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Dilek Gümüş1 · Fatih Gümüş2
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Abstract
Adsorption of hydroxychloroquine (HCQ) onto H3PO4-activated Cystoseira barbata (Stackhouse) C. Agardh (derived from
algal biodiesel industrywaste) biocharwas investigated via batch experiments andmathematicalmodels. The activated biochar
(BC-H) was produced in a single step by using the microwave irradiation method. Thus, it was obtained with a low cost,
energy efficiency and by promoting clean production processes. BC-H exhibited a remarkable adsorption efficiency (98.9%)
and large surface area (1088.806 m2 g−1) for removal of HCQ. The Langmuir isotherm and the pseudo-second-order kinetic
models were the best fit for the equilibrium adsorption and kinetics experiments, and the maximum monolayer adsorption
capacity (qmax) was found to be 353.58 µg g−1. Additionally, the experiments with real wastewater showed that BC-H’s
ability to adsorb HCQwas not affected by competitive ions in the water. The Taguchi orthogonal array (L16 OA) experimental
design was applied for the effective cost optimization analyses of the adsorption process by considering four levels and four
controllable factors (initial pH, HCQ concentration, amount of adsorbent and contact time). Scanning electron microscopy,
Fourier transform infrared spectroscopy and Brunauer–Emmett–Teller analyses were used for characterizing the adsorbent.
The findings showed that BC-H can be used as an effective and low-cost adsorbent in the removal of HCQ from water.
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1 Introduction

Pharmaceutical agents have been detected worldwide in
almost all water bodies. The entry of these drugs into water
systems is in the form of the discharge of untreated or treated
wastewater directly into receiving bodies or infiltration into
groundwater [1].

Hydroxychloroquine (HCQ) sulfate (Table S1) is a syn-
thetic quinolyl derivative with chemotherapeutic properties
[2]. HCQ acts against erythrocytic malarial parasites (Plas-
modium vivax, P. ovale and P. malariae). HCQ also has
anti-inflammatory properties and is used in the treatment
of rheumatoid arthritis and systemic lupus erythematosus
[3]. Additionally, HCQ is on the World Health Organiza-
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tion’s (WHO) List of Essential Medicines [4]. HCQ has been
reported to be effective on SARS-CoV-2, and it has also been
used to fight COVID-19 early in the pandemic period [5–9].
However, like all pharmaceutical agents, HCQ can also not
be completely metabolized in the human body, and some part
of it is excreted in an unchanged form. Half of the adminis-
tered dose of HCQ is excreted in an unchanged form from
the human body in the urine [10], and biotic degradation
tests for these therapeutic agents showed 0% degradation
in 28 days [11]. The literature indicates that hydroxychloro-
quines are subject to photochemical decomposition reactions
in nature. Dabić detected five degradation products (DP-
1 to DP-5) of the agent [12]. Although the risks of this
drug, which is a quinoline derivative, for the environment
are not exactly known, quinoline and its derivatives are pri-
mary environmental pollutants due to their persistent, toxic,
carcinogenic and teratogenic properties [13]. Consequently,
both HCQ and its degradation products are hazardous to
ecosystems and human health due to their high solubility
and low biodegradability [14, 15]. Therefore, there is a need
to develop economical and effective methods to remove this
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hazardous pollutant, which is likely to be encountered in
water resources due to its recent intensive use, before its dis-
charge into natural water bodies.

There are currently severalmethods for removing pharma-
ceutical pollutants fromcontaminatedwaters. Thesemethods
include membrane bioreactors [16], advanced oxidation pro-
cesses (AOPs) such as ozonation, photo-Fenton, sonolysis,
irradiation and electrochemical oxidation [17] and adsorp-
tion [18]. Among these processes, the adsorption process is
one of the most promising methods that is low cost, easy to
use, has high efficiency and no risk of toxic byproducts [19].
The literature has focused on the stability of HCQmolecules
in water [20], and only one study that involved the adsorption
of HCQ in aqueous media was found in the literature review
[21].

In recent years, research related to adsorption methods
using biochar has increased due to these materials’ porous
structure, high specific surface areas and strong interactions.
The sorption capabilities of biochar and its surface area
are also increased by various chemical activation methods
which utilize various chemicals such as potassium hydrox-
ide, sodium hydroxide, zinc chloride and phosphoric acid
[22].

Recently, byproducts of the algal biodiesel industry have
received great interest as adsorption materials [23, 24].
Macroalgae are quite suitable for bioethanol, biodiesel and
biogas production due to their rich carbohydrate and oil con-
tents. In the biodiesel production process, a large amount
of waste algal biomass is produced with the extraction of
algal metabolites (about 70%) [25]. To increase the sustain-
ability of the biodiesel production process, it is important to
obtain value-added products that make use of the byprod-
ucts and reduce the costs of the process. Marine macroalgae
is abundant and is not limited to water, and it can be easily
obtained or cultivated [26]. Thus, in this study, itwas aimed to
obtain an economical product with high added value, which
can be derived from the by-products of the biodiesel pro-
duction process, while on the other hand, to contribute to the
environment by both effectively removingHCQ and utilizing
biodiesel wastes. Algal waste biomass (C. barbata), which
represents byproducts of this process, was used in the prepa-
ration of the biochar in this study. Microwave irradiation,
which was used to obtain the biochar, is an environmen-
tally friendly and fascinating heating technology based on the
interaction of conductive materials with a rapidly alternating
electromagnetic field [27], and it is known as a promis-
ing alternative to conventional pyrolysis.Microwave-assisted
pyrolysis increases energy efficiency and reduces energy
costs [28]. Therefore, it is expected to contribute to the search
for cleaner production processes by significantly reducing
the synthesis times and energy requirements of biochar by
microwave pyrolysis. In this study, a one-step microwave
pyrolysis method was used to prepare the biochar adsorbent.

