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Abstract—Hydrochars derived from golden shower pod (GSH), coconut shell (CCH), and orange peel (OPH) were
synthesized and applied to remove methylene green (MGS5). The results indicated that the hydrochars possessed low
specific surface areas (6.65-14.7 m’/g), but abundant oxygen functionalities (1.69-2.12 mmol/g). The hydrochars exhib-
ited cellular and spherical morphologies. Adsorption was strongly dependent on the solution pH (2-10) and ionic
strength (0-0.5M NaCl). Equilibrium can be quickly established in the kinetic study (60-120 min). The maximum
Langmuir adsorption capacities at 30 °C followed the order GSH (59.6 mg/g)>CCH (32.7 mg/g)>OPH (15.6 mg/g)>
commercial glucose-prepared hydrochar (12.6 mg/g). The dye adsorption efficiency was determined by the concentra-
tions of oxygen-containing functionalities on the hydrochar surface. The adsorption process occurred spontaneously
(-AG’) and exothermically (—AH’). Desorption studies confirmed the reversible adsorption process. Oxygenation of
the hydrochar surface through a hydrothermal process with acrylic acid contributed to increasing MGS5 adsorption and
identifying the negligible role of 77 interaction to the adsorption process. The analysis of Fourier transform infrared
spectrometry demonstrated that the aromatic C=C peak did not significantly decrease in intensity or shift toward
higher/lower wavenumbers after adsorption, which further confirms the insignificant contribution of 77 interaction.
Electrostatic attraction played a major role in adsorption mechanisms, while minor contributions were accounted for
hydrogen bonding and n-7 interactions. The primary adsorption mechanisms of MG5 onto hydrochar were similar to
biosorbent, but dissimilar to biochar and activated carbon (i.e., 7~ 7 interaction and pore filling).
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INTRODUCTION

The presence of dyes and pigments in effluents is of enormous
concern to public health around the world because of their toxic,
carcinogenic, mutagenic, and allergic nature. In addition, the un-
treated discharge of a great volume of wastewater has attracted more
attention because of aesthetically displeasing reasons and environ-
mentally adverse problems, with potential health risks for humans.
It is estimated approximately 200,000 tons of dye are discharged by
the textile industry to the water environment [1], and approxi-
mately 10,000 tons of dye produced every year [2]. During the
dyeing process, it is anticipated that the losses of colorants to the
environment can reach 10-50% [1].

It might be difficult to decolor or treat dye-containing water
and wastewater streams since dye molecules tend to have relatively
strong recalcitrance and resistance to aerobic digestion as well as
high stability to light, heat, and oxidizing agents [3]. Among the
typical methods for removal dyes (i.e., membrane, biological treat-
ment, and oxidation), adsorption can be considered the most eco-
nomically favorable technology because of its relative high removal
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efficiency, high reversibility, and low operation costs [4].

Although raw lignocellulose biomasses derived from agricultural
wastes can serve as the low-cost and renewable adsorbents for re-
moval of dye from aqueous media because of active functional groups
on their surface, there are several controversial problems when they
were used directly for water treatment. This is because the water
after being treated had a high level of chemical oxygen demand, bio-
logical chemical demand, and total organic carbon, which results
from releases of soluble organic compounds (ie., lignin, tannin,
and pectin) during adsorption process [5]. These releases can cause
the second pollution or make the treated water to be light yellow
or brown colors.

Biochar, a state carbon-enriched and porous material, is pro-
duced through the pyrolysis process in an inert atmosphere (ie.,
N, or Ar atmosphere), in a non-circulating air atmosphere (ie,
within lid-enclosed crucible), or even under vacuum condition at
a high carbonization temperature [6,7]. This process is also known
as a dry pyrolysis. Our recent research suggested that the cationic
dye adsorption capacities of agricultural residues-developed bio-
chars were limited and the adsorption process was irreversible. The
primary adsorption mechanisms were regarded as 77 interaction
and non-micropore filling (un-published data). Analogous adsorp-
tion mechanisms were also observed for the adsorption of cationic
dye (i.e., MG5) onto other carbonaceous porous materials, such as
commercial activated carbon [8] and synthesized activated car-
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bons [9].

Recently, the hydrothermal carbonization (HTC)—a thermo-
chemical conversion technique that uses subcritical water for the
conversion of wet or dry biomass to carbonaceous products (also
known as hydrochar) through fractionation of the feedstock—has
attracted more attention. This process can produce carbonaceous
materials with a high density of oxygenated functional groups due
to the decrease of pH during hydrothermal carbonization of bio-
mass [10-12]. Furthermore, the hydrothermal carbonization (wet
carbonization) is more economically efficient than pyrolysis process
(dry carbonization), because it requires lower carbonization tem-
perature and does not require energies for desiccation of biomass.

Like biochar and activated carbon, hydrochar also possesses the
aromaticity of carbon structures that results from hydrothermal
carbonization of carbohydrates in (hemi-) cellulose compounds
[13]. Generally; the H/C molar ratio can be used as an indicator of
the degree of aromatization and carbonization. Hydrochar gener-
ally has higher H/C and O/C ratios similar to natural coal than the
solids (i.e., biochar) resulting from dry pyrolysis [10,12]. In addi-
tion, although chars (i.e., hydrochar, biochar, and activated carbon)
contain extensive aromatic structures, they are arranged differently.
For example, the structure of biochar comprises turbostratically
arranged sheets of conjugated aromatic carbon, while carbon sphere
(ie., glucose-derived hydrochar) is hypothesized to exhibit an aro-
matic core of cross-linked furanic rings with mainly aldehydic and
carboxy functional end groups [10].

The presence of the aromatic C=C bonds in hydrochar might
be expected to form 77 interactions between the 7-electrons of
hydrochar and the 7=electrons of the aromatic rings of an adsor-
bate (ie., dye or phenol). Our previous studies [8,9] proved that
the oxygenation process of the surface of carbonaceous materials
(ie., biochar and activated carbon) through a hydrothermal pro-
cess with acrylic acid can enhance the density of oxygen-contain-
ing groups on their surface without significantly affecting their
textural properties (i.e., specific surface area and total pore volume).
Oxygenation of the surface of carbonaceous materials resulted in a
dramatic decrease in MGS5 adsorption, which supported the hy-
pothesis that 7~ interactions play a primary role in MG5 adsorp-
tion.

