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Abstract

In this study, we aimed to develop mixture activated carbon (MAC) from a mixture of date palm
wastes (petiole, rachis and fiber) through hydrothermal carbonization and microwave-assisted H;PO,
activation and evaluate its adsorption capacity to remove Remazol brilliant blue R (RBBR) from
aqueous solution. The MAC was found to be mesoporous, with an average pore diameter and BET
surface area of 2.61 nm and 641.23 m* g~ ', respectively. The zeta potential and FTIR results
demonstrated that the surface of MAC was negatively charged in its natural state and filled with
functional groups such as phenyl, secondary amine, alkyne, aldehyde, and hydroxy groups. The
adsorption capacity and percentage removal of RBBR increased and decreased, respectively, when the
initial concentration increased. Maximum removal of RBBR was achieved at pH 3 (96.69 mgg ') and
at 30 °C of solution temperature (85.79 mgg~'). Langmuir and pseudo-first-order were the best
isotherm and kinetic models for describing the RBBR-MAC adsorption system, respectively. The
thermodynamic parameters of AH®, AS°, AG®, and E, implied that this adsorption system was
exothermic, increased randomness at the liquid-solid interface, and was spontaneous and controlled
by the physisorption type of sorption, respectively.

1. Introduction

Products with color finishing have a higher market value and demand than those without. Therefore, the
production of dyes is increasing to satisfy the needs of several industries, including textiles, books, magazines,
household products, cosmetics, and foods (Mahapatra et al 2021, Mohamad et al 2022). However, these
industries have the potential to discharge wastewater containing dyes above permissible levels into the
environment (Yaseen and Scholz 2019). According to Varjani et al (2020) and Guo et al (2020), as much as

2.15 x 10° tons of dye wastewater is discharged by the textile industry annually. Remazol brilliant blue R (RBBR)
is one of the most commonly used dyes and belongs to the reactive anionic class. Yusop et al (2022a) stated that
such a class of dyes is more difficult to remove from water than the other classes because of the former’s ability to
dissolve in water to produce negative ions attracted to the positive end of water molecules. Most reactive dyes,
including RBBR, can be characterized by a minimum azo bond (-N=N-) in their structure. According to Sharma
etal (2021), reactive dyes require serious attention because their discharge into the environment has reached
10%-50%. The interaction between RBBR and living organisms, including humans, can cause serious health
problems owing to its toxicity and carcinogenicity (Zhang et al 2022).

Among the technologies developed to solve the dye wastewater problem, adsorption processes using
activated carbon (AC) have produced the best results owing to the following advantages: (i) they are versatile in
adsorbing different types of pollutants such as dyes (Ahmad et al 2017, Ahmad et al 2021), heavy metals (Yusop
etal 2022b), phenolic compounds (Aldawsari et al 2020), and pesticides (Aziz et al 2021) (ii) they can be derived
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from renewable agricultural wastes, namely, durian peel (Yusop et al 2021), Alpinia galanga stem (Ahammad
etal 2021), and acacia sawdust (Yusop et al 2017); (iii) they have a relatively simple design and process (Shahbazi
etal 2020); and (iv) they are economically feasible.

One of the most planted trees in the Middle East and North African countries is the date palm (Pheonix
dactylifera L.), which belongs to the Arecaceae family. This ancient tree is cultivated for its fruits, and its other
parts have limited use. Throughout the literature, wastes from parts of date palms have been successfully
converted to AC to adsorb pollutants. For instance, Aichour et al (Aichour 2022) studied the removal of anionic
dyes by date palm petiole-based AC; Daoud et al (2017) utilized date palm rachis as AC to remove dye; and
Melliti et al (2021) produced date palm fiber-based AC to adsorb tylosin antibiotics.

NTherefore, the aim of this study was to convert a mixture of date palm petiole (DPP), date palm rachis
(DPR), and date palm fiber (DPF) into AC (MAC) via a hydrothermal carbonization process, followed by
phosphoricacid treatment and microwave heating, and evaluate its adsorption capacity to remove RBBR from
aqueous solutions. The microwave irradiation technique was adopted because it activates the sample at a faster
rate owing to its natural working principle of converting electromagnetic waves into thermal energy on a
volumetric scale (Omoriyekomwan et al 2021).

