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Abstract

The point of zero charge (PZC) is an inherent electrokinetic property of biochars (BC). It
influences the adsorption process under certain pH conditions. Herein, we report the
method of determination of the PZC values of ten standard BCs. We used the salt addition
method to select the BCs with suitable properties for methylene blue (MB) removal from
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aqueous solutions. The standard BCs were obtained by pyrolyzing five different biomasses at
two distinct temperatures (550°C and 700°C). The BCs derived from rice husk (pHpzc at 7.22
and 7.64 for RH550 and RH700, respectively) and softwood pellets (pHpzc at 6.57 and 6.78
for SWP500 and SWP700, respectively) were selected for their compatibility with cationic
dyes such as MB. Results from adsorption experiments indicated the potential use of the RH
biochar as an adsorbent for the removal of MB from aqueous solutions. The removal
efficiencies were 68.83% and 71.97% for RH550 and RH700, respectively. Considerably low
values were obtained for SWP550 and SWP700 (21.61% and 22.84%, respectively).
Equilibrium was achieved at 2 h for RH550 and 1 h for RH700, and the adsorption kinetics for
the RH BCs could be described by a pseudo-second order equation. The results revealed that
even when produced under comparable conditions, BCs obtained from different feedstocks
exhibited different cationic dye removing abilities. BCs optimized for the removal of cationic
or anionic dyes can be easily engineered by appropriately matching the feedstock with the
processing conditions.
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1. Introduction

Textile manufacturing processes cause water pollution, which is of serious concern worldwide.
Due to their toxic nature, synthetic dyes can severely impact the environment when untreated or
partially treated effluents are discharged into water bodies. Textile dyes not only compromise the
aesthetic quality of water but also negatively influence the process of photosynthesis, inhibiting
plant growth. Thus, it also affects the health of aquatic biota [1]. Generally, a large percentage of
the dye does not bind to the fabric during the coloration process. The unbound dye -
approximately 10 to 15% - is released into the wastewater stream [2-8]. The synthetic dyes in
water exert adverse effects on many forms of life, and this can be attributed to the toxicity,
mutagenicity, and/or carcinogenicity of their components and by-products [9].

Dyes can be classified as (1) anionic dyes, which are divided into direct, acid, and reactive dyes;
(2) nonionic dyes, which are also known as disperse dyes; and (3) cationic dyes, which comprise of
all basic dyes [10]. Methylene blue (MB) is a well-known thiazine cationic dye which is widely used
in the leather, ceramics, and textile industries [11, 12]. Decolorization processes are conducted to
treat wastewater before dye-containing wastewaters are released into the water streams. This is
because most dyes, including MB, are resistant to chemical and biological treatment methods.
During the process of decomposition of dyes, substances that are more toxic than the dyes may be
produced [13].

Various methods have been reported over the years for the removal of toxic dyes [14, 15].
These methods include aqueous removal methods such as biological, coagulation, coagulation-
flocculation, oxidation, ozonation, and adsorption. The adsorption method is a very simple and
effective process that is widely used for the removal of dyes from wastewater [16, 17].
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Many different adsorbents (such as zeolites, resins, clay minerals, and activated carbons) can
be used for wastewater treatment and purification [18-21]. BCs are receiving increasing attention
as potential adsorbent materials. This is because they are characterized by a porous structure,
contain a charged surface, and consist of numerous surface functional groups. Several studies
have demonstrated that BCs can be used as low-cost adsorbents for the treatment of aqueous
solutions contaminated with dyes [22-27].

BCs are obtained through thermal degradation of carbon-rich biomass in the presence of little
or no oxygen [28]. Not only is there a multitude of biomasses available to produce BC, but they are
also considered to be natural and renewable sources that are present in abundance. There are a
number of biomasses that can be used as feedstock for BC, including rice straw, rice husk, bamboo,
corn stover, peanut shells, softwood, etc.

The point of zero charge (PZC) is an electrokinetic property of materials, such as fibers. The
determination of PZC is critical for the dyeing processes as it influences the adsorption of dyes
used during the dyeing of fibers [29]. During the process of dyeing, the ionic charge of the protein
fibers is affected by the pH of the bath in which the fibers are immersed. Similarly, pH is also
important in the case of BC as an adsorbent, given that the process of dye adsorption will depend
on not only the PZC of the BC but also the pH of the dye solution.

