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Abstract

Chloroquine has been reported as an effective drug for the treatment of COVID-19 and with the rise in its administration and
continued use, metabolites of chloroquine invariably find their way into the environment. There are many concerns recently
on the presence of pharmaceuticals in the aquatic environment, hence the need for environmental remediation via effective
adsorbent. Plantain peel activated carbon-supported zinc oxide (PPAC-ZnO) nanocomposite was prepared and characterized
using physicochemical and spectroscopic techniques. The rate of uptake of chloroquine by PPAC-ZnO nanocomposite was
investigated by batch technique under different operational parameters. PPAC-ZnO nanocomposite was characterized by
various physicochemical techniques by Sppr=606.07 m?g~!, pH(pzc) =4.98 surface area by Saer’s method =273.4 m?g~.
The carboxylic, phenols, lactone, and basic sites were determined by the Boehm method. Chloroquine uptake was confirmed
by FTIR and SEM before and after adsorption. Change in morphology after adsorption was revealed by scanning electron
microscopy (SEM). X-ray diffraction (XRD) showed the crystallinity of PPAC-ZnO nanocomposite. The batch adsorption
experiment results showed that adsorption capacity increased with an increase in temperature. The maximum chloroquine
sorption was 78.89% at a concentration of 10 ppm and a temperature of 313 K. Equilibrium sorption fitted well to Langmuir
and Temkin isotherms with a high correlation coefficient (R?) of 0.99. Pseudo-second-order best described the kinetic data
and adsorption mechanism was pore diffusion dependent. Thermodynamics parameters (AG = —25.65 to—28.79 kimol™!;
AH=22.06 kJmol~! and AS=157.69 Jmol~") demonstrated feasibility, spontaneity, and endothermic behavior of the pro-
cess with degrees of randomness. The activation energy for adsorption was less than 40 kJmol~! suggesting a physisorption
mechanism. This study results revealed that PPAC-ZnO nanocomposites are a sustainable and effective adsorbent for the
removal of pharmaceutical waste.
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1 Introduction