This study aimed to facilitate adsorption of HCQ from
aqueous solutions using the engineered biochar fast and cost-
effectively. The UV–visible spectrophotometry method was
preferred formonitoring theHCQremoval rates. Thismethod
was chosen to ensure that monitoring in larger applications
worldwide is inexpensive and accessible.

Optimization of the process parameters was performed
using the Taguchi method. This method is applied as a design
of experiment (DOE) methodology based on statistical tech-
niques and provides process optimization by offering design
techniques that reduce costs and improve quality [29–31].
The signal-to-noise (S/N) ratio was used to determine the
optimumprocess parameters. The degrees of the contribution
(% contrib.) of the experimental parameters to HCQ removal
were determined using analysis of variance (ANOVA) to ana-
lyze the S/N ratio data.

2 Materials andMethods

2.1 Materials and Chemicals

Hydroxychloroquine sulfate (98% w/w), phosphoric acid
(H3PO4, 85% w/w), sodium hydroxide (NaOH, 97% w/w)
and hydrochloric acid (HCl, 37%w/w) were purchased from
Merck. Ultrapure water (UW) and 0.01 M HCl were used
to prepare solutions containing HCQ. Biodiesel waste algal
biomass was used to prepare the biochar. Algae were col-
lected from the Black Sea coasts located in the province of
Sinop in Turkey.

2.2 Preparation of Biochar

The microwave-assisted active biochar was prepared based
on methods reported in the literature with minor modifica-
tions [32, 33]. The algae were washed first with tap water
and thenwith ultrapure water (UW) to remove impurities and
dried at 105 °C in a laboratory oven (Nüve FN 300) for 24 h.
It was then ground using an electric grinder (Waring 8011)
and defatted using a chloroform–methanol mixture (75% v/v
of methanol) according to the method reported by Hidalgo
et al. [34]. The defatted algal biomass was separated from its
liquid phase, washed a few times with UW and dried. Then,
it was stored in a desiccator for future experiments. Phos-
phoric acid was used as an activating agent. The previously
preparedwaste biomasswasmixedwith pure phosphoric acid
at an impregnation ratio of 1:10 (g ml−1) for 24 h at room
temperature using a magnetic stirrer (150 rpm). A modified
microwave heating oven was used for one-step microwave
pyrolysis. After the impregnation procedure, the samples that
were prepared were placed in a sealed quartz glass reactor,
where pyrolysis gases could escape, and carbonized and acti-
vated at a microwave power of 700W in three cycles of 6min
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(18 min in total) in an oxygen-free environment. The sam-
ples were then allowed to cool down to room temperature,
and theywere washedwith ultrapure water until they reached
neutral pH and dried at 105 °C for 24 h. The activated biochar
was labeled as BC-H and stored in closed bottles for further
experiments.

2.3 Biochar Characterization

The functional groups of the BC-H that was prepared
were determined by FTIR spectroscopy (Fourier transform
infrared) (FTIR-Hyperion 1000) in the wavelength range
of 400–4000 cm−1. The morphological structure of the
BC-H was determined by using SEM (scanning electron
microscopy) (Quanta 400F Field Emission). The pH at the
point of zero charge (pHpzc) of the BC-H was determined
according to the method reported by Dastgheib et al. [35].
The BET surface area and pore characteristic of the prepared
biochar were evaluated with a Micromeritics 3Flex volumet-
ric gas adsorption analyzer based on theHK83 pointsmethod
throughN2 physisorption at 77K. Prior to themeasurements,
all samples were degassed at 105 °C for 24 h. Pore vol-
ume distribution was determined by adsorption–desorption
isotherms used in NLDFT calculations.

3 Batch Adsorption Experiments

The preliminary adsorption experiments were conducted at
different value ranges of the experimental parameters includ-
ing adsorbent dose (0.025–1 g L−1), initial pH value (4–11)
and contact time (0–240 min). The parameter ranges for
design of experiments (DoE) were selected based on these
results. The pH values of the aqueous HCQ-containing solu-
tions were adjusted to the desired value by 0.1 M HCl or
NaOH solutions. Known amounts of the BC-H were added
to certain concentrations of the HCQ solutions and stirred
by using mechanical stirrer (İKA ™ KS130) at 150 rpm
during the contact time at room temperature (23±1 °C).
After the experiments, the residual HCQ concentration was
determined using a UV–visible spectrophotometer at 342 nm
(Thermo Genesys 10) following the method of Ferraz et al.
[3]. The equilibriumanalyseswere performedby adding0.4 g
L−1 of BC-H into 0.1 L of the HCQ solution (10 to 50 µg
L−1) at the optimum pH values (7) at the equilibrium time
(180 min). For kinetics analyses, the experiments were car-
ried out at concentrations of 20 and 50 µg/L−1 HCQ at the
optimum pH of 7 and the optimum adsorbent concentration
value (0.4 g L−1). The solutions were shaken at 150 rpm,
and samples were regularly collected until the specified time.
Pharmaceuticals are present at relatively low concentrations
(ng L−1 to µg L−1) in water, and it is important to per-
form studies at low concentrations for more realistic results