At the pH corresponding to the PZC (pHpzc), the net surface charge is zero, and the diffuse ion
swarm vanishes. In other words, under these conditions, the BC has a neutral charge. It is also
called the isoelectric point (IEP), as at this pH value, the particles do not move when exposed to an
electric field [30]. At pHpzc, equal amounts of positive and negative charges are present. Thus, it is
faulty to state that the surface is devoid of charge [31].

The determination of PZC can help optimize the process of selection of a BC that can be used as
an adsorbent for the removal of MB from aqueous solutions. Adsorbents with low PZC values are
compatible with cationic dyes, such as MB, whereas adsorbents with high PZC values are more
suitable for the capture of anionic dyes.

This study describes the method of determination of the PZC of ten standard BCs, developed
and provided by the UK Biochar Research Centre (UKBRC). The results have been compared, and
the salt addition method was used for the studies. It was possible to compare the results as these
BCs were produced under standard conditions. Pyrolytic temperature, residence time, type of raw
material, and thermochemical conversion technology significantly affect the properties of BCs and,
consequently, affect the applicability of the BCs as adsorbents [32]. The ten standard BCs were
obtained by pyrolyzing the raw materials at similar temperatures and residence times. The
differences in the properties of the BCs arise from the use of different feedstocks. Under the same
pyrolysis conditions, the adsorption capacity of BCs varies based on the raw material sources. The
differences can be attributed to the mineral components (such as COs% and PO4*) present in the
systems “[33-36]. The information on PZC can be used for selecting suitable BCs for the efficient
removal of MB and other dyes from aqueous solutions.

The determination of the PZC values of the standard BCs provided by the UKBRC has not been
previously addressed. Furthermore, to the best of our knowledge, these materials have not been
previously investigated by varying the adsorbent dosages and under conditions of different
pyrolytic temperatures for the adsorption of MB. The removal efficiency (R) for MB and the
adsorption capacity (g) were calculated under specified conditions for the BCs selected. The
experiments were based on the PZC data. Furthermore, the morphology of each standard BC was
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investigated using the scanning electron microscopy (SEM) technique. The surface properties of
the selected BCs were analyzed using the Fourier-Transform infrared spectroscopy (FTIR)
technique. Finally, non-linear kinetic models were outlined to predict the MB adsorption kinetics
on the selected BCs.

2. Materials and Methods
2.1 Reagents and Solutions

Solutions of "‘NaNOs (0.1 mol L?!) were used to maintain the ionic strength during the
experiments. Standardized solutions of ‘HNOs; and NaOH (0.1 and 0.5 mol L%, respectively) were
prepared for pH adjustment. All reagents were supplied by Merck (Darmstadt, HE, Germany). The
solutions were prepared using ultrapure water of 18.2 MQ cm resistivity (Barnstead Thermolyne,
lowa, USA).

2.2 BC samples

Ten different standard BCs were prepared following the process of slow pyrolysis at UKBRC
(The University of Edinburgh, UK) using a pilot-scale rotary kiln pyrolysis unit. The ten BCs were
obtained from a set of 5 different biomasses (rice husk, oilseed rape straw, wheat straw,
miscanthus straw, and soft wood). The samples were prepared at 2 different temperatures (Table
1; 550 and 700°C; heating rate: 80°C min}; residence time: 15 min). The basic properties of each
standard BC are presented in Table S1. The details were provided in the specification sheets from
the UKBRC. All ten BC samples and the respective feedstocks are presented in Figure S1.

Table 1 Standard BCs furnished by UKBRC.

Pyrolytic Temperature

Biomass

550°C 700°C
Rice Husk RH550 RH700
Oil Seed Rape Straw Pellets OSR550 OSR700
Wheat Straw Pellets WSP550 WSP700
Miscanthus Straw Pellets MSP550 MSP700
Soft Wood Pellets SWP550 SWP700

2.3 Preparation of the Samples

The standard BCs were ground in a cutting mill and passed over a 120-mesh screen. The
fraction corresponding to particles smaller than 250 um was selected. The selection was based on
exploratory tests, and a 60-mesh sieve was used. The samples were stored in air-sealed
polypropylene flasks obtained from SCP Science (Baie-D’Urfé, QC, Canada).

2.4 Determination of the PZC values
The initial pH values (pHi) were adjusted in the range of 3-13 using NaOH and HNOs solutions.

