final resultant biochar by the
initial mass of impregnated raw material (Kenaf fiber). It shows that the impregnation ratio
slightly affects the biochar yield of biochar because of the solubilization of NaOH in water
during impregnation and due to the evaporation of water during biomass decomposition. A
prominent effect of impregnation on cadmium removal is shown in Figure 4. Modification
via surface oxidation has been shown to be effective in biochar development for heavy
metal adsorption. It might increase some functional groups of biochar, such as carboxyl,
phenol-based, quinonoid, lactone, and fluorescein [65]. Figure 4 also shows a maximum
point of cadmium removal, suggesting the importance of synthesis method optimization.
NaOH seems to positively affect cadmium removal, as also reported elsewhere [66].

40 1 80
I Removal Rate  —@=—Biochar Yield

38 75
g 70§
- 36 o
2 &
- 65 &
© >
S 34 g
@ 60 &

32 55

30 L 50

Impregnation Ratio (w/w)

Figure 4. The effect of the impregnation ratio on the yield of biochar and removal rate of cadmium.

3.4. Effect of the Heating Temperature on Surface Area and Adsorption Capacity

Figure 5 shows that the surface area of the kenaf biochar increased with the increasing
heating temperature. The attained biochar surface areas were 21 m?/g (at temperatures
of 300-450 °C), 30 m? /g (450600 °C), and 22 m?/g (600-700 °C). The increasing trend of
the biochar surface area can be attributed to a large number of volatile compounds released
during the carbonization process. When kenaf fiber is carbonized at low temperatures, the
residue can block the pores due to incomplete carbonization [67].

200 1 30
[ Adsorption Capacity (mg/g)

= 180 | —o—  Specific Surface Area 7 { 25 &
E ®
T.‘f 160 F £
= 1 20 >
< 2
140 F =
(] (=}
3 e 2
S 12 } {158
(%] c
£ 100 =
S {1105
& g |} )
<

15

60 |
40 L L L L O
w97, 30 ., 40 ., 60 , 702
150 250 350 450 550 650 750

Temperature (°C)

Figure 5. Effect on the biochar surface area and adsorption capacity.
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Figure 5 also shows the effects of heating temperature on the adsorption capacity of
kenaf biochar. When the heating temperature increased from 197 to 300 °C, there was a
small increment of the adsorption capacity (from 13.9 mg/g to 15.58 mg/g). A jump in
the adsorption capacity was observed under the heating temperature range of 300-400°C,
reaching an adsorption capacity value of 26 mg/g at 700 °C.

3.5. Effect of Heating Time on Surface Area and Adsorption Capacity

Figure 6 shows that the heating time during pyrolysis only slightly affects the biochar
surface area. Conversely, the heating time showed an important effect up to 120 min. The
adsorption capacity of Cd*2 by Kenaf biochar increased from 17.21 mg/g to 21 mg/g under
a longer heating time, from 90 to 120 min.

120 1 24
I Adsorption Capacity —o— Specific Surface Area
1 22
w 115 F 4 20 o
S B
£ E
o 41 18 >
s | g
o 110 F {16 &
[8) ©
£ [ ©
3 [ {14 §
£ : 5
'S 105 | 112 3
& [ <
100 1 L 1 L 8
,.,20 30 60 9 120 = 180 220
0 50 100 150 200 250

Heating time (min)
Figure 6. Effect of heating time on the biochar surface area and adsorption capacity.

3.6. Effect of Impregnation Ratio on Surface Area and Adsorption Capacity

Figure 7 shows that the best impregnation ratio of NaOH to Kenaf was 1:1, which
resulted in a biochar surface area of 142 m?/ g. Thanks to low alkali concentrations, the
ester bond between lignin and sulfate could be broken via saponification, resulting in the
degradation of lignin, which increased the selectivity [68]. This allowed the activator to
access the raw material and increase the area of contact between the activator and the
precursor of carbon [69]. Besides, during the alkaline leaching process, hemicellulose could
be partly washed away. The leaching of hemicellulose may also lead to the formation
of a porous structure and facilitate an intrusion of the activator into the substrate. The
findings are in agreement with the one reported by Yang et al. [70], Kumar et al. [69], and
Hara Mohan et al. [71] from other feedstocks. They found that the pretreatment of raw
feedstocks with sodium hydroxide to produce activated biochar categorically improved
the textural properties of biochar (such as the specific surface area and porosity).
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Figure 7. Impregnation ratio effect on the biochar surface area and adsorption capacity.

