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Abstract

To address the separation problems and produce the reusable adsorbent, cassava peel magnetic
activated carbon (MAC) prepared via microwave-assisted activation has been proposed to replace activated
carbon (AC) for naphthol blue-black removal. To create MACs, ACs were embedded with nano-sized
magnetite particles using co-precipitation methods. In this sense, 2 different activating agents (i.e., HsPO4
and KOH) have been used. H3PO. activation provides a larger pore size and more functional groups, while
KOH activation provides a larger surface area and higher porosity. The increase of HsPO4 concentration
from 40 to 60 % leads to an increase in porosity as well as an increase in the weight ratio of KOH to char
from 1 to 3. Impregnation magnetite to the ACs reduces surface area from 457.76 to 337.94 m? g’ for KOH
activation, and from 360.65 to 232.74 m?2 g for HsPO4 activation, decreasing adsorption capacity from
97.5 to 97 % for KOH activation and from 99 to 98 % for HsPO4 activation. However, the adsorbent is
easy to separate under the magnetic influence. The adsorption data of MAC by HsPO4 activation show
suitability with the Redlich-Peterson isotherm model, suggesting that naphthol blue-black removal is not
ideal monolayer adsorption, but a combination of physisorption and chemisorption processes that exhibit
heterogeneity of naphthol blue-black adsorption on the surface of adsorbent. Meanwhile, for MAC by KOH
activation, the Langmuir isotherm is more suitable.
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Introduction

All societal strata in Indonesia value batik as a part of their national history. Batik preparation involves
a dyeing procedure that is essential and important. In this process, synthetic dyes are frequently employed
due to their vivid colors, accessibility, affordability, and easily bind to the hydroxyl groups of the cloth to
form covalent bonds. There are 3 categories of dyes, namely anionic dyes (acid, reactive, azo, and direct
dyes), cationic dyes (basic dyes), and non-ionic dyes (dispersion dyes). An azo dye used frequently by the
textile industry for coloring textiles, nylon, silk, and batik is naphthol blue-black. The ionized aromatic
chemical naphthol is more reactive than phenol. These organic substances are extremely poisonous, cancer-
causing, and incapable of breaking down naturally [1]. Hence, it is urgent to reduce the dye before being
discharged into the environment. Several treatment methods to remove the dye are expanded, including
precipitation [2], membrane separation process [3], photocatalysis [4], and adsorption [5]. The precipitation
method produces a large amount of toxic sludge that needs further chemical treatment and proper disposal.
In addition, it lacks specificity and is ineffective for low concentrations [2]. Membrane technology cannot
be carried out efficiently due to high operational costs, high energy consumption, and high concentration
of sludge production [2]. Meanwhile, the photocatalytic method requires a significant amount of O, has a
long duration time, and limited application [2]. Adsorption is most prominent due to its environmentally
friendly, simple application, high efficiency, and low investment cost, especially if adsorbents are
inexpensive and abundantly available. Several low-cost adsorbents have been studied by researchers such
as bagasse-bentonite mixture [6], alga waste-bentonite mixture [7], and various types of activated carbon
[8]. However, activated carbon (AC) is considered a pledge adsorbent to remove the dye from wastewater
[8]. Itis related to its large surface area, high porosity, surface chemistry properties related to the availability
of functional groups, good thermostability, and high adsorption capacities [6]. However, the high
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manufacturing cost causes the application of AC to be limited. To address this issue, many agricultural
wastes have been utilized including peanut shell [9], pineapple crown leaf [10], and cassava stem [11].
Cassava (Manihot esculenta), a woody shrub perennial plant, commonly grows in tropical and subtropical
regions, including Indonesia. Apart from being the main food, cassava is also widely used as a raw material
in the food industry. In this sense, a large amount of cassava peel is produced and discharged into the
environment as solid waste. The chemical content of cassava peel is 37.9 % cellulose, 23.9 % hemicellulose,
and 7.5 % lignin [11], making it possible to act as a precursor in the AC preparation.
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Figure 1 Degradation reaction of cellulose to form biochar and adsorption mechanism of naphthol blue-
black molecule on the adsorbent surface.