2. Materials and method

2.1. Materials

The precursors of DPP, DPR, and DPF were collected from a date palm farm near Riyadh, Saudi Arabia.
Phosphoricacid, H;PO, (purchased from Sigma Aldrich), 0.10 M hydrochloric acid, HCI (purchased from
R&M Chemicals), and RBBR dye in powder form (supplied by Merck) were used.

2.2. Preparation of date palm wastes mixture-based AC (MAC)

The collected DPP, DPR, and DPF were dried in open air, chopped into small pieces, and thoroughly washed
with tap water to remove dirt and impurities. Next, they were dried in an oven at 110 °C for 2 d, after which these
precursors were finely ground to a particle size from 1 to 2 mm. Subsequently, ground DPP, DPR, and DPF were
mixed at a mass ratio of 1:1:1. Afterward, the mixture was carbonized via the hydrothermal carbonization
method at 200 °C for 5 h and at a heating rate of 5 °C min . The resulting sample was labeled hydrochar. The
hydrochar was then impregnated with H;PO, for 8 h ata weight impregnation ratio (IR) of 1:3. Subsequently,
the impregnated sample was activated in a microwave oven (EMW2001W, Sweden) by employing 616 Watt of
radiation power and 10 min of radiation time with inert gas N, (99.9% purity) flowing through the samples at 80
cm’ min~ . Subsequently, the activated sample was soaked in 0.10 M HCl for 30 min under stirring. Later, the
soaked sample was washed with warm water until a pH value between 6 and 7 was acquired for the washing
solution. Washed samples were dried at 50 °C for 2 d. The dried sample was labeled date palm waste-mixture-
based AC (MAC). MAC was stored in an airtight box to be used in the adsorption study.

2.3. Characterization methods

Several characterizations were conducted on the samples: (i) BET surface area, Langmuir surface area, total pore
volume, and average pore size using a volumetric adsorption analyzer (Micromeritics ASAP 2020); (ii) scanning
electron microscopy (SEM) using a scanning electron microscope (Model: LEO SUPRA 55VP, Germany); (iii)
elemental analysis using a simultaneous thermal analyzer (STA; Model: Model Perkin Elmer STA 6000, USA);
(iv) proximate analysis using thermogravimetric analysis (TGA); (v) functional groups spectrum using a Fourier
transform infrared spectroscope (Model: IR Prestige 21 Shimadzu, Japan); and (vi) zeta potential distribution
using a zeta potential analyzer (Model: Zetasizer Nano Series DKSH).

2.4. Equilibrium study

An equilibrium study was conducted to verify the effect of several parameters on the performance of MAC for
adsorbing RBBR dye. The first parameter studied was the initial RBBR concentration. RBBR solutions with six
different known concentrations (25-300 mg1~") were produced and kept inside Erlenmeyer flasks, which were
later placed in a water bath shaker. A precisely weighed 0.2 g MAC was added to each of these conical flasks to
allow the adsorption process to occur. Other conditions, such as rotation speed, solution temperature, solution
pH, and solution volume, were fixed at 60 rpm, 30 °C, original pH, and 200 ml, respectively. The concentration
of the RBBR solution was quantified at a wavelength of 590 nm using UV-vis spectrophotometry (Model:
Agilent Cary 60, USA) every 30 min until the equilibrium phase was attained. The second parameter studied was
the effect of the solution temperature. The temperatures of the RBBR solution were altered to 30, 40, and 50 °C,
and the solution pH remained in its original state with no alterations. The third parameter studied was the effect
of solution pH, where the pH of RBBR solutions was adjusted to 3, 5,7, 9, 11, and 13 by adding NaOH or HCL.