In this study, we prepared hydrochars derived from three agri-
cultural wastes (golden shower pod, coconut shell, and orange
peel) through a hydrothermal carbonization process. These hydro-
chars were characterized by Brunauer-Emmett-Teller (BET) surface
area, scanning electron microscopy, Fourier transform infrared spec-
troscopy, point of zero charge, and Boehm titration. The hydrochar
samples were directly used without any treatments for the experi-
ments of removal of a cationic methylene green 5 (MGS5). The
adsorption processes were conducted in batch experiments under
various operating conditions, such as various pH values of initial
dye solutions, NaCl concentrations, contact times, MG5 initial con-
centrations, solution temperatures, and desorption agents. Besides
non-oxygenated-hydrochars, oxygenated-hydrochar samples were
also prepared through a hydrothermal process with acrylic acid. A
pure hydrochar sample derived from the commercial D-glucose
was additionally prepared for comparison. The contributions of 7
7 interactions were investigated by comparison of (1) the FTIR

results before and after adsorption, and (2) the adsorption results
between non-oxygenated and oxygenated-hydrochars.

MATERIALS AND METHODS

1. Sample Preparation
1-1. Feedstock Preparation

The biomasses of golden shower pod, coconut shell, and orange
peel, were collected from a local market in Taiwan. They were washed
with tap water and then with deionized distilled water to remove
any water-soluble impurity and adhering dirt. After that, they were
dried at 80 °C for 48 h to remove excess water content. The dried
biomasses were sieved into particles ranging from 0.106 to 0.25
mm and used as carbohydrate precursors for the preparation of
hydrochar.

1-2. Hydrochar Preparation

Approximately 20 g the precursor was mixed with 120 mL of
deionized distilled water in 200 mL Teflon-lined autoclave. After
24 h hydrothermal carbonization (HTC) at 190 °C, the brown pre-
cipitate (hydrochar) was separated using filtration and washed repeat-
edly with HCI 0.1 M, followed by washing with deionized distilled
water until the filtrate reached a constant value. The hydrochar sam-
ples were collected, sieved, and dried at 105 °C for 24 h to remove
excess water and moisture. The samples were stored in airtight bot-
tles and used as potential adsorbents without any further treatments
[12]. For convenience, the hydrochar samples were labeled accord-
ing to their precursors, such as golden shower pod (GSH), coconut
shell (CCH), and orange peel (OPH) hydrochars. Furthermore,
the hydrochar derived from the commercial D-glucose (GH) was
prepared under the same aforementioned synthesis procedure for
the comparisons on maximum adsorption capacity and morphol-
ogy [14].

We also investigated the effects of (1) the times of hydrothermal
carbonization process, and (2) the presence of NaOH on the forma-
tion of carbon spheres in the hydrochar samples. The results were
evaluated by morphological analysis using scanning electron micros-
copy.

2. Hydrochar Properties

Textural properties were measured using nitrogen adsorption-
desorption isotherms (Micromeritics ASAP 112 2020 sorptome-
ter) at 77 K. Meanwhile, the morphology of the hydrochars was ob-
tained using scanning electron microscopy (SEM; Hitachi S-4800,
Japan).

Surface chemistry of the hydrochar was identified by three tech-
niques. First, the functional groups present on the hydrochar’s sur-
face were detected using Fourier transform infrared spectroscopy
(FTIR; FT/IR-6600 JASCO); the hydrochar particles were pelleted
mixing with pure KBr. Secondly, the pH value of the hydrochar at
the point of zero charge (pHp,) was determined using the com-
mon “drift method” [6]. Recently, we [8] investigated the effects of
operation conditions on the pHpy of commercial activated-char-
coal. The results demonstrated that the point of zero charge (9.81+
0.07) of charcoal was insignificantly dependent on the operation
conditions (ie., CO,, solid/liquid ratio, electrolyte type, electrolyte
concentration, and contact time). Thirdly, the amount of acidic
groups and basic sites on the hydrochar’s surface was determined
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through Boehm titration by following the standardization proto-
col proposed by Goertzen and coworkers [15]. The numbers of
moles of adsorbent surface functionalities were calculated using
the equations reported in our recent work [12].
3. Adsorption Study
3-1. Batch Adsorption Experiments

The effect of pH of the initial dye solutions (2.0-10+0.2) was
conducted at 30 °C by mixing 25 mL solution containing approxi-
mately 300 mg/L of MG5 with 0.1 g of the hydrochar. Similarly,
the effect of ionic strength was measured in various NaCl concen-
trations (0 M-0.5 M). Meanwhile, the adsorption kinetics was inves-
tigated for a series of 150-mL Erlenmeyer flasks containing 50 mL
of MG5 (~300 mg/; 7.0+0.2) at 30°C and 0.2 g of the hydrochar.
The adsorption isotherms were carried out with various initial
MGS5 concentrations (100-1,100 mg/L; pH 7.0) at different experi-
mental temperatures (30, 40, and 50 °C). The dye-hydrochar mix-
ture was shaken using an orbital shaking incubator (S300R-Firstek)
at 150 rpm. After desirable time intervals, the mixture was speared
using glass fiber filters. The MG5-loaded hydrochar was rinsed
with deionized distilled water, dried, and stored for the further
experiment (ie., FTIR and desorption). The MG5 concentration
in solution was determined using ultraviolet-visible spectropho-
tometry (Genesys 10 UV-Vis; Thermo Scientific) at maximum wave-
lengths (Fig. 1). The amount of MG5 uptake at equilibrium, q,
(mg/g), was calculated by the mass balance equation:

_ (Co — Ce)v

m,;

e 1 1)
where C, (mg/L) and C, (mg/L) is the MG5 concentrations at
beginning and equilibrium, respectively; m, (g) is the mass of used
hydrochar; and V, (L) is the volume of the MG5 solution. All batch
adsorption experiments were at a constant solid/liquid ratio of ap-
proximately 4.0 g/L.

Adsorption reversibility was determined by desorption experi-
ments using the following solvents as desorbing agents: deionized
water pH 2, HCI (0.1 M), methanol, and NaCl (0.1 M). A given mass
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Fig. 1. Effect of pH of the MG5 solution on A,,,, values (without
adsorbent) (data published in our previous paper [9]).
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of MG5-laden hydrochar (m,) was desorbed by using 0.025 L of var-
ious desorbing agents (V). The amount of MG5 remaining on the
hydrochar was estimated by the following mass-balance relationship:

Cd
9,=9.=94=q.~ EVZ 2

where g, (mg/g) is the mass of MG5 that remained adsorbed at
the end of desorption study, C, (mg/L) is the concentration of
MGS5 in the solution after desorption; and q, (mg/g) is the mass of
MGS5 desorbed if the adsorption was reversible.

An additional experiment was conducted to identify the pres-
ence of any 7= 7 interactions. Approximately 5.0 g of the hydrochar
was immersed with 100 mL deionized distilled water containing of
acrylic acid (ie, 20 mL, 30 mL, or 50 mL). The mixture was stirred
at 300 rpm for 1 h and subsequently transferred into 200 mL Tef-
lon-lined autoclave. After a 24-h hydrothermal process at 190 °C
formed oxygenated-hydrochar, a brown solid, which was then
separated from solution and washed with deionized distilled water
until the pH of filtrate reached a constant value [8,9].