All experiments were performed in triplicate (biochar dosage: 10 g L) in a “solution of NaNOs (0.1
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mol L?). The final pH values (pHs) were recorded for the remaining suspensions after shaking the
solutions for 24 h at 120 rpm.

2.5 Calibration Curve for MB

The quantitative determination of MB was performed using the ultraviolet-visible (UV-vis)
spectroscopy technique using a Pharmacia Biotech Ultrospec 3000 UV/Visible spectrophotometer
(Uppsala, Sweden). The absorption spectra were recorded by measuring the absorbance at 668
nm (Amax = 668 nm). This wavelength corresponded to the maximum absorption of MB in the UV-
vis range. The calibration curve for MB was generated to evaluate the linearity in the range
considered in this study. MB solutions of different concentrations (range: 0-20 mg L'%; nine points:
0,0.05,0.5, 1, 2.5, 5, 10, 15, and 20 mg L'!) were prepared and the absorbance was recorded using
the UV-vis spectrophotometer.

2.6 Sorption Experiments

Exploratory laboratory experimentation allowed the selection of the specific conditions
associated with the parameters of interest. The experiments were conducted in triplicate using a
solution of "MB (initial concentration: 50 mg L!) prepared at pH 8 to evaluate the MB adsorption
capacity of the BCs selected based on the PZC experiments (RH550, RH 700, SWP550, and
SWP700). This solution was placed in contact with each BC (dosage: 10 g L'?) and shaken for 24 h
at 120 rpm. The BCs were air-dried at 110°C in a drying oven prior to conducting the experiments.

At the end of the shaking step, the supernatant was separated from the BC under conditions of
centrifugation at 6,000 rpm (time: 15 min), and the MB concentration in the remaining solution
was determined using UV-vis spectroscopy technique. Filtration (instead of centrifugation) was
also considered to conduct this step as the residual, non-adsorbed MB in the solution could be
partially retained in the filter paper. This could increase the final removal efficiency by
synergistically complementing the adsorption process. This alternative was considered because
many researchers studying the dye removal process by adsorption [37-42] used the filtration
method to separate the adsorbent from the remaining solution. The adsorbent was alternatively
separated following the filtration process, instead of centrifugation, using a medium grade double-
ring quantitative filter (GE Healthcare, Chicago, IL, USA) to quantify the effect.

The extraction efficiency, R (%), was determined using the following equation:
(Co - Ct)

e

R(%) =100 x [ €Y)

where R is the efficiency of extraction or retention percentage, Co (mg L?) is the initial
concentration of MB, and C; (mg L) represents the concentration of MB at time t.

The adsorption of MB was evaluated as a function of the adsorbent dose, pH, contact time, and
initial concentration. The adsorption capacity (mg g) of the adsorbent was calculated using Eq. (2)
as follows:

(Co—C) xV

qc = M ) (2)
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where g;is the amount of adsorbate adsorbed per gram of the adsorbent at any time ¢, (pand ¢
are the concentrations of the adsorbate in the initial solution and at time ¢ respectively (mg L), VV
denotes the volume of the adsorbate solution added (L), and M denotes the amount of the
adsorbent used (g).

2.7 Characterization
2.7.1 SEM Analysis

The morphology of all standard BCs was studied using the SEM coupled with energy-dispersive
X-ray spectroscopy (SEM/EDS) analysis technique using a Phenom ProX microscope (Thermo Fisher
Scientific, Asheville, USA) at an acceleration voltage of 15 kV. Each of the analyzed samples was
previously prepared by individually mounting them onto aluminum stubs using adhesive carbon
tape. The substrate was sputter-coated with gold using a BAL-TEC SCD 050 sample coater/sputter
(Capovani Brothers Inc., Scotia, USA) to form a thick uniform layer.

2.7.2 FTIR Analysis

The FTIR technique was used for sample analysis using a Bruker, Tensor 27, FTIR Spectrometer
(Bruker Corporation, Billerica, Massachusetts, USA). A total of 32 scans were used to analyze the
spectral region (320-4000 cm™) at a resolution of 4 cm™. This analysis was restricted to the BCs
that were selected for the sorption experiments with MB. The aim was to shed some light on the
adsorption mechanism(s) involved. The pressed translucent pellets were prepared using 1:50 mg
powdered BC and dry KSCN/KBr (0.2%).