2



10P Publishing

Mater. Res. Express 10 (2023) 015602 H A Alharbi et al

Solution temperature was maintained at 30 °C. For both studies, other conditions, such as solution volume,
adsorbent dosage, and rotation speed, were fixed at 200 ml, 0.2 g, and 60 rpm, respectively. The adsorption
capacity and percentage removal of RBBR by MAC were determined using the following equations:
q, = (Co — Ce) Vv
¢ M
(Co — Ce)

M

Removal (%) = X 100% )

where the quantity of RBBR molecules adsorbed by MAC in the equilibrium phase (mg/g), the RBBR
concentration in the initial phase (mg/1), the RBBR concentration in the equilibrium phase (mg/1), solution
volume (ml), and the amount of MAC used (g) are denoted by q., C,, C., V, and M, respectively.

2.5.Isotherm study
Vital information related to the concentration of the adsorbate in the bulk and solid phases can be verified by
performing isotherm studies. Therefore, the two most well-known isotherm models, Langmuir and Freundlich,
were used, and their respective formulas are as follows:

Langmuir (Langmuir 1918):

QmKLCe
— L e 3
=7 + K C, )
Freundlich (Freundlich 1906):
q, = K:C/™ (4)

where Q,, is the Langmuir maximum monolayer coverage (mg/g), Ky is the Langmuir constant associated with
adsorption energy (L/mg), Ky is the adsorption constant of Freundlich (mg/g)(L/mg)"/", ny is the heterogeneity
factor, and R is the universal gas constant (8.314 J mol ™ ! K),and T is the temperature of the solution (K).
Microsoft Excel Solver v. 2016 was used to solve the nonlinear isotherm models. The best isotherm model was
determined based on the correlation coefficient, R?, with the root mean squared error (RMSE). RSME can be
calculated using the following formula (Marrakchi et al 2020):

1 n=1
RMSE = || —— Z (qe,exp,n - qe,cal,n)z (5)
Vn—17%
2.6. Kinetic study

The kinetic study was performed using the same procedure as that used in the equilibrium study. However,
unlike in the equilibrium study, the RBBR concentration was measured at a fixed time between 0 and 180 min.
Pseudo-first-order (PFO) and pseudo-second-order (PSO) were adopted to describe the kinetic data, and their
formulas are as follows:

PFO (Lagergren 1898):
q, = 9,11 — exp(—kit)] (6)
PSO (Ho and Mckay 1998):
kzqzt
t = —e (7)
1 —+ kzqet

where k, represents the rate constant for the PFO model (1/min), and k, denotes the rate constant for the PSO
model (g/mg min). The best kinetic model was determined based on the RMSE values.

2.7. Thermodynamic study

Changes in the adsorption temperature have a significant effect on the adsorbate-adsorbate interaction in the
adsorption process. Thus, a thermodynamic study was performed to determine the essential parameters of the
change in enthalpy, AH®; change in entropy, AS°; Gibbs free energy, AG®; and Arrhenius activation energy, E,.
The Van’t Hoff equation was used to compute the values of AH® (kJ/mol) and AS° (kJ/mol). K). This equation
is as follows:

A AHC

InK, = —
R RT

®

where R s the gas constant (8.314 ] mol . K); T is the solution temperature (K); and K is the equilibrium
constant (dimensionless), which can be calculated using the following formula (Lima et al 2019):
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Figure 1. SEM images for (a) precursors, (b) MAC before adsorption, and (c¢) MAC after adsorption (5000 x magnification).

Table 1. Elemental and proximate analysis of samples.

Elemental analysis Proximate analysis
Samples C H N S Others Moisture Volatile matter Fixed carbon Ash
Mixture of precursors 37.40 7.15 1.36 1.41 52.68 8.98 65.91 19.44 5.68
MAC 58.42 3.33 1.39 0.01 36.85 6.35 13.35 79.24 1.05
mg .
1000—= x K x molecular weight of adsorbate x [adsorbate]°
g
K. = ®
Y

where [adsorbate]® is the standard concentration of adsorbate, and at the standard conditions, this value can be
assumed as 1 mol L™'; T'is the adsorbate’s activity coefficient (dimensionless); and K is the Langmuir adsorption
constant (L/mg). The other two thermodynamic parameters, AG® (kJ/mol) and E, (k] /mol), were computed
using the following formulas:

AG® = AH® — ATS® (10)
E

nk=hA - == 11

n Ky n RT (11)

where k; is the rate constant from PSO (g/mg min), and A is the Arrhenius factor.
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Results
Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -0.783 Peak 1: -7.47 85.7 2.76
Zeta Deviation (mV): 16.6 Peak 2: 39.3 14.3 2.11
Conductivity (mS/cm): 1.60 Peak 3: 0.00 0.0 0.00
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Figure 2. Zeta potential for MAC.