The production of AC from lignocellulosic sources such as agricultural waste and biomass is a 2-
phase process, i.e., pyrolysis and activation. In the pyrolysis process, lignin, cellulose, and hemicellulose
are degraded into biochar. Although the high pyrolysis temperature in the manufacture of biochar can
destroy most of the organic functional groups derived from lignocellulosic material, biochar still contains
various functional groups. As an example, the degradation reaction of cellulose to form biochar is presented
in Figure 1 [12]. Meanwhile, the activation process can be carried out in 2 ways, chemical activation and
physical activation [13]. Although physical activation is a low-cost process with a lower environmental
impact, chemical activation is preferred. Apart from opening blocked pores, widening existing pores, and
forming new pores, the chemical activation process can also produce new functional groups, which will act
as active sites in chemisorption, through electrostatic interactions (Figure 1) or the formation of other
chemical bonds. In this case, the tunable pore structure, which is identified as porosity and specific surface
area increases the accessibility of functional groups, while the dominant adsorption process occurs at the
active sites. It is different from physisorption which occurs in pores through van der Waals forces, so the
good adsorption capability of AC is related to its superior surface area, not its functional groups.

In chemical activation, the use of activating agents such as HzPO4 [14] and KOH [15] is generally
preferred because it requires lower temperature, produces a higher yield, creates a better porous structure,
and obtains materials having a larger surface area and more functional groups. In this sense, the use of
microwave as a heating source is a promising alternative to replace conventional heating due to several
advantages such as rapid temperature rise, leading to a faster process time and a decrease in energy
consumption [16]. In addition, microwave heating creates a uniform temperature distribution, thereby
reducing the temperature gradient in the material, leading to uniformity of the pore size [17]. Although AC
can effectively remove various contaminants in wastewater, it has obstacles in the separation process. In
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order to address the separation problems and produce the reusable adsorbent, the loading of nano-sized
magnetite particles to the AC has been proposed [18]. Magnetite is an iron oxide containing both ferrous
and ferric ions, providing magnetic properties to the activated carbon [18]. It allows activated carbon to be
more easily separated from wastewater using a magnetic field. Therefore, the main objective of this research
was to prepare cassava peel magnetic activated carbon to replace activated carbon for dye adsorption. The
focus of this research is to compare the effectiveness of H3:PO, and KOH activation coupled with
microwave heating. Furthermore, the effect of the activation mechanism on the pore structure and
adsorption ability is analyzed and discussed. To the best of our knowledge, there isn't any literature that
specifically reported a similar study, making this study a fascinating subject for further investigation.

Materials and methods

Materials

The cassava peel waste used in the study was obtained from a cassava chip factory in Gunungpati,
Indonesia, which uses the Mangu variety with an average harvest age of 10 months. The waste was chopped
into small pieces, washed, and dried at 110°C for 24 h in an electric oven (Memmert type UN55, Germany).
Furthermore, dried cassava peel was ground to a fine powder.