2.8 Kinetic Modelling

Batch sorption experiments were performed to determine the effect of the contact time. The
vials containing the MB solution (50 mg L?) and the BC samples were stirred (130 rpm) at a
controlled temperature (25°C). BC (0.1 g) was suspended in an aqueous solution of MB (10 mL),
and it was kept in contact in an orbital shaker incubator (BT 400, Biothec, Brazil) during different
time intervals (0, 5, 15, 60, 120, 240, 360, and 480 min). After each run, the BC sample was
removed under conditions of centrifugation at 6,000 rpm (time: 15 min), and the MB
concentration in the remaining solution was determined using the UV-vis technique. The
experiments were carried out in duplicate.

The kinetic adsorption modeling method was used to mathematically describe the adsorption
of MB onto the selected BCs. Non-linear kinetic models of pseudo-first-order (PFO) [43, 44] and
pseudo-second-order (PSO) [45, 46] were used for analysis. The non-linear kinetic expressions for
the PFO and the PSO models are determined using Eq. (3) and Eq. (4), respectively, as follows:

q: = qo- (1 —exphat), 3
k,.q%t

==zt 4

U= Tk, ., ¢ )
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where tis the contact time (min), g: is the amount of the adsorbate adsorbed at a time (mg g?), ge
is the equilibrium adsorption capacity (mg g1), k; is the pseudo-first-order rate constant (min),
and k;is the pseudo-second-order rate constant (g mg™* min2).

3. Results and Discussion
3.1 MB Calibration Curve

The MB calibration curve was generated by plotting the absorbance recorded using the UV-vis
spectrophotometer versus the concentration of each calibration standard (Figure S2). The
analytical curve equation is as follows:

y = 0.12104x + 0.01356 (5)

The adjusted correlation coefficient (R%jq) was 0.99747, which is close to unity. The results
showed satisfactory linearity in the range of the study.

3.2 pH at the PZC

The difference between pH; and pHs (ApH) was plotted against the pH; values, and the pH at PZC
(pHpzc) corresponded to the point of intersection in the resulting curve (Figure 1A and Figure 1B).
The pHpzc values recorded in a solution of "'NaNOs (0.1 mol L) are presented in Table S2.

—=— RH550
—8— 0OSR550
—dh— WS550
—¥— MSP550
SWP550

4

B
4 - 1 —=— RH700
3] 1 —8— OSR700
] | —A— WST700
24 : —¥— MSP700
T 4] SWP700
Q
S TP S Y B = e — —
-2 1 N
'3 T T T T T l T T T T T
2 4 6 8 10 12 14

pH

initial

Figure 1 pH at PZC for the BCs (A) pyrolyzed at 550°C and (B) 700°C. Data are
expressed as mean +standard deviations.

The BCs that presented the lowest PZC values were compatible with cationic dyes, such as MB,
because the pH of the solution could be easily adjusted to be higher than the pH at PZC. When pH >
pHpzc, the surface of the BC remains negatively charged. This favors the adsorption of cations.

Page 7/20



Recent Progress in Materials 2022; 4(2), doi:10.21926/rpm.2202010

Therefore, the most suitable BCs for which it was easy to tune the pH of the solution above pH at
PZC were RH550 (PZC = 7.22), RH700 (PZC = 7.64), SWP550 (PZC = 6.57), and SWP700 (PZC = 6.78).

On the other hand, the BCs characterized by high PZC values can be used for the adsorption of
anionic dyes as the surfaces of the BCs were positively charged when the pH of the solutions was
less than the PZC values of the BCs.

A slight increase in the pH at the PZC values was observed for all BCs obtained at high pyrolytic
temperatures (700°C). This could be attributed to the release of alkaline salts, such as Na, K, Ca,
and Mg, from the feedstock during the pyrolysis process [47, 48]. This is consistent with previous
findings presented in the literature. It has been previously reported that most of the BCs produced
following the slow pyrolysis process are alkaline [49-55]. A comparison of the pHpzc values of
different BCs reported in the literature is presented in Table S3.

3.3 Adsorption of MB

Based on the PZC results, four BCs (SWP550, SWP700, RH550, and RH770) were selected for
further tests to determine the MB adsorption ability. Initially, the adsorption was carried out on
the BC samples, and the method was followed by a separation process using paper filters. The
combined effect on the removal of MB is presented in Figure 2.