3.7. Statistical Analysis of Kenaf Biochar-Based Adsorbent Production
3.7.1. Development of the Regression Model

Table 2 displays the entire design matrix and the findings from the experiments to
predict the optimal condition for the preparation and the interaction between the prepara-
tion conditions and the mathematical model shown in Equation (4). The responses were
the biochar yield (Y1), removal efficiency (Y3), and adsorption capacity of cadmium (Y3).
Every response was designed to establish an empirical model that associated the response
to modified biochar preparation variables with a polynomial second-degree equation, as in
Equation (4) [72]:

Y = BO + B1X1 + B2X2 + B3X3 + B12X1X2 + B]3X1X3 + B23X2X3 + B11X12 + B22X22 + B33X32 (4)

where Y is the predicted responses; By the constant coefficient; By, By, and Bj the linear
coefficients, B1y, Bi3, and By3 the binary interaction coefficients, By, By, and B3z the
quadratic coefficients, and xj, Xp, and x3 are the coded values of the modified biochar
preparation variables.

The input parameters and the response parameters are shown in Table 2. The biochar
yield obtained ranged from 25% to 45%. The surface area of the biochar ranged from
51.5m?/g to 178 m?/g. The cadmium removal rate and adsorption capacity ranged from
42.3% to 74.3% and from 14.1 mg/g to 26.10 mg/g, respectively. Based on the sequential
square model sum, the models were chosen solely based on the better-order polynomials,
where the additional parameters were scaled, and the models were no longer aliased. For
the three response parameters: biochar yield, adsorption capacity, and cadmium removal,
the quadratic model was recommended.

The final empirical models in terms of coded factors after an exception, the insignif-
icant terms for Biochar yield (Y1), cadmium removal (Y>), adsorption capacity (Y3), and
specific surface area (Y4) are shown in Equations (5)—(8):

Y; = +31.93 — 4.95X; — 1.715Xy — 0.25X3 + 0.92X; X5 + 0.56X1 X3 — 0.44X,X3 + 0.96X12 + 0.21X,2 + 0.15X32  (5)

Y, = +63.16 + 11.86X; + 0.86X; + 0.49X3 — 0.98X; X, — 0.48X; X5 — 0.43X5X5 — 1.40X12 — 0.87X,2 — 0.18X3%  (6)
Y3 = +21.10 + 4.0X3 + 0.31X5 + 0.12X5 — 0.24X; X5 — 0.075X1X3 — 0.23X,X3 + 0.51X3% — 0.23X,% — 0.0997X3%  (7)
Y, = +121.78 + 34.30Xy + 7.12X5 — 1.00X5 + 0.74X; X5 + 0.74X5X5 — 2.0X2X3 + 0.08X32 + 1.73X,% + 3.99X32  (8)

The interaction between the time (X;) and impregnation ratios (X3) was significant,
with a negative impact on all four responses. The interaction with temperature (X;) showed
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a significant effect, with a positive sign (B1; = 0.96 for biochar yield, By; = 0.080 for the
specific surface area of biochar, and By; = 0.50 for the adsorption capacity). The positive
sign in front of the terms given in Equations (5)—(8) suggests a synergistic effect, while the
negative signs indicate antagonistic impacts. The coefficient with one factor represents
the influence of the particular factor, while the coefficient with the two factors and those
with second-order terms represent the interaction between two factors and the quadratic
effect, respectively.

Table 2. Experimental data obtained based on a central composite design.

Biochar Preparation Variables Responses
X4, Tem- X Y Y,
CCD 1/ X5, Time 3 Y1, Biochar 2 Adsorption Y4, SSA
Run Position perature (min) Impregnation . ) 4o, Cd (D Capacity (m?/g)
O Ratio (w/w) Removal (%)
(mg/g)
1 Factorial 300 180 1 36.1 49.5 16.5 109.4
2 Factorial 600 60 3 30.3 71.2 241 158.6
3 Axial 450 120 0.32 324 62.3 20.8 129.2
4 Axial 198 120 2 444 423 14.1 51.5
5 Axial 450 19 2 341 59.1 19.7 107.5
6 Factorial 300 60 3 40.5 48.3 16.1 94.5
7 Center 450 120 2 33.4 63.1 21.1 122.5
8 Factorial 600 60 1 29.9 74.3 24.8 153.5
9 Axial 450 220.10 2 313 66.2 22.1 1334
10 Center 450 120 2 32.3 64.2 21.4 121.8
11 Center 450 120 2 31.2 63.1 21.0 121.8
12 Factorial 300 60 1 41.1 43.6 14.54 94.5
13 Center 450 120 2 32.1 61.3 20.40 121.7
14 Axial 702 120 2 25.3 78.3 26.10 180.1
15 Center 450 120 2 313 63.4 21.1333 122.5
16 Center 450 120 2 31.2 63.5 21.1667 122.5
17 Axial 450 120 3.68 327 65.2 21.7333 124.5
18 Factorial 600 180 1 27.3 714 23.8 173.5
19 Factorial 300 180 3 31.3 45.6 15.2 103.5
20 Factorial 600 180 3 27.2 72.5 241667 168.4