The first ever reported case of Coronavirus disease popu-
larly known as COVID-19 was in Wuhan China in Decem-
ber 2019. This disease is characterized by cough, smell
and taste loss, tiredness, nasal congestion, etc. Generally,
the symptoms are similar to pneumonia. In January 2020,
however, the outbreak was announced as a pandemic by
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the WHO. Ever since then, various research groups have
sought for a remedy for this outbreak, and on the basis of
clinical research, chloroquine (CQ) and hydroxychloroquine
(HCQ) have been identified as potent drugs for the control of
COVID-19. CQ is a drug popularly used for the treatment of
malaria and other diseases like rheumatoid arthritis, Q fever
[1], lupus erythematosus [2], and photosensitive diseases
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[3]. Most recently, its application in the control of COVID
-19 has caused a rise in demand for the drug although its
effectiveness is questioned by many studies [4, 5]. Its appli-
cation for the treatment of various diseases and continued
use for such purposes have led to a rise in the production of
chloroquine and as such an increase in the amount present
in wastewater. CQ can enter the environment and invari-
ably natural water bodies through excretion. Reports show
that the main route of excretion of CQ is renal with about
23-25% excreted in its unmodified form [6]. Also, through
effluent and waste disposal from hospitals and pharmaceu-
tical industries, leaching from dumpsites and run-off can
occur from improper disposal of unused CQ drugs [7]. As
a result of its chemical structure (Fig. 1) and physical and
chemical properties, CQ persists in the environment (air,
land, and water bodies) and as such can contaminate, bioac-
cumulate, and be transferred to living organisms in toxic
forms [2]. The high solubility, low biodegradation of CQ
has raised various concerns about CQ as an emerging con-
taminant. Also, the N atom embedded in the quinoline
cyclic structure makes chloroquine hydrophilic and as such
increases its prevalence in the aquatic environment [2].
Recent studies focus more on the photodegradation
and photochemical stability of CQ and HCQ in aque-
ous solutions. To the best of our knowledge, no reported
studies were found on the adsorption of chloroquine
from aqueous solutions. The abiotic degradation of HCQ
by sunlight photolysis was monitored by Dabi et al. [3]
using NMR and HPLC. However, due to the high tox-
icity and resistance of the degraded products, there is a
need to investigate effective methods of removal of CQ
micropollutants from wastewater before they are intro-
duced to natural water bodies. Adsorption, which is the
process whereby molecules adhere to the surface of an
adsorbent, is a technique that has shown high efficiency
for the uptake of pollutants [8]. Although various adsor-
bents have been applied for the uptake of pollutants rang-
ing from biochar’s, zeolites, clay, etc., the activated carbon
has however been found to be an effective adsorbent for
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Fig. 1 Chemical structure of chloroquine
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the uptake of inorganic and organic micropollutants [9].
Low-cost materials have also been extensively studied as
alternative adsorbents for pharmaceuticals and recent stud-
ies have shown that banana stalk [10], corn cob and sugar-
cane bagasse [11], rice husk [12], argan tree nutshell [13],
etc. could be used effectively as adsorbents. Plantain peels
are effective as good adsorbents and have been effectively
applied for lead (II) and 3,7- bis(dimethylamino)-pheno-
thiazin-5-ium chloride adsorption [14], pesticides [15],
rhodamine B dyes [16], and 2—6,dichlorophenol [17]. The
disposal of plantain waste could pose a threat to the envi-
ronment as they clog waterways, producing offensive odor
over time and lead to more environmental problems [18].
Zinc oxide nanoparticles and nanocomposites have been
explored for the uptake of various pharmaceuticals as well
as other pollutants, and results have shown that they are
effective adsorbents for the sorption of pharmaceuticals
[19-21]. Zinc oxide is non-toxic and easy to manufacture,
and changes in environmental conditions do not affect its
structure [22]. The wide band gap of 3.2 eV, an isoelec-
tric point of 9.5, and large excitation binding energy of
60 MeV have made ZnO a nanoparticle of interest amongst
researchers, thereby making the loading of ZnO nanopar-
ticles onto base adsorbents an area of interest in recent
years. Mohammed et al. [23] investigated the uptake of
antibiotics using pistachio shell powder loaded with ZnO
nanoparticles and results showed that loading ZnO onto
the base material improved its adsorption efficiency by
increasing the surface area,

Researchers have therefore found ways to improve the
uptake capacity and efficiency of agro-waste adsorbents by
surface modification in order to improve the surface area,
porosity, pore size, and volume [24]. This can be carried
out through carbonization (physical activation) and chemi-
cal activation (using acids, bases, or salts) [25].

The formation of nanocomposites with the activated
carbon creates and incorporates unique features and higher
surface area and produces adsorbents with higher uptake
capacity. These composites have high reusability capac-
ity and can be applied multiple times without losing their
efficiency [26].

In this study, PPAC-ZnO nanocomposite was used in
a batch system for the uptake of Chloroquine. The objec-
tive of this research is to monitor and study the effects of
initial concentration, time, and temperature on the uptake
capacity of PPAC-ZnO on chloroquine. The Langmuir,
Freundlich, Temkin and Dubinin Radushkevich isotherms
were used to monitor the uptake behavior and nature of the
adsorption. Kinetic models (pseudo-first and second-order,
Elovich, and intraparticle diffusion) were used to evaluate
the experimental data. Furthermore, the thermodynamics
of this process was studied.
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2 Materials and methods
2.1 Reagents and apparatus

Analytical-grade reagents from Sigma-Aldrich, USA, and
Fisher Scientific, Germany, were used throughout this
study. Orthophosphoric acid (H;PO,) (BDH chemicals
CAS:7664-38-2), ammonium carbonate (NH,CO;) (Sigma-
Aldrich CAS:506-87-6), distilled water, chloroquine (Sigma-
Aldrich CAS:747-36-4), (Chemical structure of chloroquine
is presented in Fig. 1), sodium hydroxide (NaOH) (Carlo
Erba CAS: 1310-73-2), pH meter (Hanna HI 2210), zinc
nitrate (Zn(NO;), (LOBA Chemie CAS: 10196-18-16), mag-
netic stirrer (Bante MS300), crucible, desiccator, evaporat-
ing dish, sieve, oven (GENLAB N30C), furnace (Searchtech
SX-5-12), and plantain peel (PP) were used in this study.