Table 1 Experimental parameters and their levels

Factors Symbol L1 L2 L3 L4

Initial pH A 6 7 8 9

Dosage (g L−1) B 0.05 0.1 0.2 0.4

Contact time (min) C 30 60 120 180

HCQ concentration (µg L−1) D 20 30 40 50

[36]. Therefore, low concentration ratios were selected in
this study, and the effectiveness of this method was also con-
firmed with real domestic wastewater. The concentrations of
HCQ adsorbed by the BC-H (qe and qt) were determined
using the following equations, respectively:

qe � ((Co − Ce) V )/m (1)

qt � ((Co − Ct) V )/m (2)

where V (L) is the volume of the HCQ solution, m (g) is the
biochar mass, C0 (µg L−1) is the initial concentration of the
HCQ, Ce and Ct (µg L−1) are the residual concentrations of
the HCQ in the solution, at equilibrium and time t, respec-
tively, and qe and qt (µg g−1) are subsequently the adsorbed
amount at the equilibrium and time t.

The experimental data were analyzed by using the Fre-
undlich and Langmuir isothermmodels and the pseudo-first-
order (PFO), pseudo-second-order (PSO) and intraparticular
diffusion kinetic models. The equations of these models are
listed in Table S2.

Optimization of treatment processes is extremely impor-
tant for the operation anddesign stages. For optimizationwith
a minimal number of experiments, design of experiments
(DoE) methods which are a more practical application than
conventional experimental methods and based on statistical
results may be preferred. In this study, the Taguchi design
was utilized, and an L16 orthogonal array with four param-
eters as initial pH, adsorbent dosage, contact time and initial
pollutant concentration and their four levels was determined
for HCQ removal. The identified factors and their values are
listed in Table 1.

4 Statistical Analysis and Quality Control

The experiments were performed twice, and the average
values of the two results were used. The model data were
calculated by nonlinear equations using Excel SOLVER.
The DoE and evaluation analyses were carried out with the
Minitab 17 statistical software. In Fig. 3d, the error bars (in
a confidence interval of 95%) show the standard error of the
mean.
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Fig. 1 SEM images of BC-H (x10.000) a before and b after adsorption c FTIR spectra of the BC-H before and after HCQ adsorption

All chemical procedures and analyses were performed in
accordance with the standard methods for the examination
of water and wastewater [37], followed by quality assur-
ance/quality control (QA/QC), through the same procedure.

5 Results and Discussion

5.1 Pore, Surface and Chemical Characterization
of BC-H

The BET surface areas and pore size distributions of the
synthesized BC-Hwere calculated from the nitrogen adsorp-
tion–desorption isotherms at 77 K (Fig. S2). The BET
specific surface area (SBET), micropore area, external sur-
face area, micropore volume and average pore radius were
1088.806 (m2 g−1), 374.622 (m2 g−1), 714.184 (m2 g−1),
0.181 (cm3 g−1) and 2.71 (A0), respectively. BC-H had a
large surface area composed of regularly dispersed microp-

ores and mesopores. It is thought that the presence of a high
number of micropores and mesopores may cause an increase
in the HCQ adsorption capacity of the material from aqueous
solutions.

The SEM images of the BC-H are presented in Fig. 1a,
b. The images show the morphologies of the BC-H before
and after adsorption. It is quite evident that the HCQ uptake
created a significant change on the biochar surface. The pores
of the biochar became indistinguishable after theHCQuptake
process. This situation is thought to be due to the filling of
the biochar’s pores with HCQ molecules.

Functional groups are very important characteristics of
biochar, because they determine the surface properties and
quality of the adsorbent. The surface chemistry of the BC-H
was studied byFTIR. TheFTIR spectra ofBC-Hare shown in
Fig. 1c for before and after adsorption, respectively. The peak
at 3794 (in the region of 3800–3200 cm −1) was attributed to
O–H stretching of hydroxyl groups. OH groups can increase
the electron donor property of BC-H [38]. Here, a broad peak
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(in the region of 1400–1800 cm−1) with a maximum value
at 1573.86 cm−1 can be assigned to C=O or C=C stretching
of esters and carboxylic acids (Li et al., 2018). Several peaks
were also observed at 2664, 2275 (CH stretching of CH2 and
CH3), 1158, 990 and 480 (C–O, C–C and C–OH stretching,
aromatic compounds) [39]. During the adsorption process,
these bands shifted due to various interactions between the
BC-H and theHCQ. The IR bands at 990.10, 480.56, 2664.98
and 2275.56 cm−1 completely disappeared, and new peaks
were observed after adsorption (3186.75, 1046.12, 751.36,
667.79 and 507.56), and they could be involved in the adsorp-
tion process of HCQ.

5.2 Results of Taguchi DOEMethodology

The experimental plan as an L16 orthogonal array, consist-
ing of 16 experiments, and the results of the experiments
that were performed are shown in Table 2. The S/N ratio,
a measurable value suggested by Taguchi [40], was used in
the analysis in this study. The highest S/N value specifies the
control factor that minimizes the effect of the noise factors
and maximizes the value of the response. The S/N ratio (the
larger the better) was calculated using the following equa-
tions.

S

N
� −10log

(
1

n

n∑
i�1

1

y2i

)
(1)

where n is the number of the experiments and yi is the
response for the experiments.