™

RH550 RHT00 SWP550 SWPT00
Material

q(mgg™)

Figure 2 Adsorption capacity q (mg g*) of BC combined with the filter over a dosage
range of 10-50 g LY. RH and SWP were prepared at 550°C and 700°C. Conditions: MB
concentration: 50 mg L}, contact time: 24 h, temperature 25 + 2°C. Initial pH = 8.

The maximum values of g (mg g*) were obtained at the lowest dosage (10 g L'!). Better removal
was achieved when higher dosages were used (Figure S2). Further experiments were conducted at
this dosage value as the initial aim was to increase the adsorption capacity (10 g L). In these
experiments, the combined effects of the BC and the filter on the MB removal efficiency were
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considered. Firstly, the BC and solutions were separated using the process of centrifugation. The
method was also carried out using paper filters. The adsorption capacity and MB removal
efficiency of SWP550, SWP700, RH550, and RH770 under the condition of centrifugation and
filtration are shown in Figure 3.

>

100
1 E= ES Filter
- 80 - Biochar
S = -
T 904 t
> -
g 404
q) -
X 20 + =
0
B 4
— 3
o |
o 24
E
o4 I .
D I L 1 L I Lt I
RH550 RH700 SWP550 SWP700
Biochar

Figure 3 (A) MB removal efficiency of BCs (grey fill) and filter units (white fill); (B)
Adsorption capacity g (mg g*) of the BCs. RH and SWP were prepared at 550°C and
700°C. Conditions: adsorbent dose: 10 g L', MB concentration: 50 mg L%, contact time:
24 h, temperature: 25 + 2°C. Initial pH = 8.

When only BC was used (i.e., the centrifugation conditions were used for adsorption), an
average removal rate of 70% was achieved for both RH BCs (68.83% for RH550 and 71.97% for
RH700). The MB removal efficiencies for SWP550 and SWP700 were 21.61% and 22.84%,
respectively.

These results indicate that RH BCs present a higher density of negative surface charges
compared to SWP BCs. The results agree well with the results obtained by analyzing the pH at PZC
(given that the pH of the MB solution was adjusted to a value that was higher than this parameter
(pH = 8 > pHpzc)). As MB is a cationic dye, its adsorption was realized by exploiting the electrostatic
attraction generated on the surface of the RH BC. According to Ahmad et al. [56], the electrostatic
affinity between the surface of the BC and the cationic molecules in the MB dye promote the
process of adsorption.

The results are consistent with the results reported in the literature. A variety of BCs obtained
by pyrolyzing the Wodyetia bifurcata endocarp was evaluated as an alternative adsorbent for MB
[57]. The authors reported a 60% MB removal rate, regardless of the particle sizes used in the
tests (<0.234 nm; 0.234 - 0.300 nm). The adsorption capacity (gex) of the Wodyetia bifurcata-
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based biochar (Copvep: 50 mg L2, pyrolysis temperature: 700°C, average particle diameter: <0.234
nm, chemically activated with H3PO4) was 1.55 mg g*. It was slightly higher than the adsorption
capacity recorded for SWP550 (1.08 mg g!) and SWP700 (1.14 mg g'). However, it was
significantly lower than the adsorption capacities recorded for RH550 (3.44 mg g!) and RH700
(3.60 mg gt).

Hoslett et al. [58] investigated the BC prepared by pyrolyzing the mixed municipal discarded
material (MMDM) for the removal of MB. Under some pyrolysis conditions/biochar compositions,
the authors reported 2.96 mg g* as the amount of MB adsorbed. The initial MB concentration was
the same as the initial concentration reported herein (Copmg) = 50 mg L%).

In another reported study [56], RH biochar, prepared at 500°C under conditions of pyrolysis,
was used for the removal of MB from aqueous solutions. The removal percentage reported was in
the range of 71.0-99.0%. The removal percentages depended on the experimental conditions. The
high adsorption capacity achieved using the RH biochar can be attributed to the different
experimental conditions and/or mixture time, which ranged between 0.0 to 96.0 h.

It is worth mentioning that although the performances of SWP550 and SWP700 were poorer
compared to the performances of RH550 and RH700, the MB adsorption capacity can be improved
by tuning other experimental conditions.

Moreover, no significant difference was observed between the BCs produced from the same
biomass but at different temperatures. This indicated that the adsorption of MB was purely
dependent on the surface charge and not on physical properties (such as specific surface area). It
also revealed that the adsorption process was dominated by the properties of the biomass used.