3-2. Statistical Analysis

All experiments were conducted in triplicate, and the results are
expressed as a meantstandard deviation. Trial-and-error nonlin-
ear methods were performed using the Solver add-in, Microsoft
Excel, to compute parameters of the isotherm and kinetic models.
To identify the best-fit model for the adsorption process, calcula-
tion of the chi-squared (1%, Eq. (3)) value is recommended in addi-
tion to calculations of the coefficient of determination (R’, Eq. (4))
for the nonlinear method [6,9]. The statistics of the chi-square test
is basically the sum of the squares of the differences between experi-
mental data and data obtained through calculations by using the
models, and each squared difference is then divided by the corre-
sponding data obtained through calculations by using the models.

Qeesp=Gercal)”
2 e, exp e, ca
=yt G)
e, cal
Rz —1— Z(qe, exp ™ e, t:ul)2
z(qe, exp qe, meun)2 (4)

_ Z(qe, cal qe, meun)z
B 2
Z(qe, cal qe, mean)2 + Z(qe, cal ~ e, exp)

Table 1. Some basic properties of the synthesized hydrochar samples
Unit GSH CCH OPH GH

1. Textual properties

BET surface area m’/g 147 665 699 7.08
Langmuir surface area m’/g 377 174 151 979
Total pore volume (x107°) cm’/g 762 262 249 825
2. Surface chemistry

Total acidic groups mmol/g 212 196 169 -
+Phenolic mmol/g 053 047 034 -
+Lactonic mmol/g 083 085 094 -
+Carboxylic mmol/g 076 067 041 -
Total basic groups mmol/g 010 034 086 -
PHoe - 430 553 658 -




Insight into adsorption mechanism of cationic dye onto agricultural residues-derived hydrochars 1711

where q, ., (mg/g) is the amount of MG5 uptake at equilibrium
obtained from Eq. (1), q, s (mg/g) is the amount of MG5 uptake
achieved from the model after using the Solver add-in, and q, e,
(mg/g) is the mean of q, ., values.

The effects of temperatures on the maximum adsorption capac-
ity of MG5 (Q’,..) onto the hydrochar were statistically analyzed
by using Statgraphics Plus 3.0 statistical program. Differences were
considered significant at p<0.05 [6].

All chemicals used in this study were of analytical reagents grade.

RESULTS AND DISCUSSION

1. Hydrochar Characterization

A series of experiments were conducted to explore the forma-
tion of carbon spheres from the agricultural wastes. The experi-
ments comprised the effects of HTC times (12h, 24 h, and 72h)
and NaOH (0M, 0.05M, 0.1M, 02M, 05M, and 1 M) on the
spherical density of agricultural wastes-derived hydrochars. Sur-
prisingly, most of the experimental performances demonstrated that

Fig. 2. SEM images of the hydrochar samples prepared from (a)-(c) agricultural wastes and (d) commercial glucose (Experimental condi-

tions: 190 °C, 24 h, and 0 M NaOH).

Korean J. Chem. Eng.(Vol. 34, No. 6)
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there were no spherical morphologies observed by SEM (data not
shown), except for the sample examined at the HTC condition of
24h and 0 M NaOH. Therefore, the hydrothermal process of the
agricultural wastes and commercial glucose was carried out at 190 °C
for 24h in an autoclave containing 120 ml of deionized distilled
water.

The textural properties of the synthesized hydrochars are listed
in Table 1. Obviously, the hydrochars possess hardly any porosity
(ie., low BET specific surface area and limited pore volume), which
accords with their poor and heterogeneous morphology observed
in Figs. 2(a)-(c). Similarly, the commercial glucose-derived carbon
sphere (GH) also exhibits low specific surface area and total pore
volume. Therefore, the adsorption affinity of these hydrochars toward
MGS5 molecules was expected through the functional oxygen-con-
taining groups (i.e., -COOH and -OH) on their surfaces.

A scanning electron micrograph of the commercial glucose-
derived carbon sphere is presented in Fig. 2(d). As expected, GH
exhibits interconnected spheres with relatively uniform sizes, smooth
outer surfaces, regular spherical shapes, and high purity [14]. Ac-
cording to Sevilla and Fuertes [16], the formation of the carbon-
rich solid through the hydrothermal carbonization of glucose is
attributed to dehydration, condensation, or polymerization and
aromatization reactions. Essentially, every hydrochar particle (car-
bon-rich solid) often consists of two parts: hydrophobic core (a
highly aromatic nucleus) and hydrophilic shell (outer layer; a high
concentration of reactive oxygen functional groups like hydroxyl/
phenolic, carbonyl, or carboxylic) [17].

The morphologies of agricultural wastes-derived carbon spheres
(ie, GSH, CCH, and OPH) are displayed in Figs. 2(a)-(c) (right-
hand side). Clearly, these hydrochar samples also exhibit microm-
eter-sized spheres. The density limitation of sphere-like micropar-
ticles resulted from the presence of high lignin content in the ligno-
cellulose materials [12]. Lignin compound with its greater chemi-
cal stability can be only partially degraded during HTC. Corre-
spondingly; the original skeleton of the particles is mainly preserved
[18], and the particles retain the cellular appearance of the raw mate-
rials [19]. Our previous study [12] showed that the hydrothermal
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o
GSH before 5 i
2
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CCH before g
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Fig. 3. FTIR spectra of the hydrochar samples before and after ad-
sorption of MG5 (without baseline correction).
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process at 190°C can completely decompose the hemicellulose
component of raw GS, which was endorsed by the disappearance
of the peak corresponding to the decomposition of hemicellulose
in the thermogravimetric curve. In contrast, the cellulose and lig-
nin in GS might be partly decomposed during HTC.

The qualitative information on the functional groups on the
surface of hydrochar is depicted in Fig. 3. The sharp bands observed
at approximately 3,400 cm ™' belong to the (O-H) stretching vibra-
tions in the hydroxyl group of phenolic or carboxylic groups. Sim-
ilarly, the moderate peaks at around 2,920 cm™" are characteristic
of either asymmetric or symmetric C-H stretching vibrations of
the methyl (-CH;-) and methylene (-CH,-) groups. Moreover, the
characteristics of carboxylic and lactonic groups (C=0) are endorsed
by the well-defined peaks at approximately 1,700 cm™'. Meanwhile,
the C=C double bonds in aromatic rings are evident from the
bands at around 1,600 cm™". Lastly; the infrared peaks at approxi-
mately 1,100 cm ™" are related to stretching C-O groups.

Oxygen-carrying functional groups on the hydrochar’s surface
can be classified into acidic and basic groups. The quantitative
information on the superficial acidic and basic groups, which were
determined by Boehm titration, is provided in Table 1. Therefore,
it can be concluded that the hydrochar possesses a high concen-
tration of reactive oxygen functionalities on their surface.