The optimum levels of the controllable factors according
to the response table, for the highest signal-to-noise ratios,
are presented in Table 2. The optimum conditions for the
maximum adsorption of HCQ are listed in Table 3.

The effect of the factors on the S/N ratio is shown in Fig. 2.
The S/N value increased with the increasing adsorbent con-
centration, indicating that a higher BC-H amount contributed
positively to the adsorption process. The increase in the per-
centage of HCQ adsorption with the increase in the BC-H
dosage may be attributed to the increase in the surface area
of the adsorbent and therefore the increase in the number of
binding sites due to the increase in the quantity [41]

As for the contact time, the highest S/N ratio was obtained
with the longest contact time. This showed that the increase in
the contact time played an active role in the HCQ adsorption
process. The highest S/N ratio was obtained at the low-
est HCQ concentration (20 µg L−1). This indicates that an
increased HCQ concentration plays a weaker role in HCQ
adsorption [42]. The lowest S/N value was obtained at pH 6,
whereas the S/N ratio reached the peak at pH 7. The BC-H
exhibited a pHPZC value of approximately 6.8 (Fig. S1). In
an aqueous solution, when pH>pHPZC, the surface of the
BC-H will be negatively charged, and when pH<pHPZC, the

Table 2 Orthogonal array of L16 for HCQ adsorption

Experiment
no

Factors

A B C D HCQ
removal (%)

S/N ratio

1 6 0.05 30 20 18,06 25,134

2 6 0.1 60 30 33,33 30,458

3 6 0.2 120 40 63,08 35,998

4 6 0.4 180 50 89,44 39,031

5 7 0.05 60 40 32,36 30,199

6 7 0.1 30 50 34,19 30,678

7 7 0.2 180 20 97,95 39,820

8 7 0.4 120 30 97,99 39,823

9 8 0.05 120 50 27,29 28,720

10 8 0.1 180 40 48,97 33,798

11 8 0.2 30 30 32,59 30,263

12 8 0.4 60 20 91,95 39,271

13 9 0.05 180 30 36,62 31,274

14 9 0.1 120 20 60,00 35,563

15 9 0.2 60 50 54,32 34,700

16 9 0.4 30 40 75,62 37,573

Table 3 The optimum condition for the maximum uptake of HCQ

Factors Optimum level

Initial pH 7

Dosage (g L−1) 0.4

Contact time (min) 180

HCQ concentration (µg L-1) 20

surface of the BC-Hwill be positively charged, so that strong
attractive electrostatic forces will be involved [43]. HCQ has
three functional groups with pKa values of<4.0, 8.3 and
9.7 [20]. Two of the functional groups become protonated
under neutral conditions. This situation suggests the possibil-
ity of a strong electrostatic interaction between the negatively
charged biochar and the HCQ at pH 7 (pH>pHpzc).

ANOVA was performed to investigate the significance of
the differences between the groups of data using the dif-
ferently selected values of the parameters [44]. The results
of the ANOVA on the adsorption of HCQ using BC-H are
listed inTable 4.p-values smaller than 0.05 show the effective
parameters. Additionally, the F-value displays the effects of
the parameters on the adsorption process of HCQ from the
aqueous solutions. Larger F-values indicate a greater effect
on the response variable due to the change in the factor [45].
The adsorbent dosagewas themost effective factor in remov-
ing HCQ from the aqueous solution. The initial pH and the
initial HCQ concentration had a lesser impact than the adsor-
bent dosage.
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Fig. 2 Plot of the effect of factor
levels on S/N ratio
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Table 4 ANOVA results for
uptake of HCQ using BC-H Source DF SeqSS AdjMS F value P value % Contrib.

Initial pH 3 18.481 6.1603 8.73 0.054 6.075

Dosage (g L−1) 3 216.963 72.3121 102.51 0.002 71.314

Contact time (min) 3 58.337 19.4457 27.57 0.011 19.175

Co (µg L−1) 3 10.454 3.4848 4.94 0.111 3.436

df degree of freedom; SS sum of squares; MS mean squares; Contrib. contribution ratio

A confirmation experiment was performed for the opti-
mum conditions predicted with the Taguchi DoE methodol-
ogy, and the S/N values were calculated. In the confirma-
tion experiment, a removal efficiency value of 98.9% was
obtained, and the S/N ratio was calculated as 39.90. The
experimental results were compared to the results predicted
by the program. According to the data obtained from the
program, the S/N value and the percentage of adsorption
were estimated as 43.30 and 122.027, respectively. This pre-
dicted value was greater than 100% of the experimental HCQ
adsorption value. This result was due to the fact that the soft-
ware does not have any sense of the figures and just does the
calculations by statistical procedures [29]. It was observed
that the HCQ in the solution could be adsorbed by the BC-
H almost completely in the experiments under the optimum
conditions.

5.3 Kinetic Studies

The relationship between contact time and adsorption of
HCQ on BC-H at initial pollutant concentrations of 20 and
50 µg L−1 is studied to predict the adsorption behavior
(Fig. 3b, c). The pseudo-first-order, pseudo-second-order
and intraparticle diffusion models were studied. In kinetic

studies for both concentrations, the pseudo-second-order
(PSO) kinetic model was the best model for HCQ adsorp-
tion onto BC-H with low RMSE and high R2 values. The
pseudo-second-order kinetic was the major fitted model for
pharmaceutical pollutant adsorption. This situation was con-
sistent with other studies in the literature [44]. The model
data, experimental values of qe (exp) and calculated values
of qe (cal) are shown in Table 5.

