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ABSTRACT

The aim of this work was to synthesize a low-cost hydrochar via hydrothermal route using two
residues from the sugar-energy industries: sugarcane bagasse and the high-pressure boiler water
discharge. The applicability of the hydrochar in water treatment process was tested in the biosorp-
tion of chloroquine from water in a discontinuous process. The synthesized hydrochar exhibited a
high specific surface area (~188 mg-g™) with average pore diameter <2.0 nm. The biosorption results
showed a fast biosorption kinetic in the initial 10 min and an equilibrium time of ~60 min. Acidic
properties of both contaminant and HC-T resulted in repulsive forces, therefore, basic conditions
would represent the optimum condition for the highest chloroquine biosorption, but that is not
interesting for a water treatment plant due to chemicals consumption for pH correction, costs and
salinity problems. The pseudo-second-order kinetic and Sips isotherm models were the best models
fitted to experimental data. The thermodynamic parameters indicated an endothermic and spon-
taneous biosorption. The maximum experimental biosorption capacity was 73.34 mg-g™ at 45°C.
In conclusion, hydrothermal-activated carbon (HC-T) is a promising biosorbent, synthesized with
an ecofriendly process, for the removal of chloroquine from contaminated waters due to the great
availability, quantity and low-cost of sugarcane bagasse in the Brazilian territory, allied with the
reusability of high-pressure boiler water.
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1. Introduction

The Covid-19 pandemic was one of the greatest chal-
lenges that the humankind faced in the 21st century. The
virus spread rapidly around the world with a high infec-
tion rate and many deaths. In an attempt to stop or at least

* Corresponding author.

slow the infection and its symptoms, different therapeutic
strategies and pharmaceutical drugs have been used such
as antivirals, antibiotics, glucocorticoids and others, some
of them even without a robust scientific background of its
efficiency [1].
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The most famous and used pharmaceutical drug during
the pandemic was chloroquine (CQ). Even though chloro-
quine is traditionally used to treat malaria infection [2], CQ
was used by developing countries against Covid-19 as an
alternative treatment to costly and/or unavailable antiviral
drugs to treat the disease symptoms, for example, anti-in-
flammatory and antithrombotic effects. However, at high
doses, CQ poses high toxicity that may lead to disabilities
or even death [3].

The indiscriminate use of CQ or any other pharmaceutical
drugs in general is of growing concern, since it is estimated
that approximately 33% of the medicaments are excreted
by the human body and end up being detected in hydric
sources [4]. Conventional methods for water treatment are
not efficient enough to completely remove or mineralize this
class of emerging contaminants and, in this sense, additional
polishing steps have been proposed and/or implemented
for water treatment process intensification [5].

Several technologies are available for CQ removal such as
biodegradation [6], Fenton oxidation [7] electro-Fenton oxi-
dation [8], membrane process [9] and others [10] with unique
advantages and drawbacks each one, but the biosorption
technology [9] stands out in techno- and eco-centric features
due to ease implementation and operation of reequipments,
versatility towards different adsorbates and high removal
efficiency [11]. Biosorption is the use of biomass to adsorb
contaminants from an aqueous phase [12]. However, the
choice of the biosorbent (biomass) is of huge importance for
the success of the biosorption process in water treatment
[13]. In this sense, it is desirable that the adsorbent pro-
motes a rapid contaminant removal with a high biosorption/
desorption capacity [14]. Thus, industrial and agricultural
residues pose as the ideal candidates for adsorbent syn-
thesis, such as the residues generated in the sugar-energy
industries [15,16].

The sugar-energy industries generate a huge number
and quantity of residues of heterogeneous characteristics
and the sugarcane bagasse (SB) stands out with approxi-
mately 140 million ton generated every year in Brazil [17].
This residue is partially burned in furnaces for energy
cogeneration and the remaining material is discharged.
Therefore, a more noble destination for the residual SB is of
interest such as the synthesis of a low-cost biosorbent [18].
Pyrolysis, hydrothermal carbonization (HC) and gasifica-
tion are the most used thermochemical methods for turn-
ing SB into biosorbent [13]. For wet biomass, such as the SB,
the HC method is often applied with the resulting material
named hydrochar or biochar. HC conversion is conducted
in a wet and pressurized furnace with temperatures ranging
from 160°C-880°C for the oxidation of organic matter [13].