Note: CCD is Central Composite Designs and SSA is Specific Surface Area.

3.7.2. Analysis of Variance (ANOVA)

The ANOVA findings revealed that the actual relationship between each of the re-
sponses and relevant variables was adequately expressed by equations (Supplementary In-
formation). The ANOVA findings for the quadratic model for the Kenaf biochar yield,
cadmium removal rate, adsorption capacity, and surface area showed model F-values of
23.83, 45.3, 30.08, and 34.78 and suggested that the three models were significant. The
values of prob > F of less than 0.05 indicated that the model terms were significant. In this
case, temperature (X1), heating time (X3), and the interaction (X1,) were significant model
terms, while the impregnation ratio (X3) and the interaction terms (X;X3, X2X3, X2, and
X32) were all insignificant to the biochar yield.

The plot between predicted versus experimental (real) data for the biochar yield and
removal rate of cadmium, adsorption capacity, and specific surface area are shown in
Figure 8a—d. The predicted values obtained were very similar to the experimental values,
suggesting that the models developed were effective in representing the interaction con-
nection between the biochar-based adsorbent preparation variables for the four responses.
An analysis of the studentized residuals of responses confirmed that the selection model
provides a proper approximation of the real system. The residuals followed a normal
distribution (Supplementary Information).
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Figure 8. Correlation between the actual and predicted (software-based) values of (a) the Kenaf
biochar yield, (b) cadmium removal rate, (c) adsorption capacity, and (d) specific surface areas
of biochar.

3.8. The Combined Effect of Process Variables

The temperature was found to negatively affect the biochar yield but positively affect
the quality of the biochar. The chemical and physical properties of biochar, including pore
size distribution, defined the available pore volumes of carbon over three pore size regions:
the micropore, mesopore, and macropore regions [73]. The inclusion of the characteristics
of the impregnated biochar was not possible in this study and is seen worthy of a more
detailed follow-up study.

The temperature was found to highly negatively affecting the biochar yield with
the highest F-value of 179.49. Meanwhile, the heating time showed a slight effect on
the biochar yield with the highest F-value of 21.51, whereas the chemical impregnation
ratio showed a marginal effect on the response compared to temperature and time. The
quadratic effect of temperature on the yield was also larger compared to the activation time
and chemical impregnation ratio. However, the interaction effects between the variables
were less significant.

Figure 9 shows the three-dimensional response surfaces showing the effects of the
impregnated biochar preparation variables on the biochar yield (Y1). It shows the relation-
ship between temperature and reaction time. It can be seen that low temperatures and low
times produce more char, which means that both parameters play an important role in the
development of biochar.
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Figure 9. The combined effect of processing variables (a) temperature and time, (b) temperature and impregnation ratio,

and (c) time and impregnation ratio on the biochar yield and (d) the biochar yield at each factorial point.

Figure 9D illustrates the interaction between temperature and the chemical impreg-
nation ratio. The temperature affected the biochar qualitatively and quantitively, while
the chemical impregnation qualitatively affected the biochar. Since the biochar yield is
considered qualitative, the interaction between temperature and chemical impregnation
was small on the biochar yield compared to the interaction between temperature and
reaction time [66]. By looking at the biochar yield at each factorial point in Figure 9d,
biochar yields decreased with the increasing pyrolysis temperature, reaction time, and
chemical impregnation ratio. The maximum yield was reached when all three variables
were at the minimum points. This finding is also consistent with the work carried out by
Siddiqui et al. [46], where temperature and time had major roles in the yield of biochar
derived from pomegranate peel. The explanation for this decrease in biochar yield is that,
as the temperature increased, volatile emissions occurred as a result of an increase in the
dehydration and elimination reactions, as well as an increase in the C-NaOH and nitrogen
reaction rates during pyrolysis [74].

