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Abstract

This study proposed 3 types of rice husk activated carbon prepared by a variation
of chemical activation techniques includes non-stirred, mechanical stirred and
mechanical stirred with ultrasound assistance. FTIR transmission spectra
showed that aromatic rings and alkenes were released more on husk activated
carbon with ultrasound assistance in chemical activation (RH-ACMUS), and
SEM images confirmed that more pores were obtained in RH-ACMUS. The
effect of independent variables on adsorption capacity of Cu(ll) ions was
investigated. An optimum condition of batch mode adsorption was obtained
based on step-by-step single variable knockout technique, which consisted of
500.09 mg/L of Cu(ll) ions in 100 mL of aqueous volume, 1 g of RH-ACMUS,
at 100-rpm magnetic stirring, pH 6, 1 atm and 27 °C. The adsorption capacity in
the optimum condition was 39.84 mg/g. Adsorption of Cu(ll) ions onto RH-
ACMUS fitted very well (R? = 0.99) with pseudo-second order kinetic, and the
adsorption rate and equilibrium capacity determined were 0.88 g/mg.min and
39.84 mgl/g, respectively. In addition, it was best fit (R? = 0.91) to Freundlich
adsorption isotherm with porous volume obtained was 1.52 L/mg, and
adsorption intensity was 1.46, and it indicated physical adsorption was taking
place dominantly.
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1. Introduction

Pollution of heavy metal ions in liquid phase can damage the environment [1, 2],
and it can cause negative impacts to human and animal because of its non-
biodegradability and toxicity [3]. It caused dysfunctions of tissues and organs in
human body [4, 5]. Waste-water consisting heavy metal ions mostly might be
released from industrial practices, agricultural processing, domestic waste [1, 6]
and educational and research centers [7].

Among separation process, adsorption would be the better method due to its
effectiveness and simplicity for heavy metal ions removal including Cu(ll) ions in
municipal wastewater and industrial effluents [8, 9]. Some lignocellulosic waste-
based adsorbents were proposed for Cu(ll) ion adsorption, which had been prepared
from areca catechu shell [10], barley straw [11], Chara Sp. Algae [12], wheat straw
[13], sunflower leaves [14] and palm oil fruit shells [15]. Activated carbon based
on lignocellulosic waste have been developed to answer the need of activated
carbon was expected to reach more than 5,500 kilo ton by 2022 in global market
[16]. Thus, it offers great prospect to develop low cost and better activated
carbon. An excessive arrangement of studies on lignocellulosic solid waste to
produce it have been investigated for adsorption and removal of Cu(ll), such as
areca catechu stem [17], myristica fragrans shell [18], pithecellobium jiringa shell
[19], Australian pine cones [20], corncob [21], stones of Tunisian date [22],
cassava peel [23], hazelnut and pecan shell [24, 25], hazelnut husks [26], coconut
shell [27-29] and apricot stone [30].

Global production of RH was expected to continuously increase since the
annual total world production and consumption of paddy rice have been risen
with the 2 biggest contributors namely China (over 210 million metric tons) and
India (over 177 million metric tons) in 2019 [31]. Rice husk which consists
generally of lignin (20%), hemicellulose (20%) and cellulose (32%), organic
component such as fat and crude protein (20%) [32], is a promising
lignocellulosic solid waste for an adsorbent. Modified rice husk (RH) without
carbonation have been proposed for removal of copper and lead ions (tartaric
acid-modified RH) [33], manganese, lead and arsenic ions (iron and aluminum-
impregnated RH ash) [34], divalent metal ions of copper, lead, cadmium and zinc
ions (nitric acid and potassium carbonate RH [35] and copper ions (sodium
hydroxide-modified RH) [36]. Meanwhile, modified RH with heat treatment have
been applied for adsorption of chromium ions (ozone activation in carbonized-
RH) [37], copper ions (RH heated 300-500 °C) [38], iron, manganese, zinc,
copper, cadmium, and lead ions (350 °C carbonation physically and KOH-
chemically activated RH) [39], hexavalent chromium ions by non-hydrothermal
carbonized RH [40] and hydrothermal carbonized RH [41], lead ions (600-800
°C carbonation physically and sodium hydroxide-chemically activated RH) [42],
and lead and copper ions (500 °C calcined physically RH) [43].