Another residue generated by sugar-energy industries
is the water discharged by the high-pressure boiler (BD). In
order to control the boiler pressure to optimal operational
conditions, a discharge is continuously necessary, thus
generating approximately 1.5 ton/h of liquid effluent that
is sent to treatment ponds [8-9]. Due to the large amount
of BD, it can be used in hydrothermal synthesis of new
adsorbents from SB.

Therefore, the aim of this paper was to synthesize a
hydrochar via hydrothermal route using two residues from
the sugar-energy industries: sugarcane bagasse (SB) and

the water discharged by the high-pressure boiler (BD). The
applicability of hydrochar in water treatment processes was
tested in the biosorption of the pharmaceutical drug chlo-
roquine from synthetic contaminant water in a discontin-
uous process.

2. Materials and methods
2.1. Materials

Chloroquine diphosphate (95% purity) was purchased
from a local drugstore (Farmacia Catanduvas, Brazil). The
pharmaceutical drug was used in the biosorption experi-
ments diluted in water with different concentrations and
without any purification or pH adjustment (except when
explicit mentioned). The stock solution of CQ was prepared
by dissolving the contaminant in 1,000 mL of deionized
water. The working solutions were prepared by diluting the
stock solution with deionized water until the desired con-
taminant concentration.

The SB and the BD were provided from a Brazilian alco-
hol mill and were used in the hydrothermal conversion
process. The BD was collected from the cogeneration boiler
and stored in a freezer at —2°C until its use. The SB was also
stored in a freezer at —2°C until being modified as hydro-
char. Table 1 displays the characteristics of the CQ and BD
used in this research.

2.2. Sample characterizations

The SB and the synthesized low-cost adsorbent (here-
after named HC-T) were characterized. The materials mor-
phology was characterized by means of a scanning electron
microscopy (SEM; FEI-Quanta 250). The materials specific
surface area (SBET) and volume of pores were determined
by means of N -physisorpition at 77 K (Micrometrics ASAP-
2020) following to the BET protocol [20]. Elemental composi-
tion analysis was carried out to verify the carbon content the
in a Perkin Elmer 2400 Series II CHNS/O with 1 mg sample
at 1,000°C. Thermal stability was determined via thermo-
gravimetric experiments (Perkin Elmer, STA) heating the
samples until 900°C with a heating ramp of 10°C min™ and
N_-volumetric flow of 50 mL min™. The Fourier-transform
infrared (FT-IR; Shimadzu IR Tracer-100) analysis in the
range of 400-4,000 cm™ was used to identify surface mod-
ifications in the material due to the hydrothermal process.
The adsorbent structure was characterized by X-ray dif-
fraction (XRD; Shimadzu LabX 6000) with CuKa-radiation
(A = 0.154056 nm), 40 kV, 30 mA acquisition time of 1 s and
rotational rate of 20 min™ from 5° < 20 < 85°. The charge dis-
tribution was analyzed by means of the pH of point of zero
charge (pH,,.) estimated by the “11-points protocol” [21].

2.3. Hydrothermal carbonization

Prior to the hydrothermal carbonization (HC) process,
the SB was dried for 24 h at 100°C aiming to stop biologi-
cal degradation undesired for the material. Then, the dry-SB
was milled in a knife mill and sieved. The biomass that
passed through the 20-mesh sieve was used in the hydro-
thermal carbonization process since it was the highest
mass obtained.
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Table 1
Physico-chemical properties for the CQ and BD

Pharmaceutical contaminant

High-pressure boiler effluent

Name Chloroquine diphosphate Property Value
Molecular weight 515.86 g'mol™ pH 9.95
Molecular formula CH,CIN,-2H PO, Apparent color Not color
Water solubility 20 mg-L™! Turbidity (NTU) 0.54
Maximum wavelength A, =343 nm BOD (mg-L7) 180.00
CH;
CH3 (
N CH;

HN )\/\/ \/
Molecular structure COD (mg-L™) 271.20

X ©2H;PO,

P
Cl N

CAS number 50-63-5
References [19]

The hydrochar (biosorbent) was synthesized using the
dry-milled-sieved-SB and the hydrothermal carbonization
process. To synthesize the biosorbent with the highest car-
bon content, a design of experiment was employed varying
the SB-BD ratio, temperature and time of burning. Therefore,
in this work, the low-cost biosorbent synthesized (named
HC-T) used the following conditions: 1:3 (m/v) SB-BD ratio
accommodated in a stainless-steal autoclave coated inter-
nally with Teflon®, heating until 200°C and 24 h. Then, the
biosorbent was activated in an over at 450°C for 10 min with
oxidizing atmosphere.