3. Results and discussion

3.1. Characteristics of samples
BET surface area for MAC was 641.23 m® g~ ', and this value is relatively moderate when compared with that of
teak wood-based AC (AWAC), which posed 1345.25 m? gf1 (Yusop etal 2022a). Unlike MAC, which was
synthesized using a microwave irradiation technique under the flow of inert N, gas, AWAC was produced using
the same technique, but the activation gas of CO, was used. CO, gas bombarded the AWAC surface and created
additional pores, explaining the higher BET surface area. In addition, the moderate BET surface area in MAC
was caused by the lower radiation power of 616 W and shorter radiation time of 10 min applied during the MAC
manufacturing process. Using the same chemical of H;PO, acid for activation, Hijab et al (2021) created a date
stone-based AC with a higher surface area (1123 m® g~ ') than those aforementioned owing to the higher
radiation power of 850 W utilized in their study. A higher radiation power promotes a more aggressive
volatilization process, effectively removing moisture, volatile matter, and tar compounds from the sample,
creating a higher surface area. The formation of surface area in MAC was mainly attributed to H;PO, acid, which
optimized the degradation of polar cellulose and lignin components under microwave heating (Canales-Flores
and Prieto-Garcia 2020). MAC was confirmed to possess mesopore types of pores because the value obtained for
average pore diameter was 2.61 nm. Mesopore-type pores were desired in this study for three main reasons: (i)
sufficiently large to trap solid phase pollutants in wastewater, (ii) sufficiently small to create a higher surface area,
and (iii) sufficiently small enough to prevent adsorbate loss (desorption) from occurring easily. The selection of
H;PO, as a chemical activating agent in this study was proven effective in creating mesopore pores in MAC, even
at relatively low radiation power; similar findings have been reported by Han e al (2020) and Brazil et al (2022).
The results of the elemental and proximate analyses are presented in table 1. The precursors used in this
study were found to have relatively high elemental C and fixed carbon percentages of 37.40% and 19.44%,
respectively. After H;PO, acid treatment and microwave heating, the percentages of elemental C and fixed
carbon increased to 58.42% and 79.24%, respectively. By contrast, the other components of volatile matter,
moisture, and ash decreased significantly from 65.91% to 13.35%, 8.98% to 6.35%, and 5.68% to 1.05%,
respectively. During microwave heating, microwave energy causes electrons in polar moisture (water) and polar
volatile matter (cellulose and lignin) to vibrate, producing heat that stimulates the evaporation process. Effective
removal of these components was desired because their absence in the sample led to pore network generation.




Table 2. Summary of FTIR spectra for samples.

Precursor MAC-BA MAC-AA

Bandwidth (cm™") Functional groups Bandwidth (cm™") Functional groups Bandwidth (cm™") Functional groups

1016 cyclohexane ring vibrations 731 C-H monosubstitution (phenyl) 957 aromatic C-H in-plane bend

1530 aromatic nitro compounds 961 trans-C-H out-of-plane bend 1072 cyclic ethers, C-O stretch

2100 C=C terminal alkyne (monosubstituted) 1587 secondary amine, >N-H stretch bend 1177 secondary amine, CN stretch

3447 aromatic secondary amine, >N-H stretch 2100 C=C terminal alkyne (monosubstituted) 1429 ammonium ions

3522 hydroxy group, H-bonded OH stretch 2727 aldehyde 1612 secondary amine, >N-H stretch bend
3078 terminal C-H stretch 2110 C=C terminal alkyne (monosubstituted)
3200 hydroxy group, H-bonded OH stretch 3238 hydroxy group, H-bonded OH stretch

suiysiiand dol
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Figure 3. FTIR spectra for precursor, MAC before adsorption (MAC-BA), and MAC after adsorption (MAC-AA.

