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ABSTRACT

Chloroquine has been adopted in some countries such as Brazil as a Covid-19 prevention proto-
col; consequently, chloroquine has contaminated water resources in large quantities. In response
to this menace, an adsorbent material from animal bone was used to remove chloroquine from
contaminated water. Notably, no drug adsorption studies have been conducted in the past.
The adsorbent was characterized by scanning electron microscopy and zeta potential measure-
ments that exhibited favorable characteristics for the adsorbent. In this study, it was determined
that the optimal mass of the adsorbent was 0.02 g at pH 7. The kinetic study demonstrated
that 300 min was sufficient to reach equilibrium, and the best fit was pseudo-second-order.
The adsorption isotherms were fitted in the Langmuir model, obtaining a maximum adsorp-
tion capacity of 77.60 mg™ at a temperature of 298 K. The thermodynamic parameters demon-
strated a spontaneous, exothermic, and reversible process. Briefly, the adsorbent used had the
potential to remove emerging pollutants from the environment.
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1. Introduction

The outbreak of the Covid-19 pandemic led to the
onset of serious problems caused by the virus and the ram-
pant use of inefficient medications such as chloroquine
for the prevention of the virus [1]. Some countries have
adopted chloroquine as a Covid-19 prevention protocol,
and with its high consumption [2], a large environmental
impact has been caused mainly by the contamination of
water bodies, as the drugs are not fully metabolized and
end up being excreted and released to the environment
[3]. To remove these compounds from the environment,
some types of treatments are efficient, and the adsorption
process stands out [4].

* Corresponding author.

The traces of drugs that reach water bodies can be
efficiently removed through adsorption, and some of
the advantages of using this process is that it is simple,
easy-to-operate, and low-cost [5]. Choosing a good adsor-
bent should be based on its characteristics. For good adsorp-
tion results, it must contain high carbon content, abrasion
resistance, thermal stability and small diameter pores,
which results in an elevation of the contact surface, and
therefore, adsorption capacity. Therefore, it is important to
carry out a structural characterization of the adsorbent to
assess its pollutant retention capacity [6,7]. Given the prob-
lem presented by the subject, this study sought to evaluate
the removal of chloroquine using commercial activated
charcoal from an animal source.
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2. Materials and methods

Activated charcoal from animal bone was donated by
Carbontec® headquartered in the city of Maringd, Brazil.
The material was morphologically characterized through
scanning electron microscopy (SEM) (Quanta 250 FEI), and
the surface zeta potential of the newly developed mate-
rial was analyzed using a particle analyzer, DelsaNanoC
(Beckman Coulter).

All adsorption experiments were performed in dupli-
cate with the aid of a shaking table (Tecnal) at 150 rpm.
Five conditions (0.01, 0.02, 0.03, 0.04, and 0.05 g) were used
to evaluate the mass effect. For the effect of pH, values of
4, 7, and 10 were employed. For both investigations, chlo-
roquine solutions (CLQ) at 20 mg-L™ [8] were used, with a
total contact time of 24 h at 25°C. The study kinetics were
performed with CLQ concentration of mg-L”, removing
aliquots within a time interval ranging from 1 to 500 min.
In the adsorption isotherms, the variations in the concen-
trations of CLQ (5-90 mg-g™) at temperatures of 298, 308,
and 318 K were evaluated. After the stipulated contact
time for each experiment, filtration was performed using
a 0.45 um cellulose acetate membrane (Unifil). All CLQ
concentrations were measured using a spectrophotometer
(HACH DR 5000) at 280 nm.

3. Results and discussion

SEM demonstrated the morphological structure and
consequently the porosity of the material studied at a
magnification of 2,000x as shown in Fig. 1.

As shown in Fig. 1, the pore cavities are heteroge-
neous and may have numerous active sites, facilitating
the adsorption of the contaminant to the material [9]. The
zeta potential was determined to obtain a deeper under-
standing of the surface charge of the material, as shown in
Fig. 2.