2.4. Batch biosorption

The applicability of the low-cost adsorbent in water
treatment process was tested in the biosorption of the
chloroquine (CQ) from synthetic contaminant water in
batch biosorption. The biosorption experiments were car-
ried out in an orbital shaker (Tecnal TE-4200) at 135 rpm.
Briefly, 20 mg of biosorbent HC-T and 20 mL of CQ solution
(100 mg-L™) was placed inside a sealed Erlenmeyer flask
and agitated for 24 h at 25°C, 35°C and 45°C. The biosor-
bent mass and CQ-solution volume were selected from pre-
vious tests in order to provide the maximum contaminant
removal (in percentage). Samples were collected at differ-
ent times and filtered in a 0.45 pum cellulose membrane. The
residual CQ concentration in the samples were detected in
a UV-Vis spectrophotometer (Hasch DR 5000) at 343 nm
[19]. All experiments were performed in duplicates and
the results were presented as average + standard deviation.
The HC-T biosorption capacity (7, mg-g™') was calculated
according to Eq. (1).

V.(C.-C
A Gl (1)

m

where C, and C, are the initial and equilibrium CQ concen-
trations, respectively (mg-L); V is the volume of CQ work-
ing solution used (L); and m is the mass of HC-T used (g).

The effect of the pH of the chloroquine solution on the
HC-T biosorption capacity was determined since it is an
important parameter for the biosorption process and adsor-
bent efficiency [22]. For this purpose, the pH solution was
adjusted to 2, 5, 7, 9 or 12 adding HCl (0.1 mol-L™) or NaOH
(0.1 mol-L?) solutions dropwise. The same protocol for
batch biosorption was used herein.

The kinetic and equilibrium biosorption experiments
were conducted at the natural CQ solutions” pH (~6.0)
since the changing of the pH in a water treatment plant is
costly due to chemical consumption and may cause salin-
ity problems. Pseudo-first-order, pseudo-second-order
kinetic models as well as Elovich model were adjusted to
the experimental data. The best model fit was determined
by means of the determination coefficient (R*) and square-
root mean error (SRME). The biosorption equilibrium iso-
therms were obtained at 25°C, 35°C and 45°C using 20 mg
of biosorbent at constant agitation (135 rpm) for 24 h. The
initial CQ concentration (20 mL) varied from 20 to 120 mg-L™
with pH ~ 6.0. The Langmuir, Freundlich and Sips isotherm
models were fitted to the experimental equilibrium data.
The best model fit was determined by means of the R* and
SRME.

The thermodynamic analysis of the batch biosorption
process was performed in order to determine the Gibb’s free
energy [AG® Eq. (2)], enthalpy [AH®; Eq. (3)] and entropy
[AS®; Eq. (3)].

AG®=-RTInK, @
K =AM AS 3)
““"RT 'R
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where R is the universal constant of gases (8.314 J-mol
1K), T is the absolute temperature (K) and K_is the equi-
librium biosorption constant. For each temperature, the
value of K was obtained by the extrapolation of the curve
L (q,C?) x g,in the limit of g, — 0.