Preparation and characterization of activated carbon

The cassava peel powder was entered into an electric furnace (Model FB1310M-33 Thermolyne,
Thermo Scientific, USA) at 700 °C for 1 h in limited air for obtaining char. Furthermore, H3PO4 and KOH
were used to investigate the effect of different activating agents on the characters of AC and MAC. For
HsPO, activation, 10 g of char was added to a 120 mL solution of H3PO, with different concentrations (40,
50 and 60 %). The mixture was stirred for 24 h, filtered, and dried at 110 °C for 24 h. The resulting ACs
were denoted as ACP-40, ACP-50, and ACP-60, respectively. For KOH activation, 10 g of char was mixed
with KOH and 10 mL of distilled water. In this sense, the weight ratio of KOH to char was set at 1, 2, and
3. The mixture was stirred for 24 h, filtered, and dried at 110 °C for 24 h. The resulting ACs were denoted
as ACK-1, ACK-2, and ACK-3, respectively. The impregnated chars were then placed in an alumina reactor
and inserted in a 2.45 GHz microwave oven (Model ME731K Samsung, Malaysia with modification to
minimize inconsistencies of microwave intensity during heating). Several modifications were made,
including the use of 2 magnetrons and a double-wall reactor. In this case, the effect of power on the
temperature profile and the characteristics of ACs has been published by Astuti et al. [19]. The heating is
carried out at 600 W under a flow of N, of 0.25 L min! for 7 min. After washing and the final drying stage,
the ACs were embedded with nano-sized magnetite particles using co-precipitation methods [20]. MACs
obtained from ACP-40, ACP-50, and ACP-60 were denoted as MACP-40, MACP-50, and MACP-60,
respectively, while MACs obtained from ACK-1, ACK-2, and ACK-3 were denoted as MACK-1, MACK-
2, and MACK-3, respectively. The surface area and pore radius of adsorbents were characterized by N
adsorption-desorption isotherm at 77 K, using an automated gas sorption apparatus QuantaChrome model
Nova 1200 (USA) and calculated by Brunauer-Emmett-Teller (BET) equation for surface area and Barret-
Joiner-Halenda (BJH) equation for pore radius. Scanning Electron Microscope (SEM) analysis with
Phenom ProX Desktop (UK) was carried out on the adsorbents to study the surface morphology. The
functional groups present in the adsorbents were evaluated by Fourier-transform infrared spectroscopy
(FTIR) spectra (Perkin Elmer, USA), which were recorded between 500 and 4000 cm with the KBr disc
method. To determine the pHzpc of adsorbents, 0.15 g of adsorbent was added to the Erlenmeyer containing
50 mL NaCl 0.01 mol L. HCI 0.1 mol L™ or NaOH 0.1 mol L were used to bring the pH of the solution
to the desired pH range (2 - 12). The Erlenmeyers were then shaken at 200 rpm for 48 h at room temperature.
Thereafter, the solution pH was measured using a pH meter. The pH data obtained were then curved toward
the initial pH. The point of intersection between the final pH and initial pH is the pHzpc value [21,22].

Batch adsorption studies

Naphthol blue-black used as adsorbate has a molecular formula of CzH14NgNa,OgS,. For the
experiment, a 1.0 g L naphthol blue-black stock solution was prepared by dissolving an appropriate
amount of naphthol blue-black powder in distilled water. Batch adsorption studies were carried out by
adding 0.3 g of adsorbent to 50 mL of naphthol blue-black solutions with different concentrations (10 - 500
mg L?). The solution pH was adjusted with the addition of 0.1 N HCI or 0.1 N NaOH to an appropriate
pH (1, 3,5, 7, 9, 11). The mixtures were further stirred at 120 rpm for 10 - 180 min. Then suspended solids
were filtered and the filtrates were analyzed for residual naphthol blue-black using a UV-Visible
spectrophotometer (Model Genesys 10 UV, Thermo Scientific, USA) at a wavelength (1 max) of 595 nm.
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The amount of naphthol blue-black uptake at equilibrium, e (mg g*), was expressed according to the
following equation [20]:

(Co=Ce)V
= Lty ®

€ m

with Co, (mg L) is the initial concentration of naphthol blue-black solution, Ce (mg L) is the concentration
of naphthol blue-black in the solution at equilibrium, m is adsorbent mass (g), and V (L) is the volume of
naphthol blue-black solution. While the maximum adsorbed naphthol blue-black at any time, t (min) was
determined in Eq. (2) as follows [20]:

— (Co_ct) 14

qQe=—">" (2)
with C; (mg L) is the concentration of naphthol blue-black in the solution at any time. The percentage of
naphthol blue-black adsorbed on the adsorbents was expressed by Eq. (3) as follows [20]:

naphthol blue-black adsorbed (%) = =100 3)