The electrical state of the hydrochar’s surface in a solution is char-
acterized by the point of zero charge (PZC). The PZC is defined as
the pH value at which the net surface charge (external and inter-
nal) is zero. As shown in Fig. 4(a), the pHp, values of the hydro-
char samples followed the order: OPH (6.58)>CCH (5.53)>GSH
(4.30). Higher PZC values often coincide with a lower density of
acidic groups on the surface: OPH (1.69 mmol/g)<CCH (1.96 mmol/
¢)<GSH (2.12 mmol/g).

2. Effect of pH and Ionic Strength

The effects of pH of the initial MG5 solution and the presence
of the electrolyte in the MG5 solution on the adsorption ability of
hydrochars are given in Figs. 4(b) and 4(c), respectively.

Obviously, the amount of adsorbed dye was strongly depen-
dent on the tested solutions pH. The adsorption amount increased
when the solutions pH increased. The enhancement might be
ascribed in the presence of electrostatic attraction between the car-
boxylate (-COQO") ions on the hydrochar’s surface and cationic MG5
molecules. The pKa value of carboxylic groups is approximately
4.0. When the solutions pH is higher this pKa value, the surface
charge of the hydrochar will become predominantly negative because
of the dissociation of carboxylic groups (-COOH). This conclu-
sion is in a good agreement with the observation of solutions pH
after adsorption (Fig. 4(d)). The phenomenon of dissociation and
ionization can be endorsed by the decrease of pH values after ad-
sorption when solutions pH higher 4.0 and near pHp,. Further-
more, when the solutions pH are higher 8.0, the amount of dye
removal can additionally increase because of the dissociation of
phenolic groups (pKa~8.0-9.0) on the hydrochar’s surface.

Notably, the hydrochars samples were still able to adsorb MG5
molecules at a low pH level (~2.0) although the presence of excess
H' ions at this level from the system has strong competition with
the cationic MG5 molecules for the active adsorption sites. The
result confirmed that the contributions of other mechanisms (nei-
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Fig. 4. (a) Point of zero charge of the hydrochar, (b) pH dependence on adsorption capacity, (c) effect of ionic strength on adsorption capac-
ity, and (d) pH values after adsorption (Experimental conditions: (a) initial MG5 concentrations approximately 340 mg/L, contact
time 24 h, temperature 30 °C, 0 M NaCl; and (c) initial MG5 concentrations approximately 340 mg/L, contact time 24 h, temperature

30°C, pH 7.0).

ther hydrogen bonding nor n-7 interactions) along with electro-
static attraction.

Similar to the pH dependence, the dye adsorption phenome-
non was also affected by the presence of a univalent electrolyte in
the solution. Fig. 4(c) indicates that the addition of the electrolyte
ionic had both negative and positive effects on the dye removal
process. The amount of dye adsorbed onto OPH decreased remark-
ably by 44% when the NaCl concentration increased from 0 M to
0.2 M; and with further increasing NaCl concentration, the amount
of MG5 uptake decreased negligibly (Fig. 4(c)). This is because of
(1) a screening effect (known as the electrostatic screening) between
the positively charged OPH’s surface and MG5 molecules, and (2)
the competition phenomenon between Na' ions and MG5 cat-
ions for the adsorbing sites on the OPH’s surface (-COO").

In contrast, the GSH and CCH samples demonstrated that their
adsorption capacities toward MG5 were enhanced by the NaCl
ions added to the dyebath (Fig. 4(c)). An analogous result was
reported by Dogan and coworkers [20], who observed the bio-
sorption of phenomenon methylene blue onto hazelnut shell. The
enhancement was attributed to (1) an increase in the degree of
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Fig. 5. Adsorption kinetics of MG5 adsorption onto three hydro-
char samples (Experimental conditions: 0 M NaCl, tempera-
ture 30 °C, initial MG5 concentration 340 mg/L, and initial

solution pH 7.0).
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dissociation of the dye molecules by facilitating the protonation
[20], and (2) partial neutralization of the positive charge on the
hydrochar’s surface and a consequent compression of the electri-
cal double layer by the CI” anion [21].

3. Adsorption Kinetics

Fig. 5 presents the effects of contact time on the adsorption pro-
cess of MG5. The amount of adsorbed dye increased consecutively
during the initial 15 minutes of the contact interval; subsequently,
the adsorption amount increased slightly until the equilibrium was
established at approximately 60-120 min. Instantaneous adsorp-
tion phenomenon indicated that the hydrochar samples have a
strong affinity toward the cationic dye molecules [9].

In this study, the adsorption mechanisms might be evaluated
based on the pseudo-first-order, pseudo-second-order, and Elovich
models. The non-linearized forms of the pseudo-first-order model
[22], pseudo-second-order model [23], and Elovich model [24]
are mathematically expressed in Egs. (5), (6), and (7), respectively.
Because the hydrochar was non-porous materials (low BET sur-
face area and total pore volume), the intra-particle diffusion model
might not be appropriate to apply in this study.

—kit.

q;=9q.(1-¢ ) (5)
_ qikzt

9= 1+k,q,t ©)

q= }gnm ) @)

where k; (1/min) and k, (g/mgxmin) are the rate constants of the
pseudo-first-order and pseudo-second-order models, respectively;
o (mg/gxmin) is the initial adsorption rate; 3 (mg/g) is the de-
sorption constant during any one experiment; and q, and q, are
the amounts of MG5 uptake per mass of the hydrochar at equilib-

Table 2. Corresponding kinetic parameters for MG5 adsorption onto

the hydrochar samples
GSH CCH OPH

Qoo 39.66 30.93 17.93
Pseudo-first-order model
Qe.cal 36.87 29.01 17.76
k, 0.766 0.306 0.235
R? 0.582 0.663 0.708
Ve 4.305 8.099 5.874
Pseudo-second-order model
Qe cal 38.19 29.94 18.39
k, 0.024 0.017 0.024
R’ 0.826 0.858 0.863
Ve 2.154 2.699 1.752
Elovich model
a 5,743 527.2 131.4
Yij 0.329 0.346 0.513
R’ 0.975 0.979 0.980
Va 0.271 0.304 0.212

Note: the units of kinetic parameters are q, (mg/g), k, (1/min), k,
(g/mgxmin), & (mg/gxmin), and /5 (mg/g)
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rium and at any time t (min), respectively.

The calculation results of kinetic adsorption parameters from
the models are given in Table 2. According to the analysis of non-
linear determination coefficients (R”) and chi-square statistics (1),
the experimental data for kinetic study were accurately described
by the Elovich model (R*=0.975-0.980 and »’=0.212-0.304) than
the pseudo-second-order (0.826-0.863 and 1.752-2.699) and pseudo-
first-order (0.582-0.708 and 4.305-8.099) models, respectively. The
better fit of experimental data with the Elovich model signified
that the surfaces of the hydrochar samples are a non-homogenous
system.