2.2 Material preparation/carbonization

Plantain peel was obtained from the Landmark Univer-
sity research farm. After collection, they were washed
thoroughly with water, cut into smaller sizes, and then
sundried for 3 days. They were then placed in an oven for
further drying at 100 °C. It was then ground to fine powder
allowed to carbonize in a furnace at temperature 400 °C
for 1 h to form PP [27].

2.3 Chemical activation of plantain peel using
H;PO,

Fifty grams of the PP was placed in a beaker and 1000
cm? of 1.0 M orthophosphoric acid was added and mixed.
The beaker was placed on a heating mantle and allowed
to heat until a paste was formed. After cooling, the slurry
was transferred to a crucible and heated in a furnace at
400 °C for 1 h. after which it was left to cool then washed
severally until a neutral pH was attained. This was dried
in an oven, transferred to an airtight container for storage
and labelled as PPAC [28].

2.4 Zn0 nanocomposite synthesis

The precipitation method described by Raoufi [29] with
slight modification was used for the synthesis of ZnO nano-
composites. (NH,),CO; (1.5 M) with 5 g the activated car-
bon (PPAC) was stirred in a beaker on a magnetic stirrer and
Zn (NOj), (1.0 M) was slowly introduced resulting in the
formation of grey particles. The sample was filtered and the
precipitate rinsed with ethanol and distilled water repeatedly.
It was then transferred to a crucible and dried at 100 °C for

6 h. After which it was calcinated at 550 °C for 4 h. The
resulting nanocomposite was labelled PPAC-ZnO-NC.

2.5 Physicochemical parameter determination
2.5.1 Determination of pH

One gram of the sample was placed in a beaker and 100-mL
water was added to it. It was placed on a heating mantle and
allowed to boil for 5 min. The content was left to cool and
made up to the 200 mL mark with distilled water. The pH
was then measured using a pH meter [30].

2.5.2 Moisture content determination

Moisture content was determined using the method as
described by [31]. In triplicates, and 1.0 g of the adsorbent
was weighed into a crucible then placed in an oven for about
5 h at 105 °C. It was then placed in a desiccator and left to
cool before reweighing. The difference in weight between
the initial and final mass was noted and the % moisture con-
tent was calculated using Eq. 1.

Moisture% — loss of weight on drying(g)

% 100
initial weight(g) M

2.5.3 Determination of ash content

The % ash content was determined using the procedure as
described by Dada et al. [28]. Measurement was done in trip-
licate. One gram of the sample was placed in crucibles and
heated in a furnace at 500 °C for 1 h 30 min. After which,
it was allowed to cool in a desiccator and then reweighed.
Equation 2 was applied to calculate the ash content.

ash weight

Ash% = 100 )

oven dry weight

2.5.4 Volatile matter

To determine the amount of volatile matter, an adsorbent
mass of 1.0 g was weighed into a crucible and allowed to
heat for 10 min at a temperature of 500 °C [18]. Calculation
was done using Eq. (3).

Volatileq — Yeight of volatile component

x 100
oven dry weight )

2.5.5 Determination of bulk density

A 10 cm® measuring cylinder was weighed before and after
packing with water. The same cylinder was then packed with
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the sample with constant tapping in order to ensure tight
packing of the sample. After which it was weighed. [28].

The weight difference was noted and the bulk density was
evaluated using Eq. 4:

. W2 - W]
Bulk density = ——— 4)
v

where W,= weight of empty measuring cylinder; W,=
weight of cylinder filled with sample, and V = volume of
cylinder.