Results and discussion

Characterization of adsorbents

The morphology of char prepared from cassava peel is presented in Figure 2. Char has a honeycomb
pore skeleton with twisted walls and a cottony structure. However, most pores are blocked and filled by
tarry pyrolysis residues formed during the carbonization process. Subsequent to the activation process using
KOH coupled with microwave heating, many pores in a honeycomb-like shape are created. The use of
microwaves in the activation process aims to reduce the temperature gradient in the material during
conventional heating, which results in non-uniformity of the pore size. KOH can efficiently stimulate the
gasification and cracking of organic components on the surface of biochar, producing a greater proportion
of gaseous products and fewer volatiles. In reference to the KOH activation mechanism in Egs. (4) - (8),
more CO and CO are produced [20].

2KOH — K0 + H,0 4)
Ct+ H,0 — Hy + CO (5)
CO + H,0 — H, + CO; (6)
K20 + Cr— 2K + CO @)
K20 + H, — 2K + H,0 ®)
K20 + CO; — K,CO3 C))

Concurrently, K,COs that was created by the reaction in Eq. (9) was reduced in an inert condition to
generate CO, COy, K70, and K as a final product, according to the following reaction [20]:

K,COs + 2C; — 2K + 3CO (10)
K2CO3 — K20 + CO; (11)
K,0 + Cf — 2K + CO (12)

According to Egs. (10) - (12), it is deduced that the potassium (K) element was produced after a series
of reactions in the activation process with KOH. The heat energy absorbed by K atoms impregnated in the
carbon matrix causes the atoms to become energized. They can migrate and penetrate between graphene
layers, enlarging the existing pores. Further heating at a temperature of around 800 °C releases the atoms
from the char matrix through the vent of the microwave oven. In this sense, K atoms function as a template
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to widen the existing pores [20]. Accordingly, the increase in weight ratio from 1 (i.e., ACK-1) to 3 (i.e.,
ACK-3) leads to an increase in AC porosity, as can be seen in Figure 2. In addition, the use of KOH as an
activating agent causes the formation of new pores. It is identified through a decrease in the pore diameter
from 2.32 nm for char to 1.83 nm for ACK-3 (Table 1). The magnetization process leads to the surface of
the activated carbon being partially covered with magnetite particles, as can be seen in Figure 2(e). As a
result, the surface area decreases from 457.76 to 337.94 m? g (Table 1).

Figure 2 SEM micrograph of (a) char, (b) ACK-1, (c) ACK-2, (d) ACK-3 (e) MACK-3.

Table 1 Surface physical characteristics of adsorbents.

Parameters Char ACK-3 ACP-60 MACK-3  MACP-60
BET surface area (m?g) 7.14 457.76 360.65 337.94 232.74
Pore radius (nm) 2.32 1.83 3.42 1.51 2.34
Micropore volume (mL g™) 0.0027 0.052 0.027 0.073 0.045
Micropore volume (%) 8.42 45.31 27.52 64.21 49.63
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Figure 3 SEM micrograph of (a) ACP-40, (b) ACP-50, (c) AC)-60 (e) MACP-60.

The morphology of activated carbon prepared using H3zPOa is presented in Figure 3. According to the
figure, ACP has a wider pore size range with several large pores. HsPO, acts as a cleaning and dehydrating
agent to remove tarry products in the pores of char. Moreover, it promotes the breaking of aryl ether
linkages, followed by chain damage, structure expansion, carbon redistribution, and phosphate
polymerization, following Egs. (13) - (15) [8]. As a result, the pore size increases from 2.32 to 3.42 nm
(Table 1). However, this mechanism is ineffective in releasing tarry substances from the pores, and as a
consequence of that, several pores still appear clogged. The increase of H3PO4 concentration from 40 (i.e.,
ACP-40) to 60 (i.e., ACP-60) leads to an increase in AC porosity. When nano-sized magnetite particles are
embedded in the activated carbon, more pores are blocked and covered by magnetite (Figure 3(d)).
Comparing MACP to MACK, some of the MACP pore framework is unclear. Moreover, the remaining
pores have thick walls. It may be due to the fact that there are still many ACP pores filled with tar, so during
the magnetization process, only a few nano-sized magnetite particles can diffuse into the ACP pores and
the rest cover the ACP surface, resulting in a denser surface.