The response surface three-dimensional diagrams and contour diagrams of the inter-
action of the pyrolysis temperature (X;), reaction time (X,), and impregnation ratio (X3) on
the removal rate of cadmium and adsorption capacity are presented in Figures 10 and 11,
respectively. It can be seen from the curvature contour diagram that the response surface
of temperature for the removal rate and adsorption capacity is greater than the time and
impregnation ratio.
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Figure 10. The combined effect of the process variables (a) temperature and time, (b) temperature
and impregnation ratio, (c) time and impregnation ratio on cadmium (Cd) (II) removal, with the
interaction effect of dual factors, and (d) removal percentage of cadmium at each factorial point.
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Figure 11. The combined effect of the process variables (a) temperature and time, (b) temperature
and impregnation ratio, (c) time and impregnation ratio on the cadmium adsorption capacity, with
the interaction effect of dual factors, and (d) cadmium adsorption capacity at each factorial point.
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The response surface three-dimensional diagrams and contour diagrams of the inter-
action of pyrolysis temperature (X;), reaction time (Xy), and impregnation ratio (X3) on the
specific surface area of the Kenaf biochar presented in Figure 12. The temperature positively
affects the biochar surface area. The temperature was found to have the greatest positive
effect on the specific surface area with the highest F-value of 294.54, while time shows a
small effect on the biochar surface area with the F-value of 12.7. The chemical impregnation
ratio shows a good effect on the specific surface area with the F-value of 13.15.
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Figure 12. The combined effect of the process variables (a) temperature and time, (b) temperature and impregnation ratio,

(c) time and impregnation ratio on the specific surface area of biochar, with the interaction effect of dual factors, and (d) the

specific surface area of biochar at each factorial point.

3.9. Process Optimization

Due to the different areas of interest, it is very difficult to optimize all the responses
that make the product more effective and economical. There are the two most important
responses that industries are focusing on: yield and adsorption capacity [75]. Recently,
researchers have focused more on the surface modification of products. Economic viability
comes first, then specific modifications based on the targeting pollutants that they want to
remove. From a sustainable perspective, it is necessary to recycle some of the wastes, such
as agricultural waste (biomass from the second or third crops, residues of harvest, and
waste collection) [76]. For this reason, when adsorbents are made from waste, researchers
usually use surface modifications. From the above analysis, the product yield (Y;) increases
as the removal rate (Y3), adsorption capacity (Y3), and specific surface area (Y,) decrease
and vice versa. Therefore, to make a compromise between these responses, Design-Expert
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software (DOE) was used to apply the desired functions. The experimental condition with
the highest desirability (66.70%) was selected for verification. Biochar was prepared under
the experimental conditions presented in Table 3, along with the experimental values for
yield, removal rate, and adsorption capacity. It was noted that the experimental values
obtained were in good agreement with the values determined from the models. The
optimal Kenaf biochar was obtained using 550 °C temperature, 180 min of reaction time,
and a 1:1 impregnation ratio, resulting in 28.6% of the biochar yield, 69.82% of the cadmium
removal, 23.48 mg/g of the adsorption capacity, and 160.44 m? /g of biochar-specific area.

Table 3. Complementary Design-Expert software (DOE) validation of the quadratic mathematical model.

Temperature,
x1 (°O)

NaOH
Impregnation Yield, Y7 (%)
Ratio, x3 (g/g)

Adsorption Biochar
Capacity, SSA Desirability
Y3 (mg/g) Y4 (m?/g)

Cd?** Removal,
Y, (%)

550

1 28.60 69.82 23.48 160.44 0.667

References

4. Conclusions

The biochar-based adsorbent derived from Kenaf fiber was demonstrated to be a good
adsorbent for the removal of cadmium from an aqueous solution. However, the impact
of preparation parameters often offset each other, necessitating an optimization. With the
help of a design expert, the regression analysis and variable optimizations were developed
and showed a good fit with the experimental data. Based on the optimization results, the
pyrolysis temperature was found as the most significant factor among all the processing
variables. The optimal Kenaf biochar was obtained using 550 °C, 180 min of reaction time,
and a 1:1 impregnation ratio. The resulting adsorbent had a 28.6% biochar yield, 69.82%
cadmium removal, 23.48 mg/g adsorption capacity, and 160.44 m?/g biochar-specific
surface area. The findings of this study demonstrate the effectiveness of the RSM for
multiparametric optimization.
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