2.5.6 Simple specific surface area by Saer’s method

A total of 0.5 g of the sample was placed in a beaker and
0.1 M HCL was used to reduce its pH to 3-3.5 after which
10.0 g of NaCl was added. Deionized water was added to
make up its volume to 50 cm® and the content of the beaker
was titrated with NaOH (0.1 M) to pH 4 and further to pH 9.
The volume needed to raise the pH from 4 to 9 was recorded
and the surface area was calculated using Eq. 5 [28]:

S(’”f) =320 -25 )

2.5.7 Point of zero-charge (PHpzc)

This value gives us the pH at which the charges on the adsor-
bent surface is null. The pHpzc was determined first by the
addition of 0.1 g of activated carbon to NaCl (0.1 M) whose
pH has been set from 2 to 12 using HCI or NaOH. The con-
tainer was covered and allowed to shake for 24 h then the
final pH was measured. The pH, . is the point where there
is no change in pH [30].

pzc

2.5.8 lodine number and surface area calculation

For the determination of iodine number, the method
is described in the literature [27]. A total of 0.5 g of the
adsorbent was added to 100 mL standard iodine solution
and 10 mL of 5% HCl in a 100-mL flask. The solution was
kept on a shaker for 20 min after which it was filtered and
about 20 mL of the filtrate was titrated with sodium thio-
sulphate (0.1 M) with starch serving as the indicator. The
value obtained for titration of blank was also recorded. The
% amount of iodine adsorbed was determined using Eqs. 6
and 7:

(mL of Na,S,05 in blank) — (mL of Na,S,0; in sample)
(mL of Na,S,05 in blank)

% iodine =

(6)
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The iodine value was calculated using the formula as
described in the literature [32].

5x(10¢y — 1.2, V5 )x127
X

m

Todine value = D )

where C; and C, (mol/L) are the concentrations of stock
iodine solution and sodium thiosulfate respectively. M is the
mass of adsorbent used, V, (mL) is the volume of sodium
thiosulphate used, and D is the correction coefficient.

The surface area calculated from the iodine number
(Sggpr) was further calculated using the Eqs. 8 and 9 [33];

IV x 1073
= 1
Swer Atomic mass of iodine XNy x 100 ®)
Sger = IV % 0.986 )

2.5.9 Boehm titration (determination
of oxygen-containing functional groups)

The Boehm titration was used for the determination of the
surface functionalities of the adsorbent. For the acidic group
determination, 1 g of the sample was placed into a beaker
containing 15 mL of NaOH (0.1 M), NaHCO; (0.1 M), and
Na,CO; (0.05 M) based on the consideration that they neu-
tralize carboxylic, lactonic, and phenolic groups. They were
kept on a shaker for 48 h. After which it was back titrated
with HCI (0.1 M). For the determination of basic groups,
0.1 M HCI was used and titrated with NaOH (0.1 M). The
volume for titration was noted and the amount of oxygen-
containing functional groups was calculated using Eqgs. 10
and 11

- Vex
X T XMtXDF (10)

initial volume

D, =
F ™ selected volume for titration an

where V, and V,, stand for the volume of titrant used to
titrate the blank and samples respectively. F, stands for the
amount of oxygen-containing functional groups (mmolg ™),
Dy, stands for the dilution factor, and M, stands for the num-
ber of moles of the titrant.

2.6 Adsorption studies

For the adsorption studies of chloroquine using PPAC-ZnO
nanocomposites, in a conical flask, 0.1 g of the nanocom-
posite was introduced into 100 mL of the adsorbate which
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was then subjected to shaking using a mechanical shaker.
The adsorbent was then filtered and the concentration of the
residue was obtained using a UV spectrophotometer. Equa-
tion 12 was used for the calculation of quantity adsorbed.

Oc = (G =C)V (12)
m

where C, and C, represent the initial concentration (mg/L)
and concentration at equilibrium (mg/L) respectively of
adsorbate; V is the volume of the solution (L); m repre-
sents the mass of the adsorbent (mg); and Q, stands for the
adsorption capacity (mg/g) of the adsorbent.

For the determination of the removal efficiency of the
adsorbate, Eq. 13 was used.

Removal (%) = C—f % 100 (13)

0

where C, and C;stand for the initial and final concentration
(mg/L) of adsorbate after the adsorption process.