3. Results and discussion
3.1. Characterizations of SB and HC-T

The specific surface area (Sy;,) for the HC-T was
187.80 m*g™, a significant increase from the original
16.86 m*g™ in the SB process. An increase in the S, can be
correlated to a higher biosorption capacity [14]. The basic-
ity of the high-pressure boiler effluent that is in contact with
the adsorbent during the hydrothermal process ends up
corroding, when heated, the carbon-rich parts of the mate-
rial structure leading to a secondary porosity and increas-
ing the specific surface area. The obtained S, value is in
agreement with reported values for sugarcane biomass such
as the 131 m*g™ for a biochar produced from sugarcane
bagasse modified in a muffle at 450°C for 15 min only [23].
Jais et al. [24], reported a specific surface are of 8.10 m*g’
for the sugarcane bagasse modified via hydrothermal pro-
cess and when activated with NaOH, the area increased 3.4
times (27.55 m*g™). Mohamed et al. [25] reported a much
lower area of 6.17 m*g™ for a polyethyleneimine-modified
sugarcane bagasse. The authors did not employ hydrother-
mal treatment to their adsorbent and the polymer coated
the material surface, thus leading to the low S, reported.
It is important to note that the HC-T reported herein was
obtained using SB as obtained from the industry, that is,
without any chemical or physical pretreatment, thus promot-
ing its economic viability and potential biosorption capacity.
Table 2 displays the carbon content and N, -physisorption
results for the HC-T.

As seen in Table 2, the average pore diameter of the
HC-T biosorbent was 1.79 nm and total volume of pores of
1.51 cm®>g™ of which 0.08 cm®g™” were due to micropores.
The porosity of the microstructure was due to the presence
of NaOH in the boiler water used in the HC-T process. The
high-temperature of the HC-T process and the alkalinity
of the BD effluent caused the micropores deconstructions
[26,27] shown in the following reaction Eq. (4):

200 pm

6NaOH +2C —3Na,0+CO T+ CO, T+3H, T )

Even though the carbon was oxidated by the NaOH, the
carbon content increased from ~38% to ~60% in the HC-T
biosorbent, the high pH dissolved the unburnt biomass
thus increasing the carbon content [27].

The SEM images for SB and HC-T (Fig. 1) were analyzed
and corroborated the modifications in surface morphology
and properties. For the SB (Fig. 1A), the micrography dis-
played the fibrous biomass, of irregular shape and rough-
ness, common for sugarcane bagasse [28]. In contrast, the
HC-T biosorbent surface morphology (Fig. 1B) showed the
presence of small structures in its surface, possible orig-
inated from the chain-breaking from hemicellulose and
pectin molecules due to HC process conditions [15,16].
The SB surface was clean and a small crack can be seen at
the top-left corner of the HC-T biosorbent possibly due to
the rapidly water vaporization or from the milling in the
pretreatment step.

The thermogravimetric analysis/differential thermo-
gravimetric analysis (TGA/DTG) technique was used to
analyze the mass variation during the HC-T process due to
thermal degradation and the results are illustrated in Fig. 2.

The mass loss seen in Fig. 2 is a function of the tempera-
ture, hydrothermal process conditions and the treatment
performed in the samples [24]. The HC-T showed a signif-
icant decrease in mass starting at ~403°C. Since the HC-T
process was carried out at 450°C for 10 min for carbon acti-
vation, it was expected that the biosorbent only showed
mass loss for higher temperatures since at lower values the
material already lost water and volatile compounds [19]
such as the , approximately, 3.5% mass loss at <100°C and

Table 2
Carbon content and N,-physisorption results for HC-T

Property HC-T
Specific surface area (m>g™) 187.80
Average pore diameter (nm) 1.79
Total volume of pores (cm>g™7) 1.51
Volume of micropores (cm®g™) 0.08
Carbon content (%) 60.11

Fig. 1. Scanning electron microscopy images of sugarcane bagasse (A) and HC-T (B).
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Fig. 2. Thermogravimetric analysis/differential thermograv-
imetric analysis results for sugarcane bagasse (A) and HC-T
biosorbent (B).

~68.5% at <365°C seen in the nonhydrothermal-modified SB
(Fig. 2A) [29].

The TGA result for HC-T (Fig. 2B) can be divided into
three parts. In the first 6.02%, the mass loss was attributed
to the thermal degradation of cellulose, hemicellulose and
the initial lignin decomposition [30]. This trend was corrob-
orated by the DTG curve where the first peak was attributed
to the water evaporation and volatiles degradation, the
second peak to the degradation of hemi- and cellulose and
the third peak to the more thermally resistant lignin [29].

FT-IR technique is commonly applied to identify changes
in the chemical structure in materials surfaces [30]. In this
sense, the FT-IR results are displayed in Fig. 3 and the major
chemical groups in the SB and HC-T surfaces were sig-
naled and analyzed.