4 H3PO4 + 10 C — P4+ 10 CO + 6 H-0 (13)
4 H3PO4 — P4O1g + 6 H,0 (14)
P40+ 10 C — P4+ 10 CO (15)

In order to investigate the chemical properties of the chars, ACs, and MACs, FT-IR analysis was
performed. The results are presented in Figure 4. The spectrum of char showed a broad absorption band at
3500 cm extending to 3700 cm?, with a more evident peak at 3647 cm is ascribed to O-H stretching
vibrations present in the structure of cellulose, hemicellulose, and lignin [23]. As previously explained,
biochar produced from biomass contains functional groups derived from lignin, cellulose, and
hemicellulose, albeit the majority of the organic functional groups can be lost during the high-temperature
pyrolysis process. The degradation reaction of lignin, cellulose, and hemicellulose during the pyrolysis
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process to form char has been described in detail by Liu et al. [12]. The spectral band in the range of 1600
- 1700 cm* can be attributed to the C=0 stretching vibration of ketone, lactone, aldehyde, and carboxyl
groups found in cellulose [23]. The band between 1500 and 1600 cm, with a peak at 1527 cm™ is the
unsaturated stretching of C-C bonds ascribed to aromatic C=C vibration, typical of carbonaceous materials.
The band at ca. 1000 - 1050 cm'?, with a peak at 1042 cm* probably due to the R-OH groups [24]. After
the activation process, an increase or a decrease in peak intensity related to the surface functional groups
existing in the ACs is observed, as well as the appearance of new functional groups. Peak around 3400 -
3700 cm™ is deeper, suggesting the increase of hydroxyl groups. Comparing the ACP with ACK, the
intensity of this peak in ACP is higher than that of ACK, relating to the acidity of the adsorbent [25]. The
high intense band at 1000 - 1250 cm* observed in the ACP spectrum is probably caused by the phosphate
group since it revealed the P=0 stretching vibration, O-C stretching vibration in the P-O-C linkage,
P=0OO0H, and stretching vibration in P-O-P polyphosphate chains [24]. It indicates the formation of carbon-
oxygen groups accompanying the increase of phosphorus-containing groups [24]. The band at 1500 - 1600
cm* decreases, evidencing the cracking of the C=C bond during the activation process. The embedding of
magnetite particles in the ACs leads to a decrease in the intensity of the band at 3500 - 3700 cm™, while a
new peak appears at approximately 600 cm™* indicating the existence of the Fe-O group [20].
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Figure 4 FTIR spectra of (a) char, ACP-60, and MACP-60, and (b) char, ACK-3, and MACK-3.

Adsorption performance

The effect of the impregnation ratio on the naphthol blue-black adsorption is described in Figure 5(a).
An increase in the weight ratio of KOH to char from 1 to 3 leads to an increase in the amount of naphthol
blue-black adsorbed on the ACs. It may be due to the increase in the porosity of ACs, resulting in increases
in the accessibility of functional groups. The same result was attained for AC using H3sPO, as an activating
agent (Figure 5(b)). The increase in H3PO4 concentration leads to an increase in the amount of dye
adsorbed. Generally, the amount of naphthol blue-black adsorbed on the ACP is higher than the amount of
naphthol blue-black adsorbed on the ACK due to more functional groups in the ACP. In this sense, the
adsorption mechanism is more appropriate with chemisorption through electrostatic interaction than
physisorption, since only 1.6 - 3.2 % naphthol blue-black can be desorbed from ACs by distilled water. The
loading of nano-sized magnetite particles to the ACs slightly decreases the amount of naphthol blue-black
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adsorbed (Figure 5(c)) due to some of the pores being covered and blocked by magnetite particles, leading
to a decrease in the amount of accessible functional group. However, the decrease is insignificant while
MAC has the advantage of being easily separated under a magnetic influence.
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Figure 5 (a) Effect of pH on the amount of naphthol blue-black adsorbed at various HsPO4 concentrations,
(b) Effect of pH on the amount of naphthol blue-black adsorbed at various weight ratios of KOH to char,
(c) Effect of pH on the amount of naphthol blue-black adsorbed at various adsorbents, (d) pHzec of ACs
and MACs, (e) Effect of adsorption time on the amount of naphthol blue-black adsorbed, and (f) Effect of
initial concentration on the amount of naphthol blue-black adsorbed (activated carbon dosage of 0.2 g / 25
mL dye solution).