5.4 Adsorption Isotherms

Adsorption isotherm data obtained from equilibrium studies
gives a comprehensive idea about the nature of the inter-
action between adsorbent and adsorbate [43]. In this study,
Freundlich and Langmuir isotherm models represent hetero-
geneous and homogeneous adsorbent surfaces, respectively,
were used. Isothermmodel parameters are presented in Table
6. Plot of the isotherm studies is shown in Fig. 3a. High R2

and smaller RMSE values indicate a better curve fitting. As
seen from Table 6, the Langmuir model with smaller RMSE
valueswas better fit to the experimental results in comparison
with the Freundlich model. According to Langmuir model,
adsorption is monolayer way, and after the pollutant covers
the surface of adsorbent first layer, no more adsorption takes
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Fig. 3 a Isotherm studies of
HCQ, b kinetic studies of HCQ
(conditions: 20 and 50 µg L−1

HCQ), c intraparticle diffusion
model, d comparison of
experimental results in the
optimum conditions for HCQ
adsorption from synthetic
wastewater and treated campus
wastewater (DWW)
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Table 5 Kinetic parameters

Kinetic parameters HCQ 20 HCQ 50

qe (experimental) (µg g−1) 49.44 124.02

Pseudo-first-order

qe (µg g−1) 43.75 110.54

K1 (min−1) 0.6394 0.1776

R2 0.5189 0.8471

RMSE 5.26 12.38

Pseudo-second-order

qe (µg g−1) 47.10 122.32

K2 (g µg−1 min−1) 0.0192 0.00206

R2 0.8270 0.9291

RMSE 3.06 8.06

Intraparticle diffusion

kid (µg g−1 min−1
) 1.6197 6.3933

Ci (µg g−1) 32.9296 56.3226

R2 0.7258 0.8131

RMSE 3.77 11.61

place. [41]. All active areas in the adsorbent, which has a
homogeneous surface, have equal energy [20].

Maximum monolayer adsorption capacity of BC-H was
calculated to be 353.58 µg g−1 from the isotherm. The RL

(separation factor) was found to be (0.33–0.71). The separa-
tion factor (RL), which expresses a dimensionless constant,

Table 6 Isotherm model parameters

Model parameters

Freundlich

KF (µg1− 1/n L1/n g −1) 164.01

1/n 0.783

RMSE 8.023

R2 0.9488

Langmuir

qm (µg g−1) 353.58

KL (L µg−1) 0.7600

RL (0.33–0.71)

RMSE 6.686

R2 0.9676

suggested that the adsorption process is favorable (if 0<RL

<1).

5.5 RealWastewater Application

In order to obtainwastewater containing pharmaceutical con-
taminants, 50 µg L−1 of HCQ was added to the effluent of
the domestic wastewater (DWW) treatment plant of Sinop
University. The characteristics of the biological wastewa-
ter treatment plant effluent that was used in the experiments
are presented in Table S3. Figure 3d shows the comparison
of HCQ adsorption in the real wastewater and the aqueous
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solution at 50 µg L−1 of HCQ and the optimum conditions
obtained in this study. The adsorption trends of theHCQonto
the BC-H in these two types of aqueous media were very
similar, indicating that the ability of the activated biochar to
adsorb the HCQ was not affected by competitive ions in the
wastewater.

6 Conclusions

This study proposes an energy-efficient, environmentally
friendly and effective adsorbent that encourages the use of
industrial byproducts for the removal of HCQ by the adsorp-
tion process. The biochar prepared by the activation of algal
biomass residue after biodiesel production proved to be an
effective adsorbent material for HCQ removal. The prepared
novel activated biochar presented remarkable adsorption effi-
ciency (98.9%) and a large surface area (1088.806 m2 g−1)
for HCQ adsorption. The adsorption experiments that were
performed according to the Taguchi DoE approach showed
that the maximum adsorption rate of HCQ was obtained at
the adsorbent dosage of 0.4 g L−1, the initial HCQ concen-
tration of 20 µg L−1, the pH value of 7 and the adsorption
time of 180 min. The adsorption of the HCQ was primar-
ily influenced by the amount of the adsorbent (%Contrib.:
71.314), the solution pH (%Contrib.: 6.075), the contact time
(%Contrib.: 19.175) and the HCQ concentration (%Contrib.:
3.436). The pollutant concentration had a small influence on
the removal of the HCQ. The large surface area of the BC-H
is thought to have been highly effective for the adsorption of
the HCQ. The adsorption kinetic behavior of the HCQ onto
the BC-H could be expressed by the pseudo-second-order
kinetic model, indicating that the adsorption process was
chemical in nature. The adsorption equilibrium data were
in good agreement with the Langmuir isotherm equation.
Finally, the presence of competitive ions did not greatly affect
the adsorption of the HCQ onto the BC-H. Biochar materials
prepared from waste biomass are less costly than other com-
mercial adsorbents (activated carbon) and environmentally
friendly (reuse of waste algae biomass). BC-H can be used
as an effective and excellent adsorbent in removing HCQ
from the aquatic environment.
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on previous versions of the manuscript. All authors read and approved
the final manuscript.

Funding No funding has been received from any funding body for the
research reported.