Table 1 Physicochemical characteristics of PPAC-ZnO nanocompos-
ites

Table 2 Iodine adsorption

Dose % lodine adsorbed Iodine value Sggr from iodine

05¢g 65.6% 614.68 606.07 m2.g-!

2.6.1 Adsorption parameters

The effect of time between the adsorbent and adsorbate
was evaluated by monitoring the adsorption between 10
and 120 min at various time intervals. The absorbance and
residual concentration were periodically monitored using
a UV-Vis spectrophotometer. It was expedient to moni-
tor the contact time because it affects the overall adsorp-
tion process, adsorption kinetics as well as the economic
efficiency of the process [34]. The effect of temperature
on the adsorption process was monitored by studying the
uptake under temperatures 30, 40, and 50 °C. The effect of
initial concentration was also monitored by varying con-
centrations from 10, 20, 30, 40, and 50 ppm and a working
volume of 100 mL.

3 Results and discussion

3.1 Adsorbent characterization

3.1.1 Physicochemical characteristics

The pH and pH,, were found to be at 7.02 and 4.98
respectively. Figure 2 shows the graph of pH, . This
shows that at values above the pH,,,, the solution becomes
negatively charged and favors the uptake of cationic spe-
cies. As shown in Table 1, the low values of ash, moisture,
bulk density, and volatile matter content reveal that the
density of the adsorbent particles is small and as such a
suitable adsorbent for use. This could largely be due to the
activation and carbonization process that removes vola-
tile components and dries the sample to a large extent. It
has been reported that an ash value between 1 and 20% is
suitable for the effective uptake of pollutants. The amount

Property PPAC-ZnO

nanocom-

posite Table 3 Oxygen-containing functional groups
Surface area 2734 mg g~ Groups PPAC-ZnO
% Moisture content 13.40+0.55 nanocom-

. posite

Bulk density 0.65+0.01
Ash content (%) 14.30+0.61 Carboxylic (meq/g) 0.08
Volatile matter (%) 46.93+0.61 Phenols (meq/g) 0.07
pH,,. 4.98 Lactones (meq/g) 0.03
pH 7.02+0.08 Basic sites (meq/g) 1.13

@ Springer
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of oxygen-containing functional groups indicating the
amount of acidic and basic sites were calculated as shown
in Table 2. The total acidic sites were found to be 0.18
while the total basic sites were 1.13. Boehm titration gives
a fan estimate of the surface functionalities of the adsor-
bent. It is assumed that HCI neutralizes basic groups while
NaHCO;, NaCOj;, and NaOH neutralizes acidic groups.
The iodine value gives a rough estimate of the porosity of
the adsorbent and can be used to estimate the surface area
hence, giving us an idea of the adsorbent capacity. The
high values obtained for iodine as shown in Table 3 show
the presence of large micropores and large surface area
obtained due to the activation and carbonization process.
The iodine value can be used to estimate the surface area.
Values obtained show that the surface of PPAC-ZnO-NC
is large enough for chloroquine uptake.

3.1.2 Surface chemistry of PPAC-ZnO

The nature of the surface properties and functional groups
present in the adsorbent were investigated using FTIR. As
shown in Fig. 3, before adsorption, notable peaks were
observed from the results at 2600-3000 cm™' corresponding
to and indicating the existence of the O—H group, 1000 cm™,
1047 cm™!, and 963 cm™! corresponding to C—O stretch and
C-H stretch respectively. The O—H signal appeared to be
of low intensity probably caused by the intense moisture
loss as a result of calcination of the nanocomposite during
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its synthesis. Peaks at 963 cm~! showed clearly the pres-
ence and formation of ZnO nanoparticles on the adsorbent.
After the adsorption, however, OH bands of high intensity
are observed at 3330 cm™!. The corresponding disappear-
ance and appearance of new bands showed the chloroquine
molecule reacted with the adsorbent surface.

XRD images of PPAC/ZnO nanocomposite as shown in
Fig. 4 were carried out to establish the loading of ZnO nano-
composites onto the plantain peel activated carbon.