Previous studies had been carried on with various techniques of treatment,
synthesis and preparation including physical, chemical, and physicochemical
methods are applied for the production of rice husk activated carbon (RH-AC)
[44-47]. The preparation of RH-AC by physicochemical activation has also been
effectively applied to increase surface area and adsorption capacity [48]. Using
NaOH and KOH in physicochemical activation of RH-AC produced high surface
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area of 2681 m?/g for supercapacitor application [49]. However, ultrasound
assistance has not been applied in chemical activation of RH-AC.

Meanwhile, ultrasound assistance in a batch mode adsorption increased 4-
dodecylbenzene sulfonate adsorption onto corn cob-AC [21], and it increased
adsorption of copper by melon waste-AC [50]. Interestingly, ultrasound
assistance (1 MHz of ultrasonic probe) in an AC chemical activation increased
adsorption of copper by pithecellobium jiringa-AC [19]. Response surface
methodology (RSM) was mostly applied to achieve an optimum condition of
independent variables in adsorption, and it recommended a minimal number of
experiments to run [17, 51]. Step-by-step single variable knockout technique,
which is used in present study, has not been proposed in previous studies. This
technique can be minimized the number of experiments to run. To be fairly
compared with the RSM number of experiments without repetition, each
experiment was run without repetition.

This study proposed a preparation of RH-AC by physicochemical activation
whereas the physical activation was conducted in a tube furnace, and the chemical
activation were carried out using NaOH with 40 kHz ultrasound assistance in
ultrasonic bath. Functional groups and morphology of rice husk-based activated
carbons were analysed by FTIR and SEM techniques, respectively. The
adsorption capacity over independent variables such as adsorption time, initial
pH, initial Cu(ll) ions concentration and adsorption temperature were
investigated, and an optimum condition to attain a maximum adsorption was
obtained based on step-by-step single variable knockout technique. All the
parameters of adsorption kinetics and adsorption isotherms were determined at
the optimum condition.

2. Materials and Method

2.1. Preparation and characterization of activated carbon

RH of 1 kg was collected from a paddy milling. To remove RH impurities washed
and decanted using tap water. Then, RH then was washed with RO water to finally
clean it from the impurities. After washing the cleaned RH were dried at 120 °C for
3 hinan oven (Memmert NN-ST342M, Western Germany). The dried RH of 250
g was then pyrolysed at 500 °C with heating and N injection rate of 45 °C/min and
5 ml/min respectively for 30 min physical activation using a furnace (TF-120, 300-
1500 °C, Human Lab Inc., Korea) [17]. After physical activation, RH carbon was
ball milled into powder and sieved (ASTM standard) to 60-80 mesh size [33].

RH carbon (activated physically) of 50 g was activated chemically using 500
mL NaOH (97%, from Aldrich) at 0.5 M in a beaker glass (750-mL) without
mechanical stirring, or not stirred (NS) for 1 hour at room temperature 27 °C (x 1
°C). RH-AC was washed using RO water and filtered, it was repeated many times
until the pH of remaining water reaching neutral (pH 7 £ 0.1). RH-AC was vacuum-
filtered and dried at 110 °C until for 5 hours. Finally, RH-AC was stored in a sealed
bottle and labelled as RH-ACNS.

The chemical activation procedure was repeated for other 50 g of RH carbon
with mechanical stirring (MS) at 75-rpm (IKA, type C-MAG HS 7) for the same
activating time of 1 hour. This RH-AC was labelled as RH-ACMS. The chemical
activation procedure was repeated for other 50 g of RH carbon with mechanical
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stirring at 75-rpm under 40 kHz ultrasound assistance (ultrasonic bath, Bransonic
8510, 40 kHz, USA) for the same activating time of 1 hour at room temperature
27 °C (£ 1 °C). This RH-AC was labelled as RH-ACMUS.