It was observed that the adsorbent exhibited several
negative charges in the studied pH range. The positive
charges are separated from the negative charges at the line
of origin and the point that crosses this origin is known
as the isoelectric point, occurring at approximately pH 3.
At pH > 3, the adsorbent exhibited negative charges, and at
pH < 3, it exhibited positive charges [10]. The experiments
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for determining the optimal mass and pH are presented
in Fig. 3A and B.

To study the effect of mass, the amount of adsorbent
in 0.01, 0.02, 0.03, 0.04, and 0.05 g was varied. As shown in
Fig. 3A, the following adsorption capacities were obtained:
50.52, 28.40, 19.94, 14.50, and 11.47 mg-g™, and removal per-
centages of 84.20%, 94.65%, 99.70%, 96.65%, and 95.60%,
respectively. Therefore, a mass of 0.02 g was selected to be

Fig. 1. SEM of active charcoal from animal bone.
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Fig. 2. Zeta potential of the adsorbent.
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Fig. 3. (A) Adsorbent variation from animal bone and (B) chloroquine solution pH variation.
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used in the other tests [11]. The effect of the pH of the CLQ
was studied at 4, 7, and 10 pH levels, obtaining adsorption
capacities of 28.23, 28.80, and 26.70 mg-g™, and removal
percentages of 93.26%, 95.14%, and 88.21%, respectively.
Thus, the optimal pH of the experiment was determined
as 7 [12].

Fig. 4 demonstrates the kinetic relationship between
the adsorbent and the adsorbate, and it was verified that
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the equilibrium occurred at approximately 300 min with
an adsorption capacity of 28,855 mg-g™ and a removal per-
centage of 95.67%. The two classical mathematical models
were applied to the experimental data: pseudo-first-order
and pseudo-second-order, whose parameters are listed
in Table S1. The values of the correlation coefficient (R?)
were 0.968 for pseudo-first-order and 0.984 for pseudo-
second-order. The calculated adsorption capacities were
33,366 mg-g™ for pseudo-first-order and 28,788 mg-g™ for
pseudo-second-order, indicating that the value obtained
by the last model was almost equal to the experimen-

30 4 tal value (g,). Furthermore, the chi-square value (x*) was
lower (0.012) than that of pseudo-first-order (0.132). This
25} fact demonstrates the determination of the pseudo-second-
order model to represent the data obtained experimen-
- tally, .sugge.sting that the adsorption process is limited by
- chemisorption [13-15].
2 The adsorption isotherms are shown in Fig. 5 in which
=Sl the Langmuir and Freundlich models were applied. The
values obtained are listed in Table S2. The R? values for
104 the Langmuir model were 0.990, 0.977, and 0.963 for 298,
—e— Experimental Data 308, and 318 K, respectively, which are higher than the R?
5 — pseudo-first order obtained by the Freundlich model. In the Langmuir model,
--------- Pseudo-second order the maximum adsorption capacities (g, ) were 77.60, 69.88,
01 : T T . T and 52.06 mg-g™, respectively. Therefore, this model was the
0 100 200 800 4% 300 best fit, and it assumes that the adsorption process occurred
Time (min) in a monolayer and there is a defined number of active sites
that help in the retention of an adsorbate molecule and
Fig. 4. Adsorption kinetics of CLQ with the adsorbent. prevents it from interacting with other molecules [16].
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The thermodynamic parameters were calculated using
the results obtained in the equilibrium study. K. values
were determined using the Langmuir constant [17]. The
variances in Gibbs free energy (AG), enthalpy (AH), and
entropy (AS) are summarized in Table S3. It was observed
that the studied temperatures had a variation in the nega-
tive Gibbs free energy, demonstrating that the adsorption
process occurred spontaneously and favorably. The nega-
tive value of AH suggested that the process was exother-
mic, unfavorable with increasing temperature, and the
value of -5.01 k]-mol™ indicated that the adsorption process
occurred through physiosorption mechanisms. The low
and positive value of AS (0.06 kJ-mol™) demonstrated that
the interaction between CLQ and animal bone adsorbent
occurred randomly through the solid-liquid interface.