The pHzec is a very important parameter in the characterization of the activated carbons, which
indicates the acid-base behavior of the adsorbent surface. Figure 5(d) shows the pHzpc of ACP-60, MACP-
60, ACK-3, and MACK-3 is 6.5, 6.1, 4.3, and 4.1, respectively. These values indicate that the activated
carbons produced have an acidic character. At pH less than pHzpc, the surface of the adsorbent is protonated
according to -COH + H* — -COH,", indicating a positively charged surface group. While at a pH larger
than pHzec, the hydroxyl group could dissociate according to -COH — CO™ + H*, representing a negatively
charged surface group. It indicates that the increase in pH leads to a change in the surface charge from
positive to negative. As naphthol blue-black is an anionic dye having a negative charge, the increase in pH
leads to electrostatic repulsion between active sites (i.e., functional groups) in the adsorbent surface and
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adsorbate molecules (i.e., naphthol blue-black). As a result, the amount of naphthol blue-black adsorbed
decreases (Figure 5(c)).

Figure 5(e) shows the quantity of naphthol blue-black adsorbed on the ACs and MACs increase
rapidly in the first 10 min and slower near equilibrium. It may be due to a large number of vacant sites
available for adsorbing naphthol blue-black during the initial stage. Subsequent to the active site being
occupied during the adsorption process, the diffusion of naphthol blue-black molecules to the remaining
active sites is inhibited due to the repulsive forces of the adsorbed molecules [25]. It is observed that
adsorption equilibrium was reached at 150 min (for ACP and MACP) and 120 min (for ACK and MACK).
This finding contradicts previous studies which stated that a larger surface area gives a longer time to reach
equilibrium due to more dye molecules can be adsorbed [25]. In this study, MACK having a higher surface
area than MACP reached equilibrium faster. It may be due to the greater number of functional groups in
MACP than in MACK. The functional groups act as active sites in the chemisorption of naphthol blue-
black onto MACs and ACs.

The effect of initial concentration on the naphthol blue-black uptake is presented in Figure 5(f). The
amount of dye adsorbed increases with the increase in initial dye concentration, and then it gradually slows
down. The initial dye concentration provides a driving force to overcome all mass transfer resistance in the
adsorption process [19]. In addition, Figures 5(e) and 5(f) also show that embedding magnetite to the AC
decreases the amount of naphthol blue-black adsorbed, although the decrease is insignificant.