2.2. Characterization of RH-ACNS, RH-ACMS and RH-ACMUS

Fourier Transform Infrared Spectroscopy (FTIR, Shimadzu Prestige 21, Japan)
technique was applied to identify the chemical functional groups of RH-ACNS, RH-
ACMS and RH-ACMUS. The FTIR spectrums were quantified at the range of 400-
4000 cm* using KBr Pellet method. Each sample of 0.5 mg was well mixed by finely
pulverizing it with 500 mg of KBr. The mixture was slow dried at 110 °C (+ 1 °C),
and it was put into a 13 mm-diameter pellet-forming die to form transparent pellets
in vacuum condition. Then, the pellet was used to measure the infrared spectra of
RH-ACNS, RH-ACMS and RH-ACMUS. Scanning Electron Microscopy (SEM,
HITACHI TM3000, Japan) was used to capture the surface morphology of RH-
ACNS, RH-ACMS and RH-ACMUS at 50/60Hz and 1 phase of 500VVA accelerating
voltage. Before conducting SEM analysis, each sample was dried at 105 °C for 20
min in the Memmert oven.

2.3. Adsorption experiments

Batch experiments were conducted using a beaker glass (150 mL to contact the
activated carbon with an artificial solution of CuSO4.5H,0 (99% pure from Aldrich).
The stock solution (1000 mg/L) prepared and analysed using Atomic Absorption
Spectrophotometer (AAS, Shimadzu AA 6300, Japan) [18, 20]. Adsorption time was
varied for 0, 15, 30, 45, 60, 75 and 90 min with 100-rpm magnetic stirring speed. The
activated carbon-solution systems were set at 49.92-500.15 mg/L of initial Cu(ll)
concentration, 4-6 of initial pH, 1 g of activated carbon and 27-47 °C of adsorption
temperature. The result of each experiment was analysed in triplicate run of AAS
with the value of standard deviation (STDEV) being less than 2%. Effect of all the
independent variables were investigated, and an optimum condition was obtained
based on step-by-step single variable knockout (S®V-KO) technique wherein a
maximum adsorption capacity was worked out. The S®V-KO technique was
presented in Table 1 of Results and Discussion part. The optimum condition was
used for adsorption kinetics and adsorption isotherms.

Adsorption capacity at a certain time was obtained using Eq. (1) which was
modified from previous study [52, 53]:
= Cr=oCen) (1)

mac

qt=n

where Ci-o (mg/L) is Cu(ll) concentration at the time of zero (t=0 min), Ci= - Co
(initial Cu(ll) concentration; Ci-, (mg/L) is Cu(ll) concentration at any time of n
(min); ge=n (Mg/g) is adsorption capacity at t=n; Vs (L) denotes as the batch mode
volume (L); and mac (g) is the activated carbon mass.

All the parameters of adsorption kinetics and adsorption isotherms were
determined at an optimum condition. The linearized pseudo-first order kinetic
(LPFOK) model of Lagergren model [54] and the linearized pseudo-second order
kinetic (LPSOK) model of Ho model were presented by Eq. (2) and (3),
respectively [20, 55, 56]:
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where g: (Mg/g) is Qi=n; KL (/mMin) and ky (g/mg.min) are the rate constant of LPFOK
and LPSOK, respectively; and g (mg/g) represents adsorption capacity at
equilibrium time (t¢). The linearized Langmuir model [57] (LLM) of Eg. (4) and
the linearized Freundlich model [58] (LFM) of Eq. (5) were taken into account to
study adsorption isotherm [20, 56]:
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e = +—¢C, 4)

de amKy, adm
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where C. (mg/L) symbolizes equilibrium Cu(ll) concentration; dm (Mg/g)
represents the maximum adsorption capacity of LLM monolayer; K. (L/mg) is
LFM-based porous volume constant; Ke (L/mg) indicates LFM-based porous
volume constant; and n is LFM-based adsorption intensity.

3. Results and Discussion
3.1. FTIR spectra of activated carbon

The FTIR spectra of RH-ACNS, RH-ACMS and RH-ACMUS at 400 to 4000 cm?
are shown in Fig. 1 where it highlights 4 functional groups. The characteristic bands
are the =C—H bending at 680-860 cm* (aromatic) with a peak at 806 cm™; C-O
bending at 1012-1309 cm™* (carboxylic acids, ethers and ester) with a peak at 1007
cm; C=C bending at 1500-1700 cm* (aromatic rings) with a peak at 1554, 1697
cm?; and C-H bending at 3010-3100 cm* (alkenes) [53] with a peak at 3024 cm!
[35, 37, 38, 56].
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Fig. 1. FTIR spectra of activated carbon.