The positive effect of the filter was also evident in all cases (Figure 2A). When the adsorption
process was combined with the filtration process, an increase in the removal percentage of MB
(from 20% to >50%) was observed for the SWP BCs. Similarly, the removal percentages recorded
using the RH BCs reached approximately 90% MB when both biochar and filter were used for MB
removal. This reveals that the combined treatment methods can be used for MB removal, and the
results reveal that various waste-derived BCs can be used for MB removal.

The final pH was varied depending on the biosorbent used (Figure S3). For the RH BCs, the final
pH values remained above the respective PZC values. Low levels of interferences were observed
during the adsorption process. However, the final pH values for the SWP BCs were noticeably
affected, and these values approached the PZC values, indicating that the initial adjustment of the
pH of the MB solution to 8 did not suffice to uphold the negative charges at the surfaces of the
BCs throughout the adsorption process. Therefore, the low removal efficiency was realized for
these materials when the adsorption was carried out under the described conditions, indicating
that SWP BCs could display a better performance if the pH of the solution was adjusted to a higher
value.

3.4 Characterization
3.4.1 Morphological Analysis of the Standard BCs using the SEM Technique

The SEM images of all standard BCs produced at 550°C, and 700°C are shown in Figure 4.
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WSP550 - 2000x w

Figure 4 Micrographs of standard BCs.

The topographic images are characteristic of chars. A comparison of the SEM images of RH,
WSP, OSR, and MSP reveals that the pyrolytic temperature gap between the BCs obtained at
550°C and those obtained at 700°C were not large enough to create a significant difference in the
morphology of the materials. The morphologies could be compared as a similar pyrolytic process
was followed for all samples. Pores of different sizes were observed in both sets of samples. This
can be potentially attributed to the dehydration and volatilization of the biomasses [59].

The pattern recorded for the SWP BCs was different from the patterns recorded for other
biochars. The presence of irregular longitudinal structures remnant of the fibrous cellulosic
composition of softwood was observed. In this case, however, an increase in the pyrolytic
temperature appeared to have changed the morphology of the sample. Larger pores are observed
in the SWP700 sample, which is consistent with the findings of Maziarka et al. [60]. They reported
that the specific surface area (SSA) and pore volume increased with an increase in the pyrolytic
temperature. Similar observations were made for other BCs, but the difference in the pore size
could not be visually detected by analyzing the SEM images.

3.4.2 FTIR-based Surface Analysis

The superposition of the FTIR spectral profiles corresponding to the RH and the SWP BCs,
recorded before and after MB adsorption, are presented in Figure 5. The results showed that the
difference in the pyrolytic temperature at which the BC samples were obtained exerted a subtle
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influence on the surface functional groups of the BCs. In the profiles recorded for the RH700 and
the SWP700 samples, the peaks observed for RH550 and SWP550 were present. However, these
peaks were slightly less intense. The results agree well with the results obtained during the
thermal degradation process [48, 61, 62].

(a) (b)
\

—— RH550 — SWP550
— RH550-MB — SWP550-MB
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
o -l . @
nhad 1 ~ A
3036 1384
4 Gt
- 1640 "~ o
617 | ‘\ P 1618 617 /*
f /
476 | 3648 11, 476 |
! ;' 3415 400
o 3477
——RH700 SWP700
——- RH700-MB — SWP700-MB
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™) Wavenumber (cm™)

Figure 5 FTIR spectral profiles recorded for (a) RH550, (b) SWP550, (c) RH700, and (d)
SWP700.

The spectral profiles recorded for RH (Figure 5(a) and Figure 5(c)) were analyzed. The peaks in
the region between 3600 and 3100 cm™ are commonly attributed to the characteristic stretching
vibrations of the -OH group in Si-OH (silanol) or water. The absorption peaks at 1640 cm™ and
1618 cm™ were assigned to the C=0 group of carboxyl and carbonyl groups [63]. The peak at 1384
cm™t was attributed to the C=C stretching vibration, consistent with the aromatic groups in lignin
[64]. The peak at 1112 cm™ is indicative of the presence of the Si-O-Si group [65], and the peak at
617 cm™ can be attributed to the Si-OH group [66]. This can be explained by the fact that rice husk
contains a high content of silica [67]. The characteristic peaks obtained for each raw RH BC are
also present in the FTIR spectral profiles of both BCs post MB adsorption. However, these peaks
are more intense.