The SEM images of PPAC/ZnO nanocomposites before
and after uptake of CQ are shown in Fig. 5A and B respec-
tively. Before adsorption, surface morphology (Fig. 5A)
showed the presence of pores, which serve as sites for
adsorption and filling of pores were observed after adsorp-
tion of CQ (Fig. 5B) to indicate trapping of CQ molecules.

3.2 Effects of chloroquine solution temperature,
initial concentration, and contact time

Five varying concentrations of 10, 20, 30, 40, and 50 ppm
were used to investigate the adsorption process. The
amount of chloroquine removed increased as agitation
time increased at all initial concentrations of chloroquine.
Similarly, the uptake of chloroquine increased as the ini-
tial concentration of chloroquine increased. Fast uptake
was observed over the first 40 min and then slower uptake
occurred until equilibrium was reached as shown in Fig. 6.
The very fast rate of adsorption can be attributed to the
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Fig.4 XRD image of PPAC-ZnO nanocomposite

presence of vacant sites for adsorption on the surface of the
nanocomposite. However, the reduction in the adsorption
rate can be attributed to electrostatic hindrance between
chloroquine and the surface of the nanocomposite, lead-
ing to the unavailability of adsorption sites. Also, it can be
observed that the time taken to reach equilibrium depended
largely on the initial concentration as the lowest initial con-
centration reached equilibrium first. For this study, max-
imum adsorption removal was 78.88% at 10 ppm initial
concentration at 323 K. The percentage removal efficiency
increased because of the availability of more active sites
until the adsorption sites were saturated at higher concentra-
tions between 50 ppm. The increase in adsorption capac-
ity with an increase in initial CQ concentration from 10 to
50 mg/L is a result of the increase in driving force due to
the concentration gradient developed between the bulk of

CQ solution and PPAC-ZnO surface. At higher CQ con-
centration, PPAC-ZnO active sites become saturated and
pores filled up until equilibrium was reached at 120 min. A
similar trend was observed by [35, 36].

3.3 Adsorption kinetic studies

Figure 7 shows the linear plot of pseudo-first-order (PFO),
pseudo-second-order (PSO), Elovich, and intraparticle dif-
fusion (IPD) kinetic model parameters for the adsorption of
chloroquine. A better understanding of the rate of adsorp-
tion as well as the mechanism of the process was gotten
from kinetic studies. From evaluated parameters presented
in Table 4, disagreement between the calculated quantity
adsorbed and experimental quantity adsorbed (qge, cal, and
qe, exp respectively), lower values of R? (R*<0.7) far away
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from unity, and higher values of SSE (112.286-699.661)
and X? (2.803-150.776) demonstrated that PFO is not suit-
able to describe the kinetics of adsorption of Chloroquine
onto PPAC-ZnO. PSO best describes the kinetics of adsorp-
tion of CQ onto PPAC-ZnO. More so, a rapid increase of
pseudo-second-order rate constant (min~") as the concentra-
tion increases was observed indicating a rapid kinetic. From
Table 5, ge., and ge , were very close, and higher values of
R*>0.97 coupled with lower values of SSE (0.236-0.066)
and X? (0.0282-0.00209) demonstrated the best fitting of the
PSO model. This finding was supported by [13].

Fig.5 A SEM micrograph of W L 28 ;l,’ A
‘ i) W !
3.

PPAC-ZnO-NC before adsorp-
tion. B SEM micrograph of
PPAC-ZnO-NC after adsorption

£ i I,

' 4

50 um

100 pm
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Figure 7C shows the plot of the Elovich model.
The & (initial adsorption rate, mg/g-min) and S (desorption
constant, g/mg) were determined from the slope and inter-
cept of the linear plot of g, versus In (t). From this study,
the initial chloroquine adsorption rate () increases with an
increase in concentration from 3.079 to 881.586 mg/g-min.
However, since the R? values were lower than 0.9, Elovich
demonstrated a weak fit for the adsorption of chloroquine
onto PPAC-ZnO.