The surface morphologies of the precursor MAC before adsorption (MAC-BA) and MAC after adsorption
(MAC-AA) were verified via SEM images, as shown in figures 1(a)—(c); based on these figures, no pores were
detected on the surface of the precursor. By contrast, well-developed pores were observed on the surface of
MAC-BA. These pores were successfully formed owing to the penetration of H;PO, inside the skeleton of the
carbon matrix structure of the sample coupled with microwave heating. As shown in figure 1(c), the molecules of
RBBR dye fill the empty pores of MAC-AA. The type of sorption that binds between MAC-AA and RBBR can be
determined in the next section of the isotherm, kinetic, and thermodynamic studies.

Depending on the type of raw materials and the activation technique applied, AC can carry a net charge on its
surface. This net charge plays a major role in the adsorption process and can be directly reflected by the zeta
potential value (Marsdlek and Svidrnoch 2020). AC with a negative zeta potential value was more effective in
removing positively charged adsorbates (Yusop et al 2022b). The zeta potential distribution for MAC is shown in
figure 2, and its value was —0.783 mV. This negative value implies that the adsorption of RBBR onto MAC at the
original pH of the RBBR solution was not boosted by electrostatic forces. Instead, repulsion occurred between
the negatively charged MAC surface and the negatively charged RBBR ions.

Table 2 summarizes the bandwidths of the FTIR peaks and their respective functional groups. Figure 3 shows
the FTIR spectra for the precursors MAC-BA and MAC-AA. The functional groups of C=C terminal alkyne
(2100,2100,and 2110 cm ™ ") and the hydroxy group, H-bonded OH stretch (3522, 3200, and 3238 cm™ Y,
existed in all three samples of precursors MAC-BA and MAC-AA, respectively. However, functional groups such
as cyclohexane ring vibrations (1016 cm ') and aromatic nitro compounds (1530 cm ") only appeared in the
precursor. These compounds diminished in MAC-BA owing to their inability to survive H;PO,4 chemical
treatment and microwave heating. The activation technique applied in this study was observed to reduce
aromatic secondary amine, >N-H stretch in the precursor (3447 cm ') to secondary amine, >N-H stretch bend
(1587 cm™ ') in MAC-BA and secondary amine, and CN stretch (1177 cm ™ ') in MAC-AA. New functional
groups formed in MAC-BA, such as C-H monosubstitution (phenyl) (731 cm ™)), trans-C-H out-of-plane bend
(961 cm ™ "), aldehyde (2727 cm "), and terminal C-H stretch (3078 cm ™~ "). These new compounds resulted
from the interaction between the original functional groups and H;PO, acid, H,0, and N, gas during
microwave heating. After the adsorption process, the interaction between MAC-BA and RBBR was observed to
create new functional groups of aromatic C-H-in-plane bend (957 cm "), cyclic ethers, C-O stretch (1072
cm '), and ammonium ions (1429 cm ).

3.2. Adsorption equilibrium

The effects of different initial RBBR concentrations and contact times on the adsorption capacity and removal
percentage are shown in figures 4(a) and (b), respectively. Both plots reflect that the adsorption capacity and
percentage removal of RBBR increased with time in the early phase of the adsorption process. After several
hours, static points indicating equilibrium points were obtained. The equilibrium point is the point at which the
MAC reached its exhaustion limit, and the net rate between the adsorption and desorption processes was equal
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Figure 4. (a). Plots of adsorption capacity of RBBR onto MAC versus time at 30 °C for different initial concentrations of RBBR
(original pH of RBBR, 0.2 g adsorbent dosage and 200 ml solution). Figure 4(b) Plots of percentage removal of RBBR by MAC versus
time at 30 °C for different initial concentrations of RBBR (original pH of RBBR, 0.2 g adsorbent dosage and 200 ml solution).

Table 3. Isotherm parameters for RBBR-MAC adsorption system.