The presence of several peaks attributable to the RH BCs was observed in the spectral profile
recorded for SWP. However, the peak associated with the siloxane bonds (Si-O-Si) between 1000
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cm™ and 1300 cm™ was absent in the profile recorded for SWP. The absorption intensities of the
bands at 1640 cm™, 1618 cm™, and 3430 cm™increased after MB adsorption.

3.5 Kinetic Study

The efficiency and the equilibrium adsorption capacity of the RH BCs were evaluated by
conducting an adsorption kinetic study. The RH BCs were selected based on their adsorption
performance. The results indicated that they were potential adsorbent materials for MB in
aqueous solutions. The effect of the contact time on the removal of MB by RH BC is shown in
Figure 6. A minimum of 1 h was necessary to reach the adsorption equilibrium, at which the
equilibrium capacities, according to the non-linear pseudo-second-order model, were 2.88 mg g™
and 2.97 mg g for RH550 and RH700, respectively. These results were similar to the results
reported by Gilen et al. [68]. They used sumac leaves for MB adsorption and reported that the
adsorption capacity was in the range of 0.85-3.20 mg g*. This range was a result of various initial
MB concentrations, as assessed by the authors. Adsorption equilibrium was reached at 30 min. A
high adsorption capacity for MB was achieved using carbonized chestnut shells (5.13 mg g?).
However, the equilibrium was reached at 120 min [69].
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Figure 6 Experimental kinetics for the removal of MB from an aqueous solution using
(a) RH550 and (b) RH700. (e) Experimental data; (dotted blue line) data predicted
using the pseudo-first-order model; (dashed red line) data predicted using the pseudo-
second-order model.

The linear kinetic parameters of each model are presented in Table 2. According to the data,
the PSO model presented a better fit, with the R? values being close to 1 for the RH BCs (0.9759 for
RH550 and 0.9799 for RH700).
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Table 2 Kinetic parameters corresponding to pseudo-first-order and pseudo-second-
order models for the adsorption of MB onto RH550 and RH700. Values of Qe,exp for
RH550 and RH700 were recorded after 1 h.

PFO PSO
Qe exp k1 Qe ka Qe
Adsorbent R? 2
(mgg?) (hY) (mgg?) (gmg'h') (mgg?)
RH550 2.76 8.53 2.59 0.9327 4.09 2.88 0.9759
RH700 2.95 16.25 2.71 0.9348 8.32 2.97 0.9799

The calculated equilibrium sorption capacities (ge) for the PSO model were closer to the
experimental results (geexp), suggesting that the sorption of MB onto the RH BCs followed the PSO
model. In other words, more than one step is likely involved in the sorption process. The PSO
model was also the best fit for the MB adsorption process conducted using sumac leaves [68],
carbonized chestnut shell [69], and carbonized peanut shell [70]. The values of the kinetic
parameters ki and k; corroborate the results obtained during the ultrasonic-assisted adsorption of
MB in the presence of sumac leaves [68].

Finally, the pH values of the solutions were measured at the same time intervals of the kinetic
study (Figure S4). At the equilibrium corresponding to RH550 and RH700, the pH values remained
higher than the respective PZC values (9.4 and 9.6, respectively). The results revealed that these
contact times could be successfully used to perform the adsorption of MB from aqueous solutions.

4. Conclusions

The results revealed the considerable differences in the PZC values of the ten BC samples under
study. This information was then used for the selection of BC samples to match the requirements
of cationic dye (MB) removal from wastewater and drinking water. Under the given conditions, RH
BCs performed the best as MB adsorbent materials, indicating that these BCs presented were
characterized by the presence of a large number of negative charges. The quantity of negative
charge, in this case, was higher than that recorded for the SWP BCs. When RH and SWP BCs were
produced under similar pyrolytic conditions, it was expected that they would exhibit different
adsorbent properties, as the characteristics of each BC depended significantly on the feedstock
source. Moreover, SWP BCs are likely to perform better under optimized experimental conditions.
An in-depth experimental investigation should be conducted to validate this hypothesis. The
equilibrium was reached after 4 h and 6 h for RH550 and RH700, respectively, and the adsorption
process was best represented by the pseudo-second-order rate model. The performances of the
RH and SWP BCs can be improved in the future by optimizing the adsorption parameters and
activating these BCs.
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