Additionally, the adsorption phenomenon occurred rapidly; ap-
proximately 55%, 44%, and 38% of the total MG5 in the solutions
can be removed by GSH, CCH, and OPH within 1 minute, respec-
tively. This observation is in line with the result of the initial ad-
sorption rate (o5 mg/gxmin); the ¢ values decreased in the order:
GSH (5,743)>CCH (527)>OPH (131). The initial fast removal of
GSH probably might result from its plentiful active sites (Table 1).
4. Adsorption Isotherms

Collecting adsorption isotherms is a useful strategy to both
describe the relationship between the adsorbate concentration in
the solution (liquid phase) and the adsorbent (solid phase) at a
constant temperature and design adsorption systems. In this study;
the Langmuir (Eq. (8)), Freundlich (Eq. (9)), and Dubinin-Radu-
shkevich (Egs. (10)-(12)) models were employed to describe the
adsorptive behavior of cationic dye into the hydrochar. To mini-
mize the respective error functions, the non-linear optimization tech-
nique was applied for calculating the parameters of these models.

7Q(r)naxKLCe
=77 KC, ®)
qe:KFCZ (9)
q.= QDR‘{KM (10)

1
=RTI (1 - 11
£=RTIn( 1+ c) ()
E=—1 (12)

~2Kpp

where q, and C, are obtained from Eq. (1); Q) (mg/g) is the
maximum saturated monolayer adsorption capacity of adsorbent;
K; (L/mg) is the Langmuir constant related to the affinity between
an adsorbent and adsorbate; Ky [(mg/g)/(mg/L)"] is the Freun-
dlich constant, which characterizes the strength of adsorption; n
(dimensionless) is a Freundlich intensity parameter, which indi-
cates the magnitude of the adsorption driving force or surface het-
erogeneity; the adsorption isotherm becomes linear with n=1,
favorable with n<1, and unfavorable with n>1; qgp (mg/g) is the
adsorption capacity, Ky, (mol’/kJ?) is a constant related to the sorp-
tion energy, ¢ is the Polanyi potential, and E (kJ/mol) is the mean
adsorption energy.

The complete adsorption isotherms of MG5 onto the hydrochars
are illustrated in Fig. 6, and the corresponding adsorption parame-
ters are in Table 3. Clearly, the adsorption of MG5 onto hydro-
char can be adequately described using the Langmuir, Freundlich,
and Dubinin-Radushkevich models because of high R* and low
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Fig. 6. Adsorption isotherms of MG5 adsorption onto three hydro-
chars and glucose samples (Experimental conditions: initial
MGS5 concentrations (approximately 100-1,100 mg/L), 0 M
NaCl, contact time 24 h, temperature 30 °C, and initial solu-
tion pH 7.0).

% values. Furthermore, the monolayer adsorption capacities cal-
culated from the Langmuir equation (Q;,,) were nearly coinci-
dent with these from the Dubinin-Radushkevich equation (Qgp).
The maximum adsorption capacities of MG5 decreased with the
selective order of GSH>CCH>OPH (Table 3), which agrees with
the order of the surface charge density of acidic functional groups
(Table 1) and adsorption energy (Table 3): GSH>CCH>OPH. In
other words, the adsorption capacity of the hydrochar was directly
proportional to the concentration of its surface acidic groups.
Moreover, the dye adsorption was greatly influenced by the
operation temperatures. The amount of MG5 uptake decreased with
increasing temperature. The Q;,,, values at 30 °C, 40 °C, and 50 °C
were as follows: 59.6 mg/g>58.4 mg/g>56.9 mg/g for GSH (p<

0.05), 32.7 mg/g>31.7 mg/g>30.7 mg/g for CCH (p<0.05), and 15.6
mg/g>14.8 mg/g>12.6 mg/g (p<0.05), respectively. The decreased
adsorptive capacities at higher temperatures were caused by de-
creases in adsorption energies (Table 3).

The adsorption energy (E) values decreased from 1.067 to 0.091
KkJ/mol for GSH, from 0.182 to 0.07 kJ/mol for CCH, and 0.052 to
0.032 kJ/mol for OPH when the reaction temperatures increased
from 30 °C to 50 °C, respectively. In general, the low E magnitudes
suggested the dye removal process involved in the physical adsorp-
tion. Particularly, the adsorption energies of MG5 onto hydro-
chars (0.032-1.067 kJ/mol) were similar to those of their precursors
(biosorbents; 0.018-0.872 kJ/mol) reported in our previous study
[26]. Thus, it would be expected that the adsorption mechanisms
of MG5 onto hydrochars will be similar to biosorbents (i.e., elec-
trostatic attraction, hydrogen bonding formations, and n-7 inter-
action).

According to our previous results [9,25], at the same operation
conditions, the maximum adsorption capacities of MG5 exhibited
the following order: activated carbon>biosorbent>hydrochar>bio-
char. Taking golden shower as a typical example, the Q) values
of activated carbons prepared from various chemical activation
methods ranged from 253 to 531 mg/g, and the Q;,,, value of
commercial activated charcoal (Norit RB4C) was 489 mg/g. The
Q). value for biosorbent was approximately 106 mg/g, whereas
the Q. values for hydrochar and biochar were approximately
60 mg/g and 46 mg/g, respectively. The BET specific surface areas
(m?/g) and total pore volumes (cm’/g) of golden shower adsor-
bents had the following other: activated carbons (812-1413 m”/g and
0.38-0.68 cm’/g)>biochar (598 m’/g and 0.30 cm’/g)>hydrochar>
(14.7 m’/g and 0.076 cm’/g)>biosorbent (8.14 m*/g and 0.011 cm’/
g). In contrast, the total acidic groups of golden shower adsor-
bents indicated the order: biosorbent (8.74 mmol/g)>hydrochar
(2.12 mmol/g)>activated carbons (0.55-1.20 mmol/g)>biochar (0.72
mmol/g) [9,12,25]. Clearly, the maximum adsorption capacity of
hydrochar toward MG5 was higher than biochar although its sur-

Table 3. Corresponding isotherm parameters for MG5 adsorption onto the hydrochar samples

Langmuir parameters

Freundlich parameters

D-R parameters

Qe K, R’ X ? Ke n

30°C
GSH 59.6 0.55 0.93 0.11 32.8 0.10
CCH 32.7 0.12 0.95 0.18 18.5 0.09

OPH 15.6 0.04 0.98 0.03 7.18 0.11
GH 12.6 0.02 0.94 0.09 4.60 0.14
40°C

GSH 58.4 0.05 0.99 0.12 22.5 0.15
CCH 31.7 0.07 0.99 0.03 14.7 0.12
OPH 14.8 0.03 0.84 0.46 4.98 0.15
50°C

GSH 56.9 0.03 0.98 0.50 14.3 0.21
CCH 30.7 0.04 0.89 0.62 125 0.13
OPH 12.6 0.02 0.93 0.17 348 0.18

R? lz Quo Keo R? /1’2 E
0.90 2.14 58.3 0.14 0.87 1.93 1.067
0.80 0.82 31.7 15.1 091 0.30 0.182
0.84 0.22 14.7 186 0.92 0.10 0.052
0.79 0.14 11.7 281 091 0.12 0.042
0.81 3.59 53.8 28.9 0.88 1.82 0.132
0.88 0.58 30.3 319 091 0.36 0.125
0.76 0.99 16.8 402 0.97 0.07 0.035