Isotherm Parameters 30°C 40°C 50°C

Langmuir Qm 303.14 284.87 263.92
K; 0.02755 0.02781 0.02585
R? 0.9945 0.9998 0.9903
RMSE 1.87 4.84 7.67

Freundlich K 18.61 19.13 18.09
n 1.79 1.88 1.94
R? 0.9970 0.9966 0.9955
RMSE 7.47 14.03 15.21
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Figure 5. Plots of adsorption capacity of RBBR onto MAC versus different solution pH at 30 °C (100 mg1 ™" initial concentration, 0.2 g
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Figure 6. Isotherm plots for RBBR-MAC adsorption system at (a) 30 °C, (b) 40 °C, and (c) 50 °C (original pH of RBBR solution, 0.2 g
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Figure 7. Nonlinear plots of pseudo-first order kinetic model for RBBR-MAC adsorption system at solution temperature of (a) 30 °C,
(b) 40 °C, and (c) 50 °C (original pH of RBBR solution, 0.2 g adsorbent dosage and 200 ml solution).

in magnitude. As shown in figure 4(a), an equilibrium phase was attained at a shorter time of 3 h for lower initial
concentrations of 25 and 50 mg/1. Conversely, a longer time of 7 h was required at higher initial concentrations
0f 100, 200, 250, and 300 mg/1 to achieve the same state. An explanation for this result is as follows: the higher
the initial concentration, the higher the quantity of RBBR molecules, which increases the competition for
adsorption site occupation, increasing the time for the equilibrium state to be attained. As shown in figure 4(b),
as the RBBR initial concentration decreased from 300 to 25 mg1 ™", the percentage removal increased from
71.51% to0 89.32%. At higher initial concentrations, the ratio of RBBR molecules to viable adsorption sites is
high; therefore, an increased number of RBBR molecules cannot be adsorbed by MAC, reducing the removal
percentage and vice versa.

The effect of solution pH on the RBBR-MAC adsorption system is shown in figure 5. High RBBR removal of
96.69 and 95.56 mg g~ was obtained at pH 3 and 5, respectively, confirming that RBBR removal was favored in
acidic conditions. At pH values of 3 and 5, the solution was filled with excess H' ions. These positive ions
induced the surface of MAC to be positively charged, attracting negatively charged RBBR ions at a higher rate. At
pH 7, a decrease in the adsorption capacity of 83.25 mg g~ ' was observed. Under this neutral condition, the
adsorption of RBBR onto MAC was solely influenced by the original charge of the MAC surface, which was
negative, verified by the zeta potential results in section 3.1. This negatively charged MAC surface created
repulsion with negatively charged RBBR ions, explaining the decrease in RBBR adsorption capacity. Further
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Figure 8. Nonlinear plots of pseudo-second order kinetic model for RBBR-MAC adsorption system at solution temperature of (a) 30
°C, (b) 40 °Cand (c) 50 °C (original pH of RBBR solution, 0.2 g adsorbent dosage and 200 ml solution).

increases in the solution pH to 9, 11, and 13 reduced the RBBR adsorption capacity to 76.52, 71.63, and 70.58 mg
g v respectively. As the solution pH increased, the number of OH ™ ions in the solution increased, inducing a
negative charge on the MAC surface. The negatively charged MAC surface repulsed the negatively charged RBBR
ions to a higher degree, resulting in a reduction in RBBR removal.

3.3. Adsorption isotherm

The Langmuir and Freundlich isotherm models were employed to fit the adsorption data; their parameters are
summarized in table 3, and the isotherm plots are shown in figure 6. Based on table 3, the best model was
Langmuir for describing the RBBR-MAC adsorption system, owing to its high R* value (>0.9903) and low
RSME value (<7.67) for all ranges of solution temperatures studied. This signified that RBBR molecules formed
monolayer coverage on the MAC’s homogeneous surface with the maximum adsorption capacity, Q,,, of
303.14,284.87,and 263.92 mg/g for solution temperatures of 30, 40, and 50 °C, respectively. This value is
relatively high compared with that of RBBR removal by sewage sludge biochar, 126.59 mgg ™' (Raj et al 2021);
RBBR removal by acacia sawdust-based AC, 263.16 mg g~ * (Yusop et al 2017); and RBBR removal by
pomegranate peel-based AC, 20.34 mg g~ ' (Ahmad et al 2020). A reduction in the Q,, value as the solution
temperature increased indicated that this adsorption process was exothermic in nature, which can be verified in
the thermodynamic study in section 3.5. The exothermic nature of the adsorption process occurred because
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Table 4. Kinetic parameters for RBBR-MAC adsorption system.