Availability of data and materials The datasets used and/or analyzed
during the current study are available from the corresponding author on
reasonable request.

Code availability Not applicable.

Declarations

Conflict of interest The authors declare that they have no competing
interests.

Ethics approval Not applicable.

Consent to participate Not applicable.

Consent for publication Not applicable.

References

1. Dong, Z.; Senn, D.B.; Moran, R.E.; Shine, J.P.: Prioritizing envi-
ronmental risk of prescription pharmaceuticals. Regul. Toxicol.
Pharmacol. (2013). https://doi.org/10.1016/j.yrtph.2012.07.003

2. Anonymous: (2020) https://pubchem.ncbi.nlm.nih.gov/
compound/Hydroxychloroquine-sulfate

3. Ferraz, L. R.; Santos, F. L.; Ferreira, P. A.;Maia-Junior, R. T.; Rosa,
T. A.; Costa, S. P.; et al..: Qualıty by design in the development and
validation of analytical method by ultraviolet-visible spectropho-
tometry for quantification of hydroxychloroquine sulfate. Int. J.
Pharm. Sci. Res. (2014). https://doi.org/10.13040/IJPSR.0975-82
32.5(11).4666-76

4. World Health Organization (WHO): World Health Organization
model list of essential medicines: 21st list 2019. World Health
Organization, Geneva (2019). hdl:10665/325771

5. Colson, P.; Rolain, J.M.; Lagier, J.C.; Brouqui, P.; Raoult, D.:
Chloroquine and hydroxychloroquine as available weapons to fight
COVID-19. Int J Antimicrob. Agents (2020). https://doi.org/10.10
16/j.ijantimicag.2020.105932

6. Wang, M.; Cao, R.; Zhang, L.; Yang, X.; Liu, J.; Xu, M.,
et al.: Remdesivir and chloroquine effectively inhibit the recently
emerged novel coronavirus (2019-nCoV) in vitro. Cell Res (2020).
https://doi.org/10.1038/s41422-020-0282-0

7. Liu, J.; Cao, R.; Xu, M.; Wang, X.; Zhang, H.; Hu, H., et al.:
Hydroxychloroquine, a less toxic derivative of chloroquine, is
effective in inhibiting SARS-CoV-2 infection in vitro. Cell Dis-
cov. (2020). https://doi.org/10.1038/s41421-020-0156-0

8. Sahraei, Z.; Shabani, M.; Shokouhi, S.; Saffaei, A.: Aminoquino-
lines against coronavirus disease 2019 (COVID-19): chloroquine
or hydroxychloroquine. Int. J. Antimicrob. Agents. (2020). https://
doi.org/10.1016/j.ijantimicag.2020.105945

9. Gautret, P.; Lagier, J.C.; Parola, P.; Meddeb, L.; Mailhe, M.;
Doudier, B., et al.: Hydroxychloroquine and azithromycin as a
treatment of COVID-19: results of an open-label non-randomized
clinical trial. Int. J. Antimicrob. Agents. (2020). https://doi.org/10.
1016/j.ijantimicag.2020.105949

10. Anonymous : Product Information: Aralen(R) oral tablet, chloro-
quine phosphate oral tablet, USP. Sanofi-Synthelabo Inc, New
York, NY, (2003)

11. Anonymous : Sanofi internal report: Hydroxychloroquine
(CAS N°118–42–3) READY Biodegradability Manometrıc
Respırometry. OECD 301F. Report BPL15–0032 EB, June (2016)

123

https://doi.org/10.1016/j.yrtph.2012.07.003
https://pubchem.ncbi.nlm.nih.gov/compound/Hydroxychloroquine-sulfate
https://doi.org/10.13040/IJPSR.0975-8232.5(11).4666-76
https://doi.org/10.1016/j.ijantimicag.2020.105932
https://doi.org/10.1038/s41422-020-0282-0
https://doi.org/10.1038/s41421-020-0156-0
https://doi.org/10.1016/j.ijantimicag.2020.105945
https://doi.org/10.1016/j.ijantimicag.2020.105949


Arabian Journal for Science and Engineering (2022) 47:7325–7334 7333

12. Dabić, D.; Babić, S.; Škorić, I.: The role of photodegradation in the
environmental fate of hydroxychloroquine. Chemosphere (2019).
https://doi.org/10.1016/j.chemosphere.2019.05.032

13. Tuo, B.H.; Yan, J.B.; Fan, B.A.; Yang, Z.H.; Liu, J.Z.: Biodegra-
dation characteristics and bioaugmentation potential of a novel
quinoline-degrading strain ofBacillus sp. isolated from petroleum-
contaminated soil. Bioresour. Technol. (2012). https://doi.org/10.1
016/j.biortech.2011.12.114

14. Neuwoehner, J.; Reineke, A.K.; Hollender, J.; Eisentraeger, A.:
Ecotoxicity of quinoline and hydroxylated derivatives and their
occurrence in groundwater of a tar-contaminated field site. Eco-
toxicol. Environ. Saf. (2009). https://doi.org/10.1016/j.ecoenv.200
8.04.012

15. Bensalah,N.;Midassi, S.;Ahmad,M.I.;Bedoui,A.:Degradationof
hydroxychloroquine by electrochemical advanced oxidation pro-
cesses. Chem. Eng. J. (2020). https://doi.org/10.1016/j.cej.2020.1
26279