0.88 3.77 50.9 61.0 0.89 3.09 0.091
0.78 1.94 29.0 102 0.96 0.21 0.070
0.79 0.54 11.5 467 0.98 0.05 0.032

Note: the units of isotherm parameters are QS (mg/g), K, (L/mg), Ky (mg/g)/(mg/L)", n (dimensionless), Qgp (mg/g), Kpp (mol’/kJ?), E (kJ/
mol). The adsorption isotherms at 30 °C are shown in Figure 6, while the adsorption isotherms at 40 °C and 50 °C were not reported
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face area was significantly lower, which resulted from different
adsorption mechanisms between them.

As expected, the Q) values of the synthesized hydrochars from
agricultural wastes (GSH, CCH, and OPH) were higher than the
Qpx of commercial glucose hydrochar (GH), suggesting that the
synthesized hydrochars might be a potential candidate for removal
cation dyes from aqueous media.

5. Adsorption Thermodynamics

Thermodynamic investigation plays an indispensable part in
the prediction of adsorption mechanisms (e.g., physical or chemi-
cal). The thermodynamic parameters can be computed according
to the thermodynamic laws through the following equations:

AG’=-RTInK. 13)

The relationship between AG’ and AH’ and AS’ is described as
follows:

AG’=AH’-TAS’ (14)

The well-known vant Hoff equation is obtained by substituting
Eq. (14) into Eq. (13)

—AH’ 1 AS’

InK = (15)
where R is a universal gas constant (8.3144 J/molxK), and T is
absolute temperature in Kelvin (K=273+°C).

The Gibbs energy change (AG’) is directly calculated from Eq.
(13), while the enthalpy change (AH’) and the entropy change
(AS’) are determined from the slope and intercept, respectively, of
a plot of InK,. against 1/T (Eq. (15)). It is well-known that the equi-
librium constant (K.) must be dimensionless. In this study, the K
derived from the Langmuir constant (K;) was used for calculation
of the thermodynamic parameters—AG’, AH’, and AS° because
the adsorption equilibrium data were accurately described by the
Langmuir model (see Fig. 6). The K¢ can be easily obtained as a
dimensionless parameter by multiplying K; by 433 g/mol (MG5
molecular weight), 1,000, and then 55.5 (the number of moles of
pure water per liter) [9,26].

The profiles of thermodynamic parameters are listed in Table 4.
The equilibrium constants (K) decreased dramatically when the

solution temperatures increased, which confirms that the adsorp-
tion process was favorable at a lower temperature and exother-
mic. This conclusion matches well with the results obtained from
the adsorption isotherms; the maximum monolayer adsorption
capacity indicated a decreasing tendency at a higher temperature.

In addition, the AG’ exhibits a negative quantity, demonstrating
that the adsorptive process occurred favorably and spontaneously
with low adsorption-energy requirements at a given temperature.
This result accords with the hypothesis of the exponent n of the
Freundlich equation in Section 4.

The negative AH’ values suggested the exothermicity of the ad-
sorption process, which was demonstrated by a decrease in the maxi-
mum adsorption capacity (Q;,,,) and the equilibrium constant (K.)
with higher-temperature conditions. The exothermicity might also
imply the emission of energy in form of heat into its surroundings
during the adsorptive process.

Notably, AS” exhibits the opposite trend relative to those of AH’
and AG” for the three hydrochars. The dye adsorption phenome-
non onto the GSH and CCH samples becomes less random (AS°<
0), while that onto OP was increasingly random (AS°>0). This dif-
ference involves the sign of the entropy change and may indicate
that these materials exhibit different adsorption mechanisms. The
difference will be thoroughly discussed in the desorption study
(Section 6) and adsorptive mechanism analysis (Section 7).

6. Desorption Study

Studying the desorption of cationic dyes can be used to gain
insights into their adsorption characteristics. Fig. 7 presents per-
centage of desorption of MG5 by using various desorption agents,
such as deionized distilled water at pH 2, hydrochloric acid, sodium
chloride, and methanol. If the adsorption mechanism only involved
electrostatic attraction between the negatively charged groups (ie,
-COQO") on the hydrochar’s surface and MG5 cationic molecules,
the adsorption should be completely desorbed in the H" aqueous
environment. However, the percentage of MG5 desorbed by deion-
ized distilled water pH 2 and HCI (0.1 M) was approximately 49-
79% and 59-77%, respectively, suggesting that there is the presence
of other interactions in adsorption mechanisms. Assumption on
the percentage of MG5 desorbed by methanol corresponded with
the interactions of oxygen functional groups (ie., hydrogen bond-

Table 4. Thermodynamic parameters for MG5 adsorption process onto the hydochar samples

T (K) Van't Hoff equation K¢ AG’ (kJ/mol) AH’ (kJ/mol) AS° (J/molxT)
Golden shower pod hydrochar (GSH)
303 1444832 13,294,226 —41.34 —-120 —262
y=14440x— _
313 R*=0.898 1,240,025 36.53
323 708,929 -36.20
Coconut shell hydrochar (CCH)
303 5608x—3.61 2,934,246 —-37.52 —46.6 -30.1
y= X— 3. B
313 R*=0.999 1,658,174 37.27
323 932,422 -36.91
Orange peel hydrochar (OPH)
303 3878%+0.83 862,731 —34.43 —-32.2 6.88
y= x+0. B
313 R*=0.964 502,258 34.16
323 391,713 —34.59
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ing and n-7 interaction), it can be concluded that these interac-
tions contributed approximately 19-30%.

Our recent investigation results [9,12,25] demonstrated that the
adsorption process of MG5 onto the biochar, synthesized acti-
vated carbons, and commercial activated carbon was irreversible
because of the dominant contribution of 77 interaction than oth-
ers (ie., pore filling, hydrogen bonding, and n-7 interaction). How-
ever, the adsorption process of MG5 onto biosorbent was reversible
because the primary mechanisms are electrostatic interactions (>16%
for GS, 28% for CC, and >60% for OP) and other interactions (ie.,
hydrogen bonding and n-7 interaction; approximately 76% for
GS, 62% for CC, and 34% for OP).

7. Adsorption Mechanism Analysis
7-1. Pore Filling Formation

The hydrochar samples exhibit low BET surface areas (6.65-14.7
m’/g) and total pore volumes (0.0025-0.076 cm’/g); therefore, the
contribution of pore filling in adsorption mechanisms is negligible.
The other contributions (electrostatic attraction, hydrogen bond-
ing formation, n-7 interaction, and 77 interaction) might play an
important role in the adsorbent-adsorbate interactions.