Pseudo-first order (PFO) Pseudo-second order (PSO)
Initial RBBR concentra- Qo> €XP Qo> cal e cal k, (g
tion (mg/L) (mg/g) (mg/g)  ki(min~') RSME  (mg/g) mg ! min~") RMSE
30°C 25 22.32 21.02 0.0167 1.49 19.23 0.0017 2.54
50 44.13 43.57 0.0241 1.07 39.35 0.0010 3.68
100 85.78 77.84 0.0132 7.46 69.62 0.0003 2.55
200 158.46 135.30 0.0107 5.25 120.35 0.0001 6.01
250 189.44 154.06 0.0093 4.81 137.31 0.0001 7.20
300 214.52 162.07 0.0078 2.77 144.75 0.0001 11.21
Average 3.81 5.53
40°C 25 21.71 20.83 0.0178 0.64 18.47 0.0015 2.16
50 42.81 42.25 0.0241 0.80 38.21 0.0011 3.20
100 84.46 76.26 0.0130 7.30 68.24 0.0003 2.58
200 157.14 134.21 0.0107 6.87 119.65 0.0001 6.08
250 188.12 152.34 0.0092 4.55 135.76 0.0001 7.45
300 203.86 158.33 0.0083 3.59 140.78 0.0001 12.68
Average 3.96 5.69
50°C 25 21.68 20.75 0.0175 0.70 18.44 0.0015 2.23
50 41.60 41.27 0.0268 2.00 37.02 0.0011 2.50
100 80.31 73.36 0.0136 5.98 64.25 0.0003 2.72
200 155.42 129.38 0.0099 4.46 118.04 0.0001 7.47
250 175.48 158.52 0.0130 6.98 124.16 0.0001 21.17
300 188.97 167.54 0.0121 5.21 127.39 0.0001 26.97
Average 4.22 10.57
Table 5. Thermodynamic parameters.
Temperature AH° AS° (k]/ Ea AG°
(K) (kJ/mol) mol K) (kJ/mol) (kJ/mol)
303.15 —24.62
313.15 —2.57 0.07 10.16 —25.35
323.15 —26.08

RBBR molecules gained more kinetic energy at higher solution temperatures, escaping the active sites and
decreasing adsorption capacity. Langmuir adsorption constant, K; decreased from 0.027551mg ™" at 30 °C to
0.025851mg " at 50 °C, signifying that adsorption of RBBR onto MAC was favored at lower temperatures
(Yusop et al 2021). The heterogeneity factor, n, obtained for all temperature ranges studied, was between 1.79
and 1.94, which lies between 1 and 10, confirming the favorability of the adsorption process (Yusop et al 2022a).

3.4. Adsorption kinetic

The nonlinear plots of the kinetic models utilized in this study, namely, PFO and PSO, are shown in figures 7 and
8, respectively, and their corresponding parameters are listed in table 4. The kinetic data were best represented by
PFO because it had alower RSME value (<4.22) than PSO (<10.57) did for all adsorption temperature ranges
studied. The PFO model suggested that the sorption of RBBR onto MAC was influenced by the physisorption
type of forces, which is verified in the thermodynamic study in section 3.5. Similar results, where the adsorption
process was best fitted by PFO, can be observed in the adsorption of cationic dyes by Schiff’s base chitosan-
glutaraldehyde/AC composite (Jawad et al 202 1a) and methylene blue dye adsorption by KOH-activated dragon
fruit peel-based AC (Jawad et al 2021b). A decreasing trend in k; values from 0.0167 to 0.0078 min ™', from
0.0178 t0 0.0083 min !, and from 0.0175 t0 0.0121 min " ! for solution temperatures of 30, 40, and 50 °C,
respectively, was observed as the initial concentration increased from 25 to 300 mg/1. The reason for this trend is
that the higher the initial concentration, the higher the degree of competition between RBBR molecules to be
adsorbed by the active sites on MAG; therefore, the rate constant for the adsorption process decreased. Boyd
plots were constructed to understand the diffusion process involved in the RBBR-MAC adsorption system
(figure 9). The Boyd plot is useful for determining the slowest step of the adsorption process. All lines in the Boyd
plots (25 to 300 mg1~") did not pass through the origin, signifying that film diffusion was the rate-limiting step
in the adsorption process.