The linear plot of IPD as observed in Fig. 7D shows
the intraparticle diffusion model that participated in the

3

(SRRt gy
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Fig.6 Effect of concentration and time for chloroquine adsorption
onto PPAC-ZnO-NC

adsorption process. This is evidence that chloroquine syn-
thetic waste percolated into the pores of PPAC-ZnO. Studies
have shown that if the plot of intraparticle diffusion did not
pass through the origin, it is not the only rate-determining
step [37, 38]. From this study, the IPD model is not the only
rate-determining step since it does not pass through the ori-
gin. However, an increase in the intraparticle diffusion rate

Fig.7 Plot showing A PFO,
B PSO, C Elovich, and D IPD
kinetic model parameters for the
adsorption of chloroquine onto
PPAC-ZnO-NC

from 0.467 to 0.961 with an increase in initial CQ concentra-
tion demonstrated that the mechanism was pore dependent
since a linear plot was obtained across the concentrations
[39]. More so, the increase in boundary thickness from 2.211
to 21.217 as the concentration increases demonstrated that
the surface sorption contributed to the rate-determining
step. Dada et al. [40] from previous studies reported that
the larger the intercept, the greater the contribution of the
nano adsorbent in the adsorption process. A similar trend
was observed in this study which is also supported by [41].

3.4 Adsorptionisotherms

The adsorption isotherm models used to study the adsorption
of chloroquine using PPAC-ZnO nanocomposites were the
Langmuir, Freundlich, Temkin, and Dubinin Radushkevich
isotherm models, and their plots are indicated in Fig. 8. The
Langmuir model assumes that the nature of the adsorbate
coverage on the surface of the adsorbent is homogenous.
Based on the R; values, a value of (0 <R; <1) shows that
the adsorption is favorable while values of (R > 1) show that
the uptake is unfavorable. (R =1) shows that the uptake is
linear and (R; =0) shows that it is irreversible. As indicated
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Table 4 Kinetic model
parameters for adsorption
of chloroquine at different
concentrations

Table 5 Mechanism model
parameters for adsorption
of chloroquine at different
concentrations

Fig.8 Langmuir (A), Freun-
dlich (B), Temkin (C), Dubinin
Radushkevich (D) isotherm
models plotted at 313 K

@ Springer

Models Parameters Initial chloroquine concentrations
10 mg/g 20 mg/g 30 mg/g 40 mg/g 50 mg/g
PFO g, exp (mg.g™h) 4.38373 6.48635 5.874377 5.762089  4.640397
q. (cal) (mg.g™") 7.888889 13.37908 20.11111 24.68627 31.0915
K, (min™") 0.013 0.0141 0.0149 0.0173 0.0154
R? 0.6179 0.8013 0.668 0.5798 0.5591
SSE 12.286 47.509 202.68 358.124 699.661
x> 2.802667 7.32458 34.50317 62.15191 150.7761
PSO q. (exp) (mg.g™h) 7.888889 13.37908 20.11111 24.68627 31.0915
g, (cal) (mg.g™h) 8.375209 13.90821 20.4918 25.12563 31.34796
K, (zzmL~! min~! 0.007307 0.006062 0.008963 0.010174 0.01394
R? 0.9711 0.9816 0.9964 0.9986 0.9995
SSE 0.236508 0.279969 0.144927 0.193032  0.065771
X2 0.028239 0.02013 0.007072 0.007683  0.002098
Mechanism models  parameters 10 mg/g 20 mg/g 30 mg/g 40 mg/g 50 mg/g
Elovich a (g.min’mg™") 3.079547 11.36446 98.77017 182.8646  881.5859
£ (g.min.mL~") 0.807233 0.536366  0.432582 0.361298 0.328494
R? 0.8744 0.8301 0.693 0.6543 0.5181
C 1.1281 3.37 8.68 11.599 17.256
IPD Ky (mg.g~'min'?  0.4675 0.6877 0.7883 0.9202 0.9608
C 22111 5.1096 11.283 14.878 21.217
R? 0.9044 0.8203 0.5852 0.5252 0.3748
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Table 6 Adsorption isotherm parameters for uptake of chloroquine