As shown in our recent studies [8,9], the specific surface areas,
non-micropore volumes, and total pore volumes of the carbona-
ceous porous materials (prepared biochar, synthesized activated car-
bons, and commercial activated carbon) simultaneously decreased
after MG5 adsorptions, suggesting that pore filling has a certain
contribution to the MG5 adsorption mechanism. Particularly, at
low initial MG5 concentration (approximately 50 mg/L) with ap-
proximately 99% removal rate, the Sy (m’/g) and total pore vol-
ume (cm’/g) of orange peel-prepared biochar (OPB) before adsorp-
tion (565 m’/g and 0.2356 cm’/g) are similar to OPB after adsorption
(529 m*/g and 0.2635 cm’/g). However, at higher MG5 concentra-
tion (approximately 340 mg/L), there is a remarkable decrease regard-
ing Sy and V,,y of MG5-laden OPB to 13.5 m’/g and 0.023 cm’/
g, respectively. On the basis of analysis and discussion regarding
the intra-particle model and BET surface area, we proposed that
(1) there is co-existence of other interactions than pore filling in
MGS5 sorption mechanisms and (2) the contribution of pore fill-

100
1 DD water pH 2.0
90+ HC1 0.1M
] I Methanol

80

A

F EZONacl0.aM

% Desorption

%

Golden shower Coconut shell Orange peel
hydrochar hydrochar hydrochar

Fig. 7. Percentage of MG5 desorbed using different desorbing agents.
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Fig. 8. Proposed adsorption mechanisms of MG5 onto the hydro-
char samples.

ing at low initial dye concentrations is negligible.
7-2. Electrostatic Attraction

This mechanism can be discussed according to the experimen-
tal condition that was conducted at the pH of initial MG5 solu-
tion, approximately 7.0. Clearly, at this pH level, the electrostatic
attractions played a major role in the adsorption mechanisms (Fig.
8(a)), which can be confirmed by the analysis of pH values after
adsorption (Fig. 4(d)) and desorption study (Fig. 7). The decreas-
ing degree of pH after adsorption (—~ApH=pH,,—pH,.;:) followed
CCH (2.265-3.125)>GSH (1.765-2.715)>OPH (0.435-2.01). This
order was dissimilar to the order of the carboxylic groups on the
hydrochar’ surface (Table 1): GSH (0.76 mmol/g)>CCH (0.67 mmol/
¢)>OPH (0.41 mmol/g), indicating the presence of other mecha-
nisms in GSH.
7-3. n-7r Interactions

The n-7 interaction was originally proposed by Mattson and
colleagues [27], who investigated the adsorption phenomenon of
phenol and nitro-phenols onto activated carbon. The comparison
results of FTIR before and after adsorption (Fig. 3) showed that
the C=0 peaks of GSH decreased its intensity and shifted to lower
wavenumber from 1,697 to 1,689 cm™, confirming the presence
of n-7 interactions (known as n-7 electron donor-acceptor inter-
actions) [8,9,25,27-29]. In contrast, the CCH and OPH samples
demonstrated the insignificant change of the C=O peak positions
after adsorption from 1,695 to 1,696 cm™" and from 1,695 to 1,697
cm™’, respectively. Therefore, it can be concluded that the carbox-
ylic groups on the surface of GSH sample were responsible for both
the electrostatic attractions (Fig. 8(a)) and n-7 interactions (Fig.
8(b)).
7-4. Hydrogen Bonding Formation

The 7 interaction (also known as 77 electron donor-accep-
tor interactions) was initially proposed by Coughlin and Ezra [30]
who studied the role of acidity groups on the surface of carbon in
adsorbing organic pollutants in aqueous solutions. Fig. 3 proves that
the peaks corresponding to -OH groups decreased and shifted
slightly after adsorption, from 3,360 to 3,353 cm™" for GSH, 3,356
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to 3351 cm ™ to CCH, and 3,353 to 3,350 cm™ for OPH. This result
suggested that the hydrogen bonding can occur neither (1) between
surface hydrogen bonds on the hydrochar’s surface and the aro-
matic rings in MG5 structure, nor (2) between surface hydrogen
bonds of the hydroxyl groups (H-donor) on the hydrochar’s sur-
face and the atoms (i, nitrogen and oxygen; H-acceptor). The
former was known as the Yoshida H-bonding (Fig. 8(c)), and the
latter was known as the dipole-dipole H-bonding (Fig. 8(b)) [8,9,
2529,31,32).

7-5. -7t Interactions

Fig. 1 shows that every MG5 molecule has a polar nitro func-
tional group (electron-withdrawing) on the benzene ring. Nitrogen
groups often act as strong electron acceptors [29]; therefore, the
presence of aromatic carbon structures (C=C) in the hydrochar
samples was expected as 7-7 interactions occurring between 7
electron in the carbon and the 7-electron in the aromatic ring of
MG5 molecules.

Generally; the addition of oxygen- and nitrogen-containing func-
tional groups (electron-withdrawing) at the edges of the individ-
ual graphene layers within carbonaceous materials (ie., biochar,
activated carbon, and graphene) causes a considerable drop in the
m-electron density of the carbonaceous materials. Positive holes are
consequently created in the conduction 7#band of the individual
graphene layers, and the interactions between the 7-electrons of
the carbonaceous materials and aromatic pollutants (ie., phenol
and dye) become weaker [9,29,30].

Recently, Huff and Lee [33] investigated the surface oxygenation
of pinewood-derived biochar using H,O, and found that methy-
lene blue adsorption onto the biochar decreased when higher H,0,
concentrations were used in the treatment. They emphasized that
the addition of oxygen groups onto the aromatic ring structure of
the biochar weakened the 77 interactions that were mainly responsi-
ble for adsorption of the dye onto the untreated biochar surface.
Additionally, Demir-Cakan and coworker [34] prepared the car-
boxylate-rich carbonaceous material (also known as hydrochar)
through a one-step hydrothermal carbonization of glucose. Notice-
ably, in our recent studies [8,9], we synthesized the carbonaceous
materials (golden shower-derived biochar and activated carbons,
and commercial activated carbon) with the abundant oxygen-con-
taining functionalities on their surface through a new process of
the two-step carbonizations. This method could be an effective ap-
proach for preparing oxygen-functional-group-rich carbonaceous
materials without significantly affecting their textural properties. It
was concluded that oxygenation of the surface of the carbonaceous
materials through a hydrothermal process with acrylic acid resulted
in a decrease in MG5 adsorption and identified the importance of
7 interactions to the adsorption process.

In this study, we used two pieces of experimental evidence to
consider whether there is the existence of 77 interactions between
the 7electrons of hydrochar and the 7-electrons of the aromatic
rings of MG5.

