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We herein report the removal of amodiaquine, an emerging drug contaminant from
aqueous solution using [Zn2(fum)2(bpy)] and [Zn4O(bdc)3] (fum = fumaric acid; bpy =
4,4-bipyridine; bdc = benzene-1,4-dicarboxylate) metal–organic frameworks (MOFs) as
adsorbents. The adsorbents were characterized by elemental analysis, Fourier transform
infrared (FT-IR) spectroscopy, and powder X-ray diffraction (PXRD). Adsorption process for
both adsorbents were found to follow the pseudo-first-order kinetics, and the adsorption
equilibrium data fitted best into the Freundlich isotherm with the R2 values of 0.973 and
0.993 obtained for [Zn2(fum)2(bpy)] and [Zn4O(bdc)3] respectively. The maximum adsorption
capacities foramodiaquine in this study were found to be 0.478 and 47.62 mg/g on the
[Zn2(fum)2(bpy)] and [Zn4O(bdc)3] MOFs respectively, and were obtained at pH of 4.3 for both
adsorbents. FT-IR spectroscopy analysis of the MOFs after the adsorption process showed
the presence of the drug. The results of the study showed that the prepared MOFs could be
used for the removal of amodiaquine from wastewater.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Increased applications of pharmaceuticals and personal care
products (PPCPs) in various activities of man over the past
decades has resulted in the occurrence of high levels of these
products in wastewater thereby increasing the spate of
contamination of water bodies by these products and their
attendant health risk (Wolfová et al., 2013). Primarily, PPCPs
reach the environment either as excreted product of human
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and animal metabolism or in effluents released by pharma-
cies, hospitals, and manufacturing industries. Residual con-
centrations of these chemicals have been reported to be
present in industrial effluents discharged into the environ-
ment, thereby finding their way into water bodies (Huang
et al., 2011; Nikolaou et al., 2007). The development and
efficiency of pharmaceutical products for the treatment of
various diseases such as malaria has made them almost
indispensable to man.
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Malaria is known to be a global burden due to the fact that
it affects and kills about 800,000 people annually and puts at
risk about 3.3 billion people (Korenromp et al., 2013). Malaria
is a disease transmitted by infected mosquitoes via the
strains of malaria parasites (Plasmodium falciparum, Plasmodium
vivax, Plasmodium ovale, Plasmodium malariae and Plasmodium
knowlesi). The P. falciparum strain is known to bemost prevalent
of the 5 strains, causing severe malaria which is the most
frequent cause of death for children under five years of age in
Sub-Saharan Africa and about 91% of the annual deaths
(Korenromp et al., 2013). Resistance of the P. falciparum to the
common anti-malarial drugs like sulphadoxine/pyrimethamine
(which is an antimalarial drug that has the sulphonamide
antibiotic effect and the antiprotozoan effect of pyrimethamine),
chloroquine, and amodiaquine (which is a phenyl substituted
analogue of chloroquine), posed a major challenge to the fight
against the prevalence of the malaria disease in Africa (Koram
et al., 2005). In order to address this problem, the World Health
Organization (WHO) recommended the arteminisin-based com-
bination therapy (ACT) to combat the emergence and spread
of drug-resistant uncomplicated malaria (Koram et al., 2008;
Fehintola et al., 2011). One of suchACT drugs recommendedwas
Amodiaquine/Artesunate (Hodel et al., 2010; Kopel et al., 2012).

Amodiaquine (4-((7-chloroquinolin-4-yl)amino)-2-((diethyl-
amino)methyl)phenol) shown in Fig. 1, has been used widely
for the prevention and treatment of malaria, and other
conditions of arthritis (Wittes, 1987; Karunajeewa, 2015). It is
an analogue of chloroquine (a phenyl substituted analogue)
found to be effective against some strains of P. falciparum, and
also a member of the 4-aminoquinolines which were consid-
ered as most important antimalarial drugs for several decades.
As a result, it is commonly found in wastewater as well as
drinking water. Thus, its removal is necessary to eliminate its
contamination of water.

Several strategies have been proposed for the removal
of PPCPs from wastewater. These strategies include photo-
transformation (Ereira et al., 2007), membrane nanofiltration
(Koyuncu et al., 2008), sedimentation, chlorination (Boyd et al.,
2003, 2005), precipitation, adsorption (Marin et al., 2010; Li
et al., 2011; Zhang et al., 2012), and ozonation (Ernes et al.,
2003). The adsorption process has been proven to be very
effective due its advantages over other techniques, which
includes low cost, excellent removal efficiency and its
applicability over a large range of adsorbent and adsorbate
HO
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Fig. 1 – Chemical structure of amodiaquine.
concentrations (Bajpai et al., 2014). Therefore, the develop-
ment of adsorbent materials, which will be efficient for the
removal of emerging contaminants such as PPCPs from
wastewater, is very important (Huang et al., 2011). Among
the various adsorbents, such as mesoporous silica, zeolites,
metal–organic frameworks (MOFs), biomaterials and activated
carbon commonly used for adsorptive removal, and separa-
tion and purification of contaminants, MOFs have intrinsic
characteristics that make them unique and different from the
other adsorbents.