The analysis of Fig. 3 revealed the dominance of some
chemical groups in the surface of both SB and HC-T adsor-
bent due to the intensity of the infrared spectra peaks. The
lignocellulosic nature of sugarcane bagasse is associated to
the presence of hydroxyl groups (3,420-3,396 cm™), thus the
peak found at 3,440 cm™ was attributed to the OH- associ-
ated with vibrations and axial deformations [31]. The peak

Transmitance (a.u.)

O-H C-H, ,C-H C-H, ,C=0

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 3. Fourier-transform infrared spectrogram for sugarcane
bagasse and HC-T.

observed at 2,929 cm™ was attributed to the C-H stretching
from lignin and the peak at 2,857 cm™ also from the C-H
stretching but from aldehydes [32]. The peaks intensities
found at 1,620-1,722 cm™ are due to the aromatic ring (o and
mt carbon bons and =0 stretching vibration) [33]. The peak
at 1,252 cm™ was due to the vibrations of hydroxyl func-
tional group [31] and near 1,100 cm™ to the C-O-C bond
vibration. To complement the FT-IR assay, XRD and Raman
analysis were performed.

The XRD diffractogram for HC-T biosorbent and its
Raman spectra are shown in Fig. 4.

As seen in Fig. 4A, the XRD for the low-cost adsorbent
revealed a broad valley in the range of 10° and 25° 20 asso-
ciated with the amorphous structure of the carbon material,
but the peak at ~20° due to cellulose was not found in the
HC-T as it was thermally degraded during the process [34].
The increase in XRD intensity at ~27° is due to the pres-
ence of water [35]. In addition, the peak observed at 43.7
angle is due to the graphitic plane (100) [36].

In the Raman spectra of Fig. 4B two band intensities were
found. The band at 1,360 cm™ is called disorder-induced
D-band and is attribute to structural defects, that is, disor-
ders and to amorphous carbon, that is, sp® hybridized car-
bons [36]. The second band at 1,582 cm™ is a graphitic G-band
due to the in-plane vibrations from the sp? hybridized car-
bons [37]. It is of interest to characterize activated carbon
materials by its level of graphitization through the area ratios
of D- and G-bands (I/1), thus being a measure of disorder-
ness in the carbon structure [38]. In the HC-T biosorbent,
the calculated I./I . ratio was 0.85, thus suggesting that the
HC treatment did not increase the level of disorderness [12].

Another important characterization parameter for bio-
sorbent materials used in water treatment processes is the
pH of the point of zero charge (pH,,.). When the pH of the
contaminated solution is lower than the pH,,. the adsor-
bent remains protonated with a net positive charge and,
therefore, the biosorption of anionic molecules is favorable
through mutual attraction. However, for a pH greater than

the pH,,,, then the biosorption site would pose a net negative
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Fig. 4. X-ray diffractograms for HC-T biosorbent (A) and Raman spectra (B).

charge due to the adsorbent deprotonation, thus enhancing
the biosorption of cationic contaminants [39]. For the HC-T
biosorbent, the pH,,, . is shown in Fig. 5.

As discussed, the pH,,,. can be a critical factor in the
selection of sorbent materials as it can hinder or not the
biosorption efficiency due to adsorbent-contaminant inter-
action [19]. The analysis of Fig. 5 revealed that the HC-T
biosorbent poses an acid pH,,. of 3.46. This value can be
correlated to the presence of carboxylic acids in the biosor-
bent biomass origin [40]. Therefore, pH > pH,,, . suggests that
the HC-T adsorbent has a negative net charge and that the

biosorption of cationic molecules are favorable [41].

3.2. Batch biosorption results

The effect of the pH of the chloroquine-contaminated
solution was analyzed and the results are shown in Fig. 6,
expressed in terms of the HC-T biosorption capacity.

Fig. 6 reveals that an increase in the pH of the
CQ-contaminated solution from 2 up to 12 was followed by
an increase in the HC-T biosorption capacity (from ~75 to
~93 mg-g™”). An increase in basicity implies in an excess of
OH- in the liquid phase and a net negative charge at the HC-T
surface. Therefore, basic conditions enhanced the biosorp-
tion of cationic molecules such as chloroquine [19]. Similar
performance is reported with natural and treated sugarcane
bagasse in the biosorption of methylene blue [42]. But the
opposite trend is reported for the biosorption of phosphate
ions with a chitosan-modified sugarcane bagasse [32], that
is, an increase in the solution pH lowered the biosorption
capacity until a minimum at pH = 10 which was attributed
to the deprotonation of amino functional groups [32].