Adsorption isotherm

To define how the adsorbate species attaches to the surface of the adsorbent, adsorption isotherm
analysis is crucial. The equation parameters of these isotherm models often provide some insight into the
adsorption mechanism, the surface properties, and the affinity of the adsorbent for the adsorbate. The
isotherm model used in this study focuses on comparing localized adsorption on homogeneous and
heterogeneous adsorbent surfaces. Therefore, 3 types of isotherm models namely Langmuir, Freundlich,
and Redlich-Peterson are considered for isotherm investigation. Langmuir isotherm follows the assumption
that all adsorption sites on the adsorbent surface are homogeneous, i.e., equal in size and energy. This model
applies to localized adsorption of monolayer surface coverage assuming that each site only can bind one
adsorbate molecule and no interaction between adsorbate molecules. No more adsorption can take place on
the adsorbent surface after the monolayer is full. Meanwhile, the Freundlich isotherm presupposes that
adsorption occurs on heterogeneous surfaces with various adsorption energies and heterogeneous binding
sites. In this sense, weak Van der Waals forces between adsorbate molecules might cause multilayer
adsorption on the adsorbent surface. Different from Langmuir and Freundlich which is a two-parameter
isotherm model, Redlich-Peterson is a 3-parameter isotherm model that combines the features of the
Freundlich and Langmuir isotherms that serve to address the limitations of individual models. It will be
compared and studied further in this study. Redlich-Peterson model does not represent ideal monolayer
adsorption but rather a combination of physisorption and chemisorption processes which highlight the
heterogeneity of adsorption on the adsorbent surface. Due to its adaptability, this isotherm model can depict
properly adsorption equilibrium conditions over a wide concentration range of adsorbate. Redlich-Peterson
isotherm reduces to the Freundlich model at high adsorbate concentrations, when the exponent  approaches
zero and ar is greater than 1. For low concentration, it simplifies to the Langmuir model, owing to the fact
that the B value approaches one. The Langmuir isotherm can be expressed as [20]:

K1.Ce
M 1 +K1Ce

qQe =1 (16)
where g is the Langmuir maximum adsorption capacity of the adsorbent (mg g) and K. (L mg) is the
Langmuir constant related to the adsorption energy. Eq. (16) is solved by optimizing the correlation
coefficient between the value of ge data and ge predicted from Eq. (16). The isotherm parameters are
observed using the solver add-in feature of Microsoft Excel software by minimizing the difference between
the experimental data and the model. The Freundlich isotherm is formulated as [20]:

1
qe = KrCg (17)

with Ke (mg!~1/m g=1 L/™) is the Freundlich constant related to the adsorption capacity, while 1/n is the
Freundlich exponent related to the adsorption intensity or the bonding energy between the adsorbate
molecules and the adsorbent. The parameters in Eq. (17) are observed by optimizing the correlation
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coefficient between the value of q. data and q. predicted from Eq. (17) using the solver add-in feature of
Microsoft Excel software. The Redlich-Peterson isotherm is defined as [26]:

KRCe

GQe = — 5 (18)

1+ thcf

where Kgr (L g1) and ar ((L mg?)P) are the constants of the Redlich-Peterson isotherm while B is the
Redlich-Peterson isotherm exponent having a value between 0 and 1. The parameters in Eq. (18) are
observed by optimizing the correlation coefficient between the value of g. data and ge predicted from Eq.
(18) using the solver add-in feature of Microsoft Excel software.
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Figure 6 Isotherm adsorption for (a) naphthol blue-black-ACP-60 system, (b) naphthol blue-black-MACP-
60 system, (c) naphthol blue-black-ACK-3 system, (d) naphthol blue-black-MACK-3 system.

The sum of the square of the errors (SSE), non-linear chi-square test (y2), and average relative error
(ARE) are used to estimate the validity of the models. They are defined as [20]:

2
SSE = Zivzl(qe,calc - Qe,meas) (19)
2
Xz = Z?Izl(Qe,calc - Qe,meas) /Qe,meas (20)
100
ARE = T IiV:1|(qe,calc - Qe,meas)/qe,mea5| (21)

where (e meas IS the value of g. measured from the experiment, Qe carc is the value of ge calculated from the
isotherm models, and N is the number of measurements.
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Data in Figure 6 and Table 2 describing the nonlinear fit of experimental data using the Langmuir,
Freundlich, and Redlich-Peterson isotherm models show different results for each adsorbent. For ACP-60
and MACP-60, it can be seen that the Redlich-Peterson model best fitted the experimental data because it
has the lowest error function value. It suggested that naphthol blue-black removal is not ideal monolayer
adsorption, but a combination of physisorption and chemisorption processes that exhibit heterogeneity of
naphthol blue-black adsorption on the surface of ACP-60 and MACP-60 surfaces. It also indicates a hybrid
adsorption mechanism allows Freundlich isotherm at high concentrations and allows Langmuir isotherm at
low concentrations, as can be seen in Figures 6(a) and 6(b). Meanwhile, for ACK-3 and MACK-3, the
Langmuir isotherm is more suitable. Data in Figure 6 also shows that the adsorption capacity of ACP-60
is the highest. Nevertheless, embedding magnetite into the AC increases the separation efficiency, as
previously described.