First, the addition of oxygen groups to aromatic ring structure
of hydrochar contributed to significantly increase the adsorption
of MG5 (Fig. 9), which is confirmation of the negligible roles of 7
mrinteractions [9,33]. This is because hydrochar was prepared through
the hydrothermal process with a low carbonization degree (190°C,
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Fig. 9. Comparison of the adsorption capacities of the non-oxygen-
ated hydrochars and the oxygenated hydrochars (Experimen-
tal conditions: 30 °C, 0 M NaCl, contact time 24 h, and initial
solution pH 7.0).

4h). As mentioned in Section Introduction, the degree of aromati-
zation and carbonization can be described by neither the H/C
molar ratio (using element analyzer) nor onset and endset tem-
peratures (using thermo-gravimetric analysis). Our investigation
[12] reported that the relatively higher H/C molar ratio of GSH
(0.62) indicates that original organic plant residues, such as cellu-
lose and lignin remained in hydrochar. The H/C ratios of golden
shower-derived biosorbent (GS) and biochar (GSB) are 0.56 and
0.20, while golden shower-activated carbons prepared from various
chemical activated methods with K,CO, (GSAC, GSBAC, GSHAC)
possess low H/C ratios (0.10, 0.03, and 0.06), respectively. Mean-
while, the onset and endset temperatures followed the synthesized
activated carbons (553-476 °C and 683-695 °C)>GS biochar (414 °C
and 579 °C)>GS hydrochar (286 °C and 544 °C)>GS biosorbent
(246 °C and 489 °C), respectively. It can be concluded that hydro-
char exhibited a low level of aromatization and carbonization (weak
C=C aromatic carbon structures); therefore, the presence of 77
interactions in adsorption mechanism seems negligible.
Furthermore, because of the negligible contributions of 77
interaction, the amount of MG adsorbed on hydrochar will be
directly proportional to the added amount of oxygen-containing
acidic functional groups (Fig. 9). Assumption is that the added
amount of oxygen functionalities is be directly proportional to the
used volume of acrylic acid. This result is in good accordance with
our recent study [14]. In [14], we synthesized glucose-derived car-
bon sphere functionalized with Triethylenetetramine (spherical
hydrochar functionalized with TETA) and applied it for the removal
of acid red 1, MG5, and phenol from aqueous solutions. The ad-
sorption results revealed that the maximum adsorption capacities
of the spherical hydrochar functionalized with TETA (Q;,..=36.1
mg/g for AR1, 67.6 mg/g for MG, and 137 mg/g for phenol) were
significantly higher than those of the spherical hydrochar without
TETA (Q;,..=21.2 mg/g, 114 mg/g, 13.9 mg/g, and 11.4 mg/g), re-
spectively. Therefore, it can be concluded that the addition of oxy-
gen- and nitrogen-containing functional groups (the electron-with-
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drawing groups) on the surface of hydrochar did not cause a con-
siderable drop in the 77electron density, but the oxygenation and
functionalization processes provided abundant adsorption sites on
the hydrochar’s surface.

Second, FTIR analysis demonstrated that the peaks correspond-
ing to the aromatic C=C bonds did not indicate a decrease in
intensity and a shift of their wavenumber positions after adsorp-
tion of MG5 (Fig 3). The result of FTIR analysis is different from
the results obtained by other scholars [8,9,29,35]. For example, Xu
and coworkers [35] studied the adsorption phenomenon of bisphe-
nol A in an aqueous solution onto graphene. They concluded that
7 interactions existed between the benzene rings of bisphenol A
and graphene planes after observing an upshift of the graphene
C=C bond peak from 1,633 to 1,641 cm ™' upon bisphenol A ad-
sorption on graphene. In addition, they concluded that compared
to other carbonaceous materials (biochar and activated carbon),
graphene has larger and smoother surfaces for forming 77 inter-
actions that can easily adsorb more organic contaminants. Simi-
larly; Tran and colleagues [8] pointed out that the peak corresponding
to the skeletal vibration of aromatic C=C bonds in commercial
activated carbon decreased in intensity and upshifted after MG5
adsorption (1,537 cm™ to 1,561 cm ). This upshift indicates the
presence of 7-7 interactions between commercial activated car-
bon and MGS5. Therefore, the 77 electron donor-acceptor inter-
actions were not dominantly responsible for the adsorption of
MGS5 onto the hydrochar.

The primary adsorption mechanisms of MG5 by the hydrochars
are summarized in Fig. 8. The concentrations of total acid groups
(ie. carboxylic and phenolic) on the hydrochar’s surface deter-
mined the selective adsorption order of the adsorbents: GSH>CCH>
OPH.

CONCLUSIONS

Agricultural wastes-derived hydrochars prepared through hydro-
thermal carbonization process exhibited low porosities with low
specific (BET) surface areas (6.65-014.7 m’/g) and total pore vol-
umes (0.0024-0.076 cm’/g), but abundant oxygen functional active
groups (1.69-2.12 mmol/g). The density of carbon spheres was
strongly dependent on the HTC conditions. The optimal condi-
tion of HTC using 0 M NaOH was at 190 °C for 24 h.

The dye removal process was greatly affected by the pH solu-
tion and the presence of Na* and CI” ions. The kinetic study sug-
gested that adsorption can reach fast equilibrium in approximately
60-120 min, and a removal rate of 38-55% can be generated
within 1 min. The maximum adsorption capacities at 30 °C were
ranked as follows: GSH (59.6 mg/g)>CCH (32.7 mg/g)>OPH (15.6
mg/g)>GH (12.6 mg/g). The thermodynamic investigation demon-
strated that the adsorption process was spontaneous (—AG’) and
exothermic (—AH").

Unlike biochar and activated carbon, hydrochar has weaker aro-
matic ring structure; therefore, its adsorption capacity for a cationic
dye can be enhanced when its surface was oxygenated because of
the absence of 7~ interaction.

The PZC of the hydrochar was useful to explain the effects of
solution pH on adsorption capacity. Similarly, the concentrations

of oxygen acidic functional groups on the hydrochar’s surface de-
termined the selective order of hydrochars. The dominant adsorp-
tion mechanisms were electrostatic attraction, while hydrogen
bonding and n-7 interactions played minor roles. The adsorption
mechanisms of MG5 onto hydrochar were similar to biosorbent,
but dissimilar to other carbonaceous materials (ie., biochar and
activated carbon).

At the same operation conditions, the maximum MG5 adsorption
capacities of golden shower material exhibited the following order:
activated carbons (Q),.; 253-531 mg/g)>biosorbent>(106 mg/g)>
hydrochar (60 mg/g)>biochar (46 mg/g). The Q;,,, values of com-
mercial activated charcoal and commercial glucose hydrochar were
489 mg/g and 12.6 mg/g, respectively.
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