Models Parameters Temperatures
303K 313K 323K
Langmuir Qe (mgg™h 50.5051 39.5257 35.84229
K, (Lmg™) 0.08267 0.11911  0.141913
R, 0.19479 0.14377  0.123523
R? 0.9991 0.983 0.8928
Freundlich  Kp(Lg™) 4.94197 5.79429  6.657329
n 1.55159 1.84877  2.128565
R? 0.9845 0.9687 0.94
Temkin K; 0.85933 1.15525 1.566841
B 232.909 296.226 352.4638
R? 0.9949 0.9865 0.9021
D-R E 707.107 707.107 790.5694
On 25.9481 24.3833 23.06924
R? 0.9075 0.9218 0.8566

in Table 6, all R; values were within the 0—1 range, thereby
showing that the conditions were favorable for the uptake
of chloroquine.

Freundlich however assumes that the nature of the
adsorbate coverage on the adsorbent is heterogeneous with
a non-uniform distribution of heat of adsorption. The Ky
and n values which represent the adsorption capacity and
intensity are important parameters to be noted. For proper
uptake of adsorbates, it is important that the Ky and n val-
ues are within the range of 1-10. The increase in K and n
values as shown in Table 5 suggests that the uptake may be
exothermic and favorable at all temperatures. The Temkin
model assumes that as coverage on adsorbent occurs as a
result of interactions, the heat of adsorption of all molecules
in the layer decreases linearly. Also, this model assumes
that adsorption is characterized by a uniform distribution of

-1.7 T T T T T J
_1%OE 305 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335

219 o
2
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Ink
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Fig.9 Van’t Hoff thermodynamics plot for adsorption of chloroquine
onto PPAC-ZnO-NC

Table 7 Thermodynamic parameters for the uptake of chloroquine by
PPAC-ZnO

Temp K, (L/mg) AG (J/mol) AH (J/mol) AS (J/mol) E,

303K 0.082672 —25,651.6 22,057.8734 157.692 24,571.0
313K 0.119115 —27,448.5 24,660.2
323K 0.141913 —28,795.8 24,743.3

binding energies up to some maximum binding energy. The
high K values showed a strong interaction between chlo-
roquine and adsorbent surface. The Dubinin-Radushkevich
model assumes that the adsorption is multi-layer in nature
and therefore indicates the physical adsorption process.

3.5 Adsorption thermodynamic studies

Thermodynamic studies were carried out to determine the
nature, spontaneity, and feasibility of chloroquine uptake.
The Gibbs free energy AG value can be used to determine
whether the process is feasible and spontaneous or not.
The thermodynamics plot is shown in Fig. 9. The enthalpy
AH values are used to understand the nature of heat trans-
fer, whether endothermic or exothermic while the entropy
change AS describes the degree of disorderliness. As shown
in Table 7, the negative AG values show that the uptake is
spontaneous while the negative AH shows that the uptake is
endothermic. The AS values show that the level of random-
ness increases at the interface between the solid and liquid
and as such spontaneous and thermodynamically favored.
The activation energy value was derived as 40 KJmol™!
which reveals that physisorption takes place. This E, value
corresponds to the E value (below 8 kIJmol™") obtained from
the D-R plot.

4 Conclusion

Plantain peel-supported zinc oxide was effective for the
sorption of chloroquine from an aqueous solution. From the
analysis of the results obtained, it was found that a removal
efficiency of 78.89% was possible with the PPAC-ZnO
nanocomposite at a concentration of 10 ppm and 313 K
temperature. The nature of the adsorbate-adsorbent inter-
action was homogenous as the isotherm model fitted both
Langmuir and Temkin isotherms. The pseudo-second-order
kinetics best describes this adsorption. The negative G and
negative He values obtained using thermodynamic analy-
sis revealed that the biosorption process of chloroquine
by PPAC-ZnO was endothermic in nature favorable, and
spontaneous. The E values indicate that physisorption is
the type of adsorption that takes place. This present study

@ Springer
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revealed the efficiency of PPAC-ZnO nanocomposites in
effective adsorption of chloroquine from aqueous solution.
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