4. Conclusion

Animal bone char was analyzed using SEM images
in which it was verified that it has heterogeneous poros-
ity, a characteristic that facilitates the adsorption of CLQ.
The zeta potential indicated that the isoelectric point was
at pH 3. The mass effect established that the mass of 0.02 g
of adsorbent obtained a g, of 28.40 mg-g™ and the best pH
for the study was 7. The kinetic study confirmed that stabil-
ity occurred at approximately 300 min, and the best fitted
model was the pseudo-second-order. The adsorption iso-
therms were fitted in the best Langmuir model with a q__
of 77.60 mg-g™ at a temperature of 298 K. Thermodynamic
parameters indicated that the process was exothermic, spon-
taneous, and had an excellent solid-liquid interface. The
adsorption studies revealed that the adsorbent in question
was efficient for the chloroquine adsorption process, and
the importance of this material is highlighted because no
adsorption studies of the drug have been conducted thus far.
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Supplementary information

The adsorption capacity (g,) was calculated from Eq. (S1):

(SD)

where g, is the amount of chloroquine (CLQ) adsorbed at
time ¢ (mg-g™), V is the volume of the solution (L) and m is
the mass of the adsorbent (g).

The kinetic data was fitted into pseudo-first-order and
pseudo-second-order models, represented in Egs. (2) and (3),
respectively [S1,52].

9, =—exp(-K,-t)-q,+q, (52)
k,-q
g = (3)
1+k,-q,-t
Table S1
Kinetic parameters of CLQ adsorption onto adsorption
Kinetic models Estimated parameters Experimental
values data
Teq (mg-g™) 33.366
k, (min™ 0.015
Pseudo-first-order ; (min)
R? 0.968
X 0.132
q.q (mg-g™) 28.788
k, (gmg-min 0.004
Pseudo-second-order (gmg " min”)
R? 0.984
X 0.012

Table S2
Equilibrium parameters of CLQ adsorption onto adsorption

Isotherm model Parameters 298K 308K 318K
9. (Mgg™) 77.60 69.88 52.06
Langmuir K, (L'mg™) 0.025 0.022 0.015
R? 0.990 0.977 0.963
K, (mg-g")(mgL")* 118 158 1.81
Freundlich n, 3423 2703 4.085
R? 0962 0.938 0.962
Table S3

Thermodynamic parameters of CLQ adsorption onto adsorption

T(C) T(K) AG®(Kmol") AH®(kJ-mol') AS° (kJ-mol?)
25 298 —22.02

35 308 -22.65 -5.01 0.06

45 328 -23.16

where ¢, and g, are the adsorption capacities at time ¢ and
equilibrium (mg-g™), t is the time (min), k, (min™) is the
constant of the adsorption rate of pseudo-first-order and k,
(g'mg?min™) is the pseudo-second-order adsorption rate
constant.

The equilibrium data were fitted into the Langmuir and
Freundlich isotherm models [S3,54], presented in Egs. (S4)
and (S5), respectively.

— qm.kL.CE

"k, <) &9

q.=Kp-C" (85)
where g, (mg-g™') is the adsorption capacity at equilibrium,
C, is the concentration at equilibrium (mg-L™), K, (mg-g™) is
the Langmuir equilibrium constant and # and K, ((mg-g™)
(L'mg™)"") are Freundlich constants that represent the
intensity and the adsorption capacity, respectively.

Concerning the thermodynamic parameters, Gibbs free
energy is directly calculated from Eq. (S6).
AG°=-RTInK. (S6)
where AG® is the Gibbs free energy (kJ-mol™), R is the ideal
gas constant (8.314 J-mol™K™), T is the temperature (K)
and K is the equilibrium constant.

The enthalpy and entropy are calculated from Eq. (57).
These parameters are obtained from the angular and lin-
ear coefficient of the graph InK_ vs. 1/T. It is possible to
calculate K it from the Langmuir constant, considered the
most coherent in recent works [S5,56].

InK —A—Sfﬂ

- S7
€ R RT 7

where AG° and AH® are the Gibbs free energy and enthalpy
(kJ'mol™); AS® is the entropy (kJ-mol:K7); T is the tem-
perature (K) and K. is the equilibrium constant.
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