The application of MOFs in the removal of PPCPs was first
reported by Jhung and co-workers (Hasan et al., 2012). The
liquid-phase adsorption of naproxen and clofibric acid as
representative of PPCPs were carried out using two MOFs
iron-benzenetricarboxylate (MIL-100-Fe) and chromium-
benzenedicarboxylate (MIL-101) and their adsorption rate
and adsorption capacities were compared to those of activat-
ed carbon. The removal efficiency was reported to decrease in
the order of MIL-101 > MIL-100-Fe > activated carbon in both
parameters. The fast adsorption rate of MIL-101 was ex-
plained in terms of its larger pore size. The adsorption process
was more favorable at lower solution pH on MIL-101 and the
adsorption mechanism was therefore interpreted as simple
electrostatic interaction between the PPCPs and MIL-101. This
pioneer study suggested that MOF type materials could be
applied in the adsorptive removal of PPCPs in contaminated
water. Several other reports on the removal of PPCPs using
MOFs and MOF derivatives have been well documented (Seo
et al., 2016, 2017; Ahmed et al., 2017; Bhadra et al., 2017).

The structures of metal–organic frameworks (MOFs) con-
sist of metal ions and organic ligands linked together via
coordination bonds (Fan and Yan, 2012). They possess
permanent porosity and have unique properties such as
large surface areas (1000–10,400 m2/g), high thermal stability
with tunable polarity and nanoscale pore sizes (Yaghi et al.,
2003; Rowsell and Yaghi, 2004). MOFs have therefore been
variously applied in catalysis (Corma et al., 2010), separation
(Li et al., 2012; Xie et al., 2011), gas storage (Getman et al.,
2011), drug delivery (Taylor-Pashow et al., 2009) and more
importantly as adsorbents (Tella and Owalude, 2014).

Many metal–organic frameworks have been synthesized
by solvent-based solvothermal and reflux techniques at
temperatures between 25 to approximately 220°C. In the
recent past, a number of functional metal–organic framework
materials have been reported based on these techniques. A
metal–organic framework material constructed from Zn(II)
and the ligand 2,5-di(3′,5′-dicarboxylphenyl)pyridine has been
reported (Liu et al., 2016a). The compound was demonstrated
to possess the ability to selectively sense nitrobenzene and
therefore can be employed in detection of explosives.
The study also showed that the metal–organic framework
materials displayed multifarious applications for selective
adsorption of Fe3+ ions and dyes and their subsequent
separation from solutions. A metal–organic framework based
on the ligand 5-nitroisophthalate and co-ligand 2,2′-dimethyl-
4,4′-bipyridine has also been reported (Ma et al., 2015). These
ligands were functionalized by incorporating hydrophobic
functional groups, such as, methyl and nitryl in their
structures. The resulting MOF is hydrostable with a 3D dia
topology and highly selective in busulfan payloads. High
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encapsulation efficiency of 21.5% with a 100% progressive
release of the drug was reported to occur within 36 hr.
Molecular simulations were performed and the results re-
vealed that the MOF has a very high adsorption for CO2.

A new high thermally stable metal–organic framework
(GDMU-2) was designed by employing a ligand function-
alization technique (Liu et al., 2016b). The MOF was prepared
by the incorporation of Cu into a functionalized trigonal
tri-isophthalate ligand (3,3′,3′′,5,5′,5′′-pyridyl-1,3,5-triylhexa-
benzoic acid) under solvothermal condition. The resulting
gdm-MOF has open copper sites well aligned the cub-
octahedron with high hydrogen storage capacity of
240.7 cm3/gat 77 K and 1 bar. Liu and co-workers also reported
a new class of MOFs constructed from the reaction of the
ligands 2,6-di(3′,5′-dicarboxylphenyl)pyridine and 2,5-di(3′,5′-
dicarboxylphenyl)pyridine) with hydrated metal nitrates of
copper, zinc and samarium (Liu et al., 2015). The three MOFs
were demonstrated to have high capacities to adsorb large
amounts of the drug 5-fluorouracil (5-FU) and with a
progressive release in each case. Grand Canonical Monte
Carlo (GCMC) simulations revealed that the calculated drug
load is more related to the molecular properties of accessible
volume (Vacc) than to the pore sizes of the respective MOFs. A
microporous metal–organic framework (JLU-Liu1) prepared by
the solvothermal reaction of 4-(pyrimidin-5-yl) benzoic acid
with hydrated copper(II) sulfate in N,N-dimethylformamide
(DMF) at 115°C for 24 hr has been reported (Luo et al., 2013).
The MOF has a unique octa-nuclear copper clusters with
highly selective CO2 uptake over N2 and CH4 when activated.
The MOF could therefore be a good candidate for separation of
a mixture containing CO2 and CH4.