However, the kinetic and equilibrium biosorption exper-
iments were conducted at pH~6,0 which is the natural CQ
solutions” pH. This is due to the operational problems orig-
inated from changing the pH in a water treatment plant
which is costly due to chemical consumption and may cause
salinity problems, thus reducing the water quality.

The kinetic biosorption of chloroquine on the HC-T
hydrochar is shown in Fig 7 alongside with the fitting of
pseudo-first-order and pseudo-second-order kinetic models.

=3
4
pHyc = 3.46
,,,,,,,,,,,,,,, i;;%,,,,,§,,,,,i___,—ng—,,—fi,,””,,,,,,,,
34 §/
1/
—e—HC-T
1 T T T T T T T T T T T
2 3 4 5 6 7 8 9 10 11 12
PHigitial
Fig. 5. pH,,. obtained for HC-T biosorbent.
95
|
90 | /

~ 85

70 T T T T T T

q.(mgg
ES
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Fig. 6. Effect of pH in the biosorption of CQ. Conditions: 20 mg
of HC-T, 20 mL of [CQ], = 100 mg-L™, 135 rpm, t = 24 h and
T =30°C.
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Fig. 7. Experimental results and model fitting for the kinetic bio-
sorption of CQ HC-T as adsorbent. Conditions: 20 mg of HC-T,
20 mL of [CQ], =100 mg-L", 135 rpm, pH = 6.0 and T = 30°C.

The results showed a rapid biosorption rate in the initial
10 min followed by a slow biosorption rate due to less avail-
ability of biosorption sites, thus reaching the dynamic equi-
librium conditions after ~60 min meaning that the biosorp-
tion and desorption velocities of CQ are equal.

The biosorption of CQ over a graphene oxide-agar
composite revealed a similar process with a rapid biosorp-
tion rate at initial times followed by equilibrium conditions
after ~50 min for various working solution concentrations
(520 mg-L?) [19]. Longer periods of time was obtained
by [43] with acid-activated Hibiscus sabdariffa seed pods
(t > 240 min). However, the authors used an acid solution
for CQ biosorption (pH = 3.0) and they demonstrated that
the removal efficiency was over 90% for that condition. It
is important to remember that CQ admits three pKa values
(4.0, 8.5 and 10.2) that allows an efficient biosorption over a
wide range of pH [44]. Therefore, the optimum pH for CQ
biosorption would be different according to the adsorbent
surface functional groups and charge distribution [43].

According to the statistical values of the kinetic mod-
els fitting (Table 3), the pseudo-second-order model with
R?=0.995 and SRME = 0.542 was the best fit. For the pseudo-
second-order model the biosorption capacity at equilibrium
conditions (g, ) was ~80.5 mg-g” with a pseudo-second-
order rate constant (k,) of 0.010 g'mg"-min". It is worth to
note that the standard deviation calculated for k, was high,
but the pseudo-second-order model was still considered
the best model fit due to statistical parameters and, in addi-
tion, the fact that the g, , was close to the experimental
value (g, =78.8 mg-g™, an error lesser than 5%).

In order to understand the step-dominant mechanism
and the rate-limiting-step for the CQ biosorption on HC-T,
the Weber-Morris intraparticle diffusion model [45] was
used and the results are shown in Fig. 8.

According to Fig. 8, the biosorption process is divided in
three stages in which different biosorption rates and condi-
tions are applied: the stage I indicates the liquid-film diffu-
sion, state II indicates the intraparticle diffusion and stage

Table 3
Kinetic model fitting parameters and statistics for CQ
biosorption with HC-T

Parameter Value

Pseudo-first-order

9. (Mgg™) 77.112 £ 1.122

k, (min™) 0.625 +0.052
R? 0.983

SRME 2.029

Pseudo-second-order

9. (Mg 80.501 + 0.666
k, (gmg'-min™) 0.010 + 1.659
R? 0.995

SRME 0.542

q,.° biosorption capacity at equilibrium calculated (mg-g™);
k;: pseudo-first-order model rate constant (min™); k,; pseudo-
second-order model rate constant (g-mg"-min™").
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Fig. 8. Intraparticle diffusion mechanism for CQ using HC-T as
adsorbent.