Overall, FTIR results confirmed that mechanical stirring in the chemical
activation of activated carbon reduces the transmittance of functional groups of
aromatic rings from 80.61 (RH-ACNS) to 74.55 % (RH-ACMS), and alkenes from
84.05 (RH-ACNS) to 77.71 % (RH-ACMS). The effect of ultrasound was clearly
shown by RH-ACMUS transmission spectra where it reduces the transmittance of
aromatic rings and alkenes to 72.94 and 73.31 %, respectively. This reduction
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corresponds to the destruction of the hydrogen bonds of the aromatic and alkene as
it exposes to the ultrasound wave [59, 60].This subsequently releases more volatile
matters in RH-ACMUS thus leading to more potential pores [19].

3.2. SEM micrographs of activated carbon

As shown in Fig. 2, surface morphology of activated carbon varies between
preparation techniques where more pores were observed by the assistance of the
ultrasound wave as shown in RH-ACMUS compared to RH-ACNS and RH-
ACMS. This is possibly due to the effect of the ultrasound wave which accelerates
the NaOH dehydrating agent to break the stretch and bending of chemical
functional group leading to more volatile matters being released from the activated
carbon. This result was in line with the FTIR observation presented in section 3.1
as well as from the previous studies [19, 59, 60]. Thus, more Cu(ll) is most likely
to be absorbed by RH-ACMUS rather than in RH-ACNS and RH-ACMS.

20200713 1145 F D43 2.0 202000713 1127 F D43 x20k 30 um

(a) RH-ACNS (b) RH-ACMS

0200713 W52 F D45 x20k 30 urn

(c) RH-ACMUS
Fig. 2. SEM micrographs of activated carbon.

3.3. Effect of contact time on q;

The first stage of obtaining an optimum condition of adsorption was to work out
the value of t. for the 3 types of the rice husk activated carbon prepared. The effect
of contact time on g: was evaluated in this stage, and the results were shown in Fig.
3 where RH-ACNS and RH-ACMS curves present the same trend of adsorption
capacity where it increases slowly in the first 60-min contact time. Then it increases
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moderately from 24.97 to 25.09 mg/g at 60-min and 75-min, respectively for RH-
ACNS and from 29.09 to 30.51 mg/g at 60-min and 75-min, respectively for RH-
ACMS. Subsequently, the increment subdued at 90-min to reach equilibrium
adsorption capacity of 25.07 and 30.61 mg/g for RH-ACNS and RH-ACMS,
respectively. Interestingly, the rate of adsorption capacity of RH-ACMUS escalated
sharply in the first 15-min contact time with an amount 0f39.71 mg/g. Following
to that the adsorption of Cu(ll) starts to stabilize with 39.78 and 39.82 mg/g at 30
and 45 min, respectively and finally reached to 39.84 mg/g at 90-min. Similar trend
of the Cu(ll) adsorption capacity were also reported in the previous studies [19,
33]. From this stage, 90-min contact time was selected as te, and only RH-ACMUS
was used for the rest batch experiments as it showed the highest ge.
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Fig. 3. Effect of contact time on gt Batch condition:
Vs =100 mL, Co=500.15 mg/L, mac=1 g, 100-rpm, pH 6, 1 atm, 27 °C.

3.4. Effect of Coon Qe

As revealed in Fig. 4, the value of g. for RH-ACMUS increases as Co increases
from 49.92 to 250.12 mg/L. The value of ge jumped by 112.99 % for Co increment
from 250.12 to 500.09 mg/L. Similar inclination trend was also reported in the
earlier work [19, 21]. This trend is reasonable because ¢. should increase
continuously with Co increment, and it increases insignificantly just before all
active sites being occupied by the adsorbate [53, 54].
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Fig. 4. Effect of Coon ge. Batch condition:
Vs=100 mL, Co=49.92-500.15 mg/L, mac =1, 100-rpm , pH 6, 1 atm, 27 °C.
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3.5. Effect of initial pH on ge

To investigate the effect of initial pH on ge, the initial pH of Cu(ll) solution was
adjusted by dropping 0.01 M NaOH, or 0.01 M HCI [18] before RH-ACMUS was
added into the Cu(ll) solution. The highest ge in Cu(ll) adsorption was generally
obtained in acid condition, and it could be linear and parabolic trend over initial pH
under 7 [18, 22, 24, 50]. As highlighted in Fig. 5, rising initial pH from 4 to 5
resulted in the increment of ge by 44.25 %, and it was by 191.78 % for the increase
of initial pH from 5 to 6. Therefore, maximum ge of Cu(ll) on RH-ACMUS was
taking place at pH 6.
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Fig. 5. Effect of initial pH on q:. Batch condition:
Vs=100 mL, Co=500.15 mg/L, mac=1, 100-rpm, pH 4-6, 1 atm, 27 °C.