Table 2 Isotherm parameters and values of error functions for naphthol blue-black-AC system naphthol
blue-black-MAC system.

Adsorbent Langmuir isotherm Freundlich isotherm R-P isotherm
ACP-60 Om=26.72 1/n=0.36 or=1.52
KL= 0.06 Kr=3.98 Kr=5.79
SSE =29.90 SSE = 20.65 £=0.63
¥2=6.24 v2=1.04 SSE =19.62
ARE =23.85 ARE =6.99 x?=0.93
ARE =3.82
MACP-60 gm=19.59 1/n=0.29 or=1.52
KL= 0.06 Kr=3.78 Kr=5.71
SSE = 38.54 SSE =21.71 £=0.62
x2=4.08 v?=3.93 SSE =8.29
ARE =19.39 ARE =20.24 x?=10.88
ARE =8.21
ACK-3 gm=19.39 1/n=0.24 or=1.42
KL= 0.04 Kr=3.63 Kr=5.67
SSE =9.47 SSE = 63.09 £=0.61
x2=0.79 1% =8.64 SSE=14.21
ARE =6.91 ARE =29.95 v?=3.19
ARE =18.11
MACK-3 gm=17.51 1/n=0.214 ar=1.40
KL=0.03 Ke=3.53 Kr=5.61
SSE =8.85 SSE =63.11 p£=0.61
¥2=0.71 ¥>=8.52 SSE =9.42
ARE =6.81 ARE =29.11 v?=3.17
ARE = 16.26
Table 3 The % removal of naphthol blue-black of some materials.
Adsorbents % Removal Reference
mesoporous TiO; 85.0 [27]
Fe-doped TiO: 90.1 [28]
polyaniline-coated TiO, 99.7 [29]
MACK-3 97.0 this work
MACP-60 98 this work
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The ability of MACP-60 to remove naphthol blue-black is greater than that of MACK-3, although the
surface area of MACP-60 (232.74 m?) is lower than that of MACK-3 (337.94 m?). It is presumably due to
the role of the active site originating from P=0 and P-O-C, as identified through the FTIR spectra. In this
case, the adsorption mechanism follows the chemisorption through electrostatic interactions between dye
molecules and the active sites. However, the physisorption via van der Waals bonds also occurs, especially
at high concentrations, so the Redlich-Peterson isotherm model is more suitable. Whereas, for ACK-3 and
MACK-3, the limitation of functional groups causes equilibrium to be reached more quickly and after the
monolayer layer is full, no more dye molecules can be adsorbed, so the Langmuir model is more suitable.

According to a literature review, naphthol blue-black removal using other adsorbents such as
mesoporous TiO; [27], Fe-doped TiO; [28], and polyaniline-coated TiO [29] has also been studied as
presented in Table 3. Thus, referring to Table 3, all MACs studied in this work appear to be compatible or
better than other adsorbents, making a promising adsorbent for naphthol blue-black removal in an aqueous
solution.

Conclusions

The magnetic activated carbon (MAC) produced from cassava peel using microwave heating can be
a promising alternative for dye removal. In this sense, HsPO4 activation provides a larger pore size and
more functional groups, while KOH activation provides a larger surface area and higher porosity. The
ability of MACP to remove naphthol blue-black is greater than that of MACK. The adsorption data of ACP-
60 and MACP-60 show suitability with the Redlich-Peterson isotherm model, while, for ACK-3 and
MACK-3, the Langmuir isotherm is more suitable.
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