III is the equilibrium [45]. The fitted Weber-Morris model
parameters for each stage are shown in Table 4.

Since the graph for stage I intercepts its origin point,
the liquid-film diffusion is the limiting-step in the CQ bio-
sorption on HC-T biosorbent, evidenced by the increase
in constant C value on the subsequent stages, that is, an
increase in the boundary thickness [19]. An intraparticle
diffusion-limited biosorption was obtained by [46] using a
Fe O ,-functionalized agro-industrial residue for CQ biosorp-
tion [43] also reported a diffusion-limited process. Aiming
an industrial perspective for water treatment process, the
liquid-film limiting biosorption is preferable since biosorp-
tion parameters can be controlled through fluid dynamics
as, for example, in a continuous biosorption column.

The experimental data for the biosorption isotherm
experiments are shown in Fig. 9, which illustrates the
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biosorption capacity (g,) for the HC-T hydrochar for different
equilibrium concentrations of CQ (C) at constant tem-
perature. The results showed that an increase in tempera-
ture was followed by an increase in the HC-T biosorption

Table 4
Intraparticle diffusion model fitting parameters for CQ bio-
sorption on HC-T

Parameters Stage I Stage II Stage III
C (mg-g-h03) 1.203 60.759 71.411
K, (mg-g™) 38.408 3.295 0.679

R? 0.992 0.994 0.998

K., is the intraparticle diffusion rate constant (mg-g~-min=?), calcu-
lated by the slope of the linear graph of g, vs. #°* for each stage and C
is the constant related to the boundary layer thickness (intercept of
the linear graph).

80

capacity, reaching a maximum experimental biosorption of
CQ of ~74 mg-g™ at 45°C.

The Langmuir, Freundlich and Sips isotherm models
were fitted to the experimental data (Fig. 9) and the best
fitted model, according to statistical parameters shown in
Table 5, was the Sips model with R? > 0.9 for all tempera-
tures analyzed. For the Sips isotherm model, the maximum
biosorption capacity (g,) increased from 74 to 135 mg-g™
and the Sips model constant (K,) increased from 0.353 to
0.882 mL-mg™ with increasing temperature from 25°C
to 45°C.

The exponential factor (1) in the Sips model decreased
from 2.586 to 1.545 when temperature increased from 25°C
to 35°C, but increased to 2.651 when the working solution
was constant at 45°C. One can infer, from the following dis-
cussion, that the increase in the exponential factor n from
25°C to 45°C can be related to the increase in the maximum
biosorption capacity since more CQ molecules can inter-
act with the same vacancy.
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Fig. 9. Biosorption isotherms for CQ with adsorbent HC-T. Conditions: HC-T 20 mg, pH = 6.0, [CQ], from 20 to 120 mg-L™, t =24 h,

135 rpm and T = 25°C (A), 35°C (B) and 45°C (C).
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Table 5

Statistics and isotherms model fitting parameter for the biosorption of CQ using HC-T

Langmuir 25°C 35°C 45°C

q, (mg-g™) 48.006 + 1.312 55.584 +2.314 73.449 +2.342
K, (L-mg™) 0.557 +0.164 0.613+0.132 0.634+0.118
R? 0.874 0.944 0.915

SRME 18.006 8.936 17.333
Freundlich 25°C 35°C 45°C

K, (mg-g™'(mg-L")""r) 22.643 +0.797 22.763 +1.992 23.591 + 0.665
n 5.249 + 0.266 4.005 + 0.436 3.320+0.123
R? 0.987 0.937 0.995

SRME 1.731 10.040 1.065

Sips 25°C 35°C 45°C

q, (mg-g™) 74.137 +25.402 77.073 £17.512 135.394 + 15.001
K, (mL-mg™) 0.353 +£0.104 0.476 +0.121 0.882 +0.038
n 2.586 +0.990 1.545 +0.299 2.651 +0.195
R? 0.999 0.973 0.998

SRME 0.883 1.255 0.288

The Sips isotherm is a combination of the Langmuir and
Freundlich isotherms and is commonly referred to as the
Langmuir-Freundlich isotherm [47]. Its distinction from the
Langmuir isotherm is the fact that the Sips isotherm con-
siders that n molecules, in this case CQ, can be adsorbed
in just one biosorption site on the HC-T adsorbent and this
process is represented by Eq. (5).

nCQliquid phase +HC-T

vacancy

‘ﬁ HC - THCQ ads (5)

At equilibrium conditions, the equilibrium constant
(considering the Sips model nomenclature applied for CQ
biosorption on HC-T) is set as Eq. (6).