3.6. Effect of temperature on Qe

Figure 6 shows the effect of temperature on g. where it displays a sharp decline by
66.17 % when the temperature changes from 27 to 37 °C, and subsequently, the
value of g. decreases to 11.41 mg/g at 47 °C. Such trend is in accordance with the
previous experimental results reported earlier [18, 19] at which proves that physical
adsorption of Cu(ll) occurred in RH-ACMUS. This was also supported by the
previous discussion (t versus q;) in section 3.3 whereas Cu(ll) adsorption on RH-
ACMUS occurred faster indicating physical adsorption [61].
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Fig. 6. Effect of temperature on q.. Batch condition:
Vs =100 mL, Co=500.15 mg/L, mac=1, 100-rpm, pH 4-6, 1 atm.

Journal of Engineering Science and Technology August 2022, Vol. 17(4)



2504 A. Muslim et al.

Table 1. The S*V-KO technique for batch experiments.

Dependent and Independent Variables of Batch Experiments
Co=500.15 mg/L, mac=1g, 100-rpm, pH 6, 1 atm, 27 °C

t (min)
15 30 45 60 75 90
RH-ACNS  16.02 21.77 23.73 24.97 25.05 25.07
Qe AF(QZFI\|/-IS 18.88 24.61 2695 29.09 30.51 30.61
(mg/g) RH-
ACMUS 39.71 39.78 39.82 39.83 39.83 39.84
Reduction t=15-75 min,
RH-ACNS and RH-ACMS
Selected te =90 min, RH-ACMUS
mac=1g, 100-rpm, pH 6, 1 atm, 27 °C
Co (mg/L)
49.92 106.66 148.26 250.12 500.09
Qe RH- te 90
(mglg)  ACMUS i 4.55 1020 1244 1871 39.84
Reduction C049.92-250.12 mg/L
Selected C0500.09 mg/L
mac=1g, 100-rpm, 1 atm, 27 °C
4 5 6
Qe RH- te 90 Co=500.09
(mglg)  ACMUS min mg/L 947 1365 3984
Reduction pH 4-5
Selected pH 6
mac=1g, 100-rpm, 1 atm
Temperature, T ©C)
47 37 27
e RH- te 90 Co=500.09
(m%/g) ACMUS min m/L pH6 1141 1348 39.84
Reduction T 37-47°C
Selected T27°C

The order of batch experiment to investigate the effect of all the independent
variables on ge being discussed above was based on the S*V-KO technique
presented in Table 1. Reducing step-by-step the values of single independent
variable and selecting the value of single independent variable for the next step
of batch experiment after the highest g. value being obtained, were also presented
in Table 1. The S®V-KO technique recommended only 11 runs of experiments.
Meanwhile, the RSM Box-Behnken design and RSM central composite design
[17, 51] recommended 30 and 29 runs of experiments, respectively to run for each
RH-AC based. It means that S®V-KO technique can minimize the number of
experiments compared to the RSM. Based on the S®V-KO technique, an optimum
condition of batch mode adsorption obtained suggests 500.09 mg/L of Cu(ll) ions
in 100 mL of aqueous volume, 1 g of RH-ACMUS, at 100-rpm magnetic stirring,
pH 6, 1 atm pressure and temperature of 27 °C.