12



I0OP Publishing Mater. Res. Express 10 (2023) 015602 H A Alharbi et al

5
O 25mg/L
4
& 50 mg/L
3 A 100 mg/L
=
g 5 X 200 mg/L
1 X 250 mg/L
O 300 mg/L
0
0 3.5
-1
t
(a)
4 O 25mg/L
3
& 50 mg/L
3
) A 100 mg/L
g 2 X 200 mg/L
1 X 250 mg/L
1
0 O 300 mg/L
10 3.5
-1
t
(b)
3
O 25mg/L
3
& 50 mg/L
2
A 100 mg/L
= 2
g8 X 200 mg/L
1
X 250 mg/L
1
O 300 mg/L
0
0 3.5
-1
t
(c)
Figure 9. Boyd plots for RBBR-MAC adsorption system at solution temperature of (a) 30 °C, (b) 40 °C, and (c) 50 °C (original pH of
RBBR solution, 0.2 g adsorbent dosage and 200 ml solution).

3.5. Adsorption thermodynamic

The parameters obtained from the thermodynamic study are presented in table 5, and the plot of the adsorption
capacity of RBBR at equilibrium versus different solution temperatures is shown in figure 9. Based on figure 10, a
decrease in the adsorption capacity of RBBR from 85.79 to 80.32 mg g~ ' as the solution temperature increased
from 30 to 50 °C was observed, signifying the adsorption process behaved exothermically. This result was
verified again by the negative value obtained for A an H® of —2.57 k] mol . The exothermic nature of the
adsorption process was also observed in the removal of methylene blue dye by arginine-based composite AC
(Naushad efal 2019). Negative values of AG®, which are between —24.62 and —26.08 kJ mol ™}, signified that the
adsorption of RBBR onto MAC was spontaneous in nature. The value of AS® was 0.07 k] mol '. K, and this
positive value indicates that the degree of randomness increased at the liquid-solid interface. This was due to the
enhanced desorption of water molecules from the MAC surface owing to RBBR adsorption (Preeti et al 2021).
The E, value was 10.16 k] mol '. Because this value is below 40 k] mol ', it implies that the adsorption process
was controlled by physisorption (Preeti et al 2021). This result is consistent with the predictions presented in
section 3.4.
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Figure 10. Plots of adsorption capacity of RBBR onto MAC versus different solution temperature (original pH of RBBR solution, 100
mg 1! initial concentration, 0.2 g adsorbent dosage and 200 ml solution).

4, Conclusion

MAC was successful in adsorbing RBBR dye, with an adsorption capacity of 303.14 mg g~ '. Average pore
diameter and BET surface for MAC were revealed to be 2.51 nm (mesopores) and 641.23 m” g~ ', respectively.
The zeta potential value was determined to be —0.783 mV, which confirmed that the MAC surface was
negatively charged. A low initial concentration of RBBR (25-50 mg1~ ") achieved equilibrium after 3 h, and high
concentrations (100-300 mg 1~ ") attained the same state after 7 h. Removal of RBBR by MAC achieved optimum
value at pH 3 with 96.69 mgg ™' and a solution temperature of 30 °C of 85.79 mgg . Isotherm and kinetic
studies revealed that the adsorption process was best represented by the Langmuir and PFO models.
Thermodynamic parameters were calculated to be —2.57, 0.07, 10.16, and —24.62 k] mol ' for AH®, AS°, E,,
and AG®, respectively; thus, the adsorption process was exothermic in nature, increasing randomness at the
liquid-solid interface, governed by physisorption and spontaneous in nature.
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