[HC - TnCQ adsj|

K= ; (6)
[CQliquid phase :| |:HC - Tvacancy :|

Since the total number of biosorption-sites is constant,
a balance between the vacancy and the CQ-occupied bio-
sorption sites can be represented as follows:
HC-T

available

=HC-T

vacancy

+HC-T 4 (7)

However, the fact that n molecules of chloroquine can
be adsorbed in one biosorption site on the surface of the
adsorbent introduces the exponential factor in the Sips iso-
therm model equation, thus resembling the Freundlich
model. Then, the substitution of Eq. (7) in Eq. (6) follows the
Sips isotherm model according to Eq. (8).

Ks [HC - Tavauable ] |:CQliquid phase :|”
1+ Ks [CQliquid phase T

[Hc -T @)

nCQ ads :| =

in which [HC - T ,, ] represents the equilibrium con-
centration of n molecules of CQ adsorbed in the HC-T

Table 6
Calculated parameters of the biosorption thermodynamic
equation for the biosorption of CQ using HC-T as adsorbent

T(K) AG° (kJ-mol?) AH° (kJ-mol)  AS° (kJ-mol’K™)
298 -29.791

308 -31.962 35.961 0217

318 -34.135

biosorbent, [HC — T ] represents the maximum bio-
sorption capacity of HC-T biosorbent and [CQ, iy sl 18
the equilibrium concentration of CQ in the working solution.

Eq. (8) is commonly written as Eq. (9) [47].

- ©

1+ K,.C]

From this discussion and the fact that the isotherms
obtained (Fig. 9) are classified as L-2 according to Giles
classification meaning that there is an energy barrier before
additional adsorption can occur [48], one can explain
the increase in the exponential factor n from 25°C to 45°C.

The thermodynamic parameters of enthalpy (AH®) and
entropy (AS°) were estimated from the slope and intercept
of linear plot InK_ with 1/T and the Gibbs energy (AG°) was
calculated using Eq. (2) and the data are shown in Table 6.
For all studied temperatures the value of AG® was negative,
meaning that CQ molecules are spontaneously confined
at the HC-T surface. The positive value of AH® corrobo-
rates that the biosorption of CQ is an endothermic process
and the positive value of AS° indicates an increase in the
randomness of solid-liquid interactions [49].

4. Conclusion

The presence of pharmaceutical drugs such as chlo-
roquine in superficial and groundwaters is of growing
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concerns and this problem needs a solution. In this sense,
this work synthesized a low-cost biosorbent, using sugar-
cane bagasse and high-pressure boiler discharge effluent,
for chloroquine biosorption from synthetic contaminated
water. The biosorbent characterization revealed a higher spe-
cific surface area (187.80 m?g™) than the in natura sugarcane
bagasse and a pH,,. of 3.46 indicating that the adsorbent
is negatively charged, thus suggesting electrostatic interac-
tion with the positive functional groups of chloroquine. The
pseudo-second-order kinetic and Sips isotherm models were
the best fitted to experimental data. The thermodynamic
parameters indicated an endothermic and spontaneous bio-
sorption. The maximum biosorption capacity reported is
78.34 mg (63.69%) of chloroquine per unit mass of low-cost
biosorbent at 45°C. In conclusion, HC-T is a promising bio-
sorbent, synthesized with an ecofriendly process, for the
removal of chloroquine from contaminated waters due to
the great availability, quantity and low-cost of sugarcane
bagasse in the Brazilian territory, allied with the reusability
of high-pressure boiler water. It is important to emphasize
that the competitivity of a sugar-alcohol industry is increased
when residues, solid and/or effluents, are reutilized or poses
a noble destination, thus gaining financial leverage due to
lesser operational costs and the industrial process is inten-
sified towards a circular economy and the environmental,
social and corporate governance (ESG) goals.
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