16. Kaya,Y.; Ersan,G.;Vergili, I.; Gönder, Z.B.;Yilmaz,G.;Dizge,N.;
Aydiner, C.: The treatment of pharmaceutical wastewater using in
a submerged membrane bioreactor under different sludge retention
times. J. Membr. Sci. (2013). https://doi.org/10.1016/j.memsci.20
13.03.059

17. Kanakaraju, D.; Glass, B.D.; Oelgemöller,M.:Advanced oxidation
process-mediated removal of pharmaceuticals fromwater: a review.
J. Environ. Manage. (2018). https://doi.org/10.1016/j.jenvman.20
18.04.103

18. Marques, S.C.; Marcuzzo, J.M.; Baldan, M.R.; Mestre, A.S.; Car-
valho, A.P.: Pharmaceuticals removal by activated carbons: role of
morphology on cyclic thermal regeneration. Chem. Eng. J. (2017).
https://doi.org/10.1016/j.cej.2017.03.101

19. Yu, F.; Li, Y.; Han, S.; Ma, J.: Adsorptive removal of antibi-
otics from aqueous solution using carbon materials. Chemosphere
(2016). https://doi.org/10.1016/j.chemosphere.2016.03.083

20. Schroeder, R.L.; Gerber, J.P.: Chloroquine and hydroxychloro-
quine binding tomelanin: some possible consequences for patholo-
gies. Toxicol. Rep. (2014). https://doi.org/10.1016/j.toxrep.2014.1
0.019

21. Bendjeffal,H.; Ziati,M.;Aloui,A.;Mamine,H.;Metidji, T.;Djebli,
A.; Bouhedja, Y.: Adsorption and removal of hydroxychloroquine
from aqueous media using Algerian kaolin: full factorial optimi-
sation, kinetic, thermodynamic, and equilibrium studies. Int. J.
Environ. Anal. Chem. (2021). https://doi.org/10.1080/03067319.
2021.1887162

22. Liu, D.; Zhang, W.; Lin, H.; Li, Y.; Lu, H.; Wang, Y.: A green
technology for the preparation of high capacitance rice husk-based
activated carbon. J. Clean. Prod. (2016). https://doi.org/10.1016/j.
jclepro.2015.07.005

23. Nautiyal, P.; Subramanian, K.A.; Dastidar, M.G.: Experimental
investigationonadsorptionproperties of biochar derived fromalgae
biomass residue of biodiesel production. Environ. Process. (2017).
https://doi.org/10.1007/s40710-017-0230-2

24. Renita, A.A.; Kumar, P.S.; Jabasingh, S.A.: Redemption of acid
fuchsin dye from wastewater using de-oiled biomass: kinetics and
isotherm analysis. Bioresour. Technol. (2019). https://doi.org/10.1
016/j.biteb.2019.100300

25. Fawzy, M.A.: Fatty acid characterization and biodiesel production
by the marine microalga Asteromonas gracilis: statistical opti-
mization of medium for biomass and lipid enhancement. Mar.
Biotechnol. (2017). https://doi.org/10.1007/s10126-017-9743-y

26. Jung,K.W.;Kim,K.; Jeong, T.U.;Ahn,K.H.: Influence of pyrolysis
temperature on characteristics and phosphate adsorption capability
of biochar derived from waste-marine macroalgae (Undaria pin-
natifida roots). Bioresour. Technol. (2016). https://doi.org/10.101
6/j.biortech.2015.10.016

27. Huang, H.; Zhou, S.; Yu, C.; Huang, H.; Zhao, J.; Dai, L.; Qiu,
J.: Rapid and energy-efficient microwave pyrolysis for high-yield

production of highly-active bifunctional electrocatalysts for water
splitting. Energy Environ. Sci. (2020). https://doi.org/10.1039/D0
EE02290J

28. Li, J.; Dai, J.; Liu, G.; Zhang, H.; Gao, Z.; Fu, J., et al.: Biochar
from microwave pyrolysis of biomass: a review. Biomass Bioen-
ergy (2016). https://doi.org/10.1016/j.biombioe.2016.09.010

29. Googerdchian, F.;Moheb, A.; Emadi, R.; Asgari,M.: Optimization
of Pb (II) ions adsorption on nanohydroxyapatite adsorbents by
applying Taguchi method. J. Hazard. Mater. (2018). https://doi.
org/10.1016/j.jhazmat.2018.01.056

30. Zolgharnein, J.; Asanjarani, N.; Shariatmanesh, T.: Taguchi L16
orthogonal array optimization for Cd (II) removal using Carpinus
betulus tree leaves: adsorption characterization. Int. Biodeterior.
Biodegrad. (2013). https://doi.org/10.1016/j.ibiod.2013.06.010

31. Zolfaghari, G.; Esmaili-Sari, A.; Anbia, M.; Younesi, H.;
Amirmahmoodi, S.; Ghafari-Nazari, A.: Taguchi optimization
approach for Pb (II) and Hg (II) removal from aqueous solu-
tions using modified mesoporous carbon. J. Hazard. Mater. (2011).
https://doi.org/10.1016/j.jhazmat.2011.06.006

32. Ahmed, M.J.; Theydan, S.K.: Microwave assisted preparation of
microporous activated carbon from Siris seed pods for adsorption
of metronidazole antibiotic. Chem. Eng. J. (2013). https://doi.org/
10.1016/j.cej.2012.10.101