The optimum condition highlighted in Table 1 was used for the kinetics
analysis. Figs. 7(a) and (b) display that Cu(ll) adsorption capacity of RH-ACMUS
fitted best to the LPSOK model (R? = 0.9975). Pseudo-first order kinetic model
might imply chemical adsorption, or physical adsorption depending on reaction rate-
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limiting mechanism, or diffusion rate-limiting behavior, respectively [62]. It referred
to chemisorption for Pb(ll) adsorption onto acidified carbon nanotubes [63], and
methylene blue and crystal violet adsorption on Millettia thonningii seed pods-based
activated carbon [64]. Meanwhile, it implied the physical adsorption for Cu(ll)
adsorption on activated carbon prepared from Myristica fragrans shell [18] and
Pithecellobium Jiringa [19], and phenol adsorption on activated carbon utilized from
Kraft lignin [65]. Based on the isotherm studly it fits well with the LFM, the pseudo-
first order kinetic of Cu(ll) adsorption on RH-ACMUS should be controlled by
diffusion rate-limiting [62]. From the intercept and slope of LPSOK model, k+ and
ge Were obtained, which was 0.88 g/mg.min and 39.84 mg/g, respectively.
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159 &Co=500.09 mg/L

1.0
05 - y =-0.0195x - 0.0178

R*=0.2285
0.0 . 5

-0.5 40 60 80 10
4.0} - »

1.5 i

-2.0 *
2.5

log (q.-qy)

t (min)
(a) Plot of LPFOK model

8.0

7.0 ¢ Co=500.09 mg/L
6.0

5.0
4.0
3.0 y=0.0793x +0.2143
2.0 R?=0.9975

1.0
0.0

t/qt

0 20 40 60 80 100
t (min)

(b) Plot LPSOK model

Fig. 7. Adsorption Kkinetics. Batch condition:
Vs=100 mL, Co=500.15 mg/L, mac=1 g, 100-rpm, pH 6, 1 atm, and 27 °C.

3.7. Adsorption kinetics and isotherms

As clearly shown by the correlation coefficients in Fig. 8(a) and (b), the LFM
adsorption isotherm fits very well to adsorption of Cu(ll) on RH-ACMUS (R? =
0.914). As expected in the previous discussion, each active site of RH-ACMUS
should adsorb more Cu(ll) to form multilayer on RH-ACMUS surface. The LFM-
based porous volume constant (Kr) was 1.52 L/mg, and adsorption intensity n was
1.46. Overall, it inferred that physical adsorption control dominantly the Cu(ll)
adsorption onto RH-ACMUS. Similar trend was also reported in the previous
studies where the adsorption capacity decreases with the increase in temperature
for physical adsorption [18, 19, 66].

Journal of Engineering Science and Technology August 2022, Vol. 17(4)



2506 A. Muslim et al.

4.0
3.5
3.0
2.5 L 2
2.0 P'S

1.5
10 |e
05 |e
0.0

y =0.026x + 0.6852
R?=0.6793

C./qe (g/L)

0 50 100 150
Ce (mg/L)

(@)

1.8

1.6
1.4 y =0.6841x + 0.1822
12 R?=0.9145

1.0
0.8 -
0.6
0.4
0.2
0.0

log g,

0.0 0.5 1.0 1.5 2.0 25
log C.

(b)

Fig. 8. (a) Plot of LLM and (b) LFM. Experimental condition:
Vs =100 mL, Co=500.09 mg/L, mac=1 g of RH-ACMUS, 100-rpm
magnetic stirring, pH 6, 1 atm, 27 °C.

4. Conclusions

This study proposed the preparation of activated carbon from rice husk for Cu(ll)
adsorption. Assisting ultrasound in chemical activation resulted in more pores
being obtained on the activated carbon of RH-ACMUS. The ultrasound waves
caused more volatile matter being released from RH-ACMUS compared to the ones
without ultrasound assistance. More pores were obtained on RH-ACMUS
compared to the ones without ultrasound assistance. All the independent variables
were investigated, which suggesting the optimum condition obtained using the
step-by-step single variable knockout (S®V-KO) technique which are RH-
ACMUS-solution system consisted of 100 mL Cu(ll) solution at 500.09 mg/L, 1 g
of RH-ACMUS, 100-rpm magnetic stirring, pH 6, 1 atm and 27 °C. In the optimum
condition, pseudo-second order kinetic fits very well to Cu(ll) adsorption capacity
of RH-ACMUS with the equilibrium adsorption capacity and rate constant of 9.84
mg/g and 0.88 g/mg.min, respectively. Freundlich adsorption isotherm provided
the best fit for adsorption of Cu(ll) on RH-ACMUS, and the porous volume
obtained was 1.52 L/mg, and the adsorption intensity was 1.46. This clearly show
that rice husk with ultrasound preparation technique in chemical activation offers a
promising competitive activated carbon characteristics for the future.
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