A review on the application of metal–organic frameworks
as solid-phase sorbents (SPSs) has been reported by Wen et al.
(2014). These applications include the use of MOFs as
chromatographic solid phases in the separations of linear
and branched alkanes, as well as aromatic positional isomers.
Some MOFs based on a bipyridinium ligand were also applied
in GC for the separation of alcohol-water mixtures. Other SPS
applications of MOFs in the review range from coupling with
high-performance liquid chromatography (HPLC) for determi-
nation of polycyclic aromatic hydrocarbons in environmental
waters; fabrication in a polyetheretherketone (PEEK) tube as
micro-trapping device and adsorptive extraction of naproxen
and its metabolite in urine samples. Metal–organic framework
([MIL-101]) was magnetized by coating with magnetic Fe3O4

microspheres and applied as magnetic solid-phase extraction
(MSPE) adsorbents for preconcentration of four kinds of
pyrazole/pyrrole pesticides in environmental water samples
(Ma et al., 2016). The magnetized MOF was coupled with
HPLC-DAD (diode-array detector) for determination of these
pollutants. Under optimized conditions, the developed MOF
was convenient, rapid and eco-friendly in the sensitive deter-
mination of pyrazole/pyrrole pesticides with high reusability
and also demonstrated excellent practical applicability.

MOF-5 ([Zn4O(bdc)3]) (bdc = benzene-1,4-dicarboxylate) is
one of the most studied due to its large surface area and pore
volume and therefore has been subjected to a wide varieties
of applications. Friedel–Crafts benzylation of toluene with
benzyl bromide has been carried out using [Zn4O(bdc)3] as a
heterogeneous acid catalyst (Phan et al., 2010). The major
product (p-benzyltoluene) was obtained in a quantitative
yield in 4 hr with 60% selectivity. A trace amount of
m-benzyltoluene was detected as a by-product of the reaction.
Other applications in catalysis have been reported for this
MOF (Isaeva et al., 2008; Kleist et al., 2010; Chughtai et al.,
2015). Several technologies have been developed for hydrogen
storage as an ideal alternative to fossil-fuel systems and
application of [Zn4O(bdc)3] in this process have been reported
by several authors. Yaghi and co-workers pioneered this with
[Zn4O(bdc)3] and a high hydrogen storage capacities, 4.5 wt.%
at 77 K and 0.8 bar and 1 wt.% at room temperature and 20 bar
was reported (Li et al., 1999). This group later reported
that, the maximum hydrogen uptake of MOF-5 could reach
1.32 wt.% at 1 bar and 77 K (Rowsell et al., 2004). Several other
authors have successfully applied this MOF for hydrogen
storage (Li et al., 2009).

The disposal of solvents used in chemical reactions
present a lot of environmental problems; synthetic chemists
have therefore been looking for alternative and more envi-
ronmental friendly preparative approach (Tella et al., 2014;
Tella and Owalude, 2014). In this paper, we have adopted a
solid state approach to the preparation of known MOFs
[Zn2(fum)2(bpy)] (fum = fumaric acid; bpy = 4,4-bipyridine)
and [Zn4O(bdc)3]. Ability of the MOFs in the adsorption of
amodiaquine (an emerging contaminant) from solution using
a batch experiment was investigated. Effects of parameters
such as initial concentration, contact time, temperature, pH,
and adsorbent dosage on the adsorption process were also
determined. The adsorption data were analyzed using suit-
able equilibrium adsorption isotherms.
1. Experimental

1.1. Materials and methods

Zinc nitrate hexahydrate (99%), zinc acetate dihydrate (99%),
terephthalic acid (bdc, 99%), fumaric acid (fum, 99%) and 4,
4′-bipyridine (bpy, 98%)were obtained fromBritishDrugHouses
(BDH) Chemicals Ltd., England; Aldrich Chem., Germany; and
Junsei Chem. Co. Ltd., Japan. N,N-dimethylformamide (DMF,
99%) was obtained from Aldrich Chem., Germany, and
amodiaquine (92%) was obtained from Tuyil Pharmaceutical
Industry, Ilorin, Nigeria. All chemicals were used as purchased.

1.2. Synthesis of [Zn2(fum