33. Zhang, J.; Tian, Y.; Yin, L.; Zhang, J.; Drewes, J.E.: Insight into the
effects of biochar as adsorbent and microwave receptor from one-
step microwave pyrolysis of sewage sludge. Environ. Sci. Pollut.
Res. (2018). https://doi.org/10.1007/s11356-018-2028-9

34. Hidalgo, P.; Ciudad, G.; Navia, R.: Evaluation of different sol-
vent mixtures in esterifiable lipids extraction from microalgae
Botryococcus braunii for biodiesel production. Bioresour. Tech-
nol. (2016). https://doi.org/10.1016/j.biortech.2015.11.031

35. Dastgheib, S.A.; Karanfil, T.; Cheng, W.: Tailoring activated car-
bons for enhanced removal of natural organic matter from natural
waters. Carbon (2004). https://doi.org/10.1016/j.carbon.2003.12.0
62

36. Mirzaei, A.; Chen, Z.; Haghighat, F.; Yerushalmi, L.: Removal of
pharmaceuticals from water by homo/heterogonous Fenton-type
processes–a review. Chemosphere (2017). https://doi.org/10.1016/
j.chemosphere.2017.02.019

37. Baird, R.; Bridgewater, L.: Standard Methods for the Examina-
tion of Water and Wastewater, 23rd edn. American Public Health
Association, Washington. (2017)

38. Paunovic, O.; Pap, S.; Maletic, S.; Taggart, M.A.; Boskovic, N.;
Sekulic, M.T.: Ionisable emerging pharmaceutical adsorption onto
microwave functionalised biochar derived from novel lignocellu-
losic waste biomass. J. Colloid Interface Sci. (2019). https://doi.
org/10.1016/j.jcis.2019.04.011

39. Kim, J.E.; Bhatia, S.K.; Song, H.J.; Yoo, E.; Jeon, H.J.; Yoon, J.Y.,
et al.: Adsorptive removal of tetracycline from aqueous solution by
maple leaf-derived biochar. Bioresource Technol. (2020). https://
doi.org/10.1016/j.biortech.2020.123092

40. Taguchi, G.: Introduction to quality engineering: designing quality
into products and processes (1986).

41. Nazari, G.; Abolghasemi, H.; Esmaieli, M.: Batch adsorption of
cephalexin antibiotic from aqueous solution by walnut shell-based
activated carbon. J. Taiwan Inst. Chem. Eng. (2016). https://doi.
org/10.1016/j.jtice.2015.06.006

42. Wang, C.; Tan, H.; Liu, H.; Wu, B.; Xu, F.; Xu, H.: A nanoscale
ferroferric oxide coated biochar derived from mushroom waste to
rapidly remove Cr (VI) and mechanism study. Bioresour. Technol.
Rep. (2019). https://doi.org/10.1016/j.biteb.2019.100253

43. Li, R.; Wang, Z.; Guo, J.; Li, Y.; Zhang, H.; Zhu, J.; Xie, X.:
Enhanced adsorption of ciprofloxacin by KOH modified biochar
derived from potato stems and leaves. Water Sci. Technol. (2018).
https://doi.org/10.2166/wst.2017.636

123

https://doi.org/10.1016/j.chemosphere.2019.05.032
https://doi.org/10.1016/j.biortech.2011.12.114
https://doi.org/10.1016/j.ecoenv.2008.04.012
https://doi.org/10.1016/j.cej.2020.126279
https://doi.org/10.1016/j.memsci.2013.03.059
https://doi.org/10.1016/j.jenvman.2018.04.103
https://doi.org/10.1016/j.cej.2017.03.101
https://doi.org/10.1016/j.chemosphere.2016.03.083
https://doi.org/10.1016/j.toxrep.2014.10.019
https://doi.org/10.1080/03067319.2021.1887162
https://doi.org/10.1016/j.jclepro.2015.07.005
https://doi.org/10.1007/s40710-017-0230-2
https://doi.org/10.1016/j.biteb.2019.100300
https://doi.org/10.1007/s10126-017-9743-y
https://doi.org/10.1016/j.biortech.2015.10.016
https://doi.org/10.1039/D0EE02290J
https://doi.org/10.1016/j.biombioe.2016.09.010
https://doi.org/10.1016/j.jhazmat.2018.01.056
https://doi.org/10.1016/j.ibiod.2013.06.010
https://doi.org/10.1016/j.jhazmat.2011.06.006
https://doi.org/10.1016/j.cej.2012.10.101
https://doi.org/10.1007/s11356-018-2028-9
https://doi.org/10.1016/j.biortech.2015.11.031
https://doi.org/10.1016/j.carbon.2003.12.062
https://doi.org/10.1016/j.chemosphere.2017.02.019
https://doi.org/10.1016/j.jcis.2019.04.011
https://doi.org/10.1016/j.biortech.2020.123092
https://doi.org/10.1016/j.jtice.2015.06.006
https://doi.org/10.1016/j.biteb.2019.100253
https://doi.org/10.2166/wst.2017.636


7334 Arabian Journal for Science and Engineering (2022) 47:7325–7334

44. Mirnezami, S.Y.; Davallo,M.; Sohrabi,M.; Khosravi,M.;Motieea,
F.: Removal of Pb 2+ ions onto magnetic graphene/nylon 6: opti-
mized by Taguchi Method. J. Inorg. Organomet. Polym. Mater.
(2020). https://doi.org/10.1007/s10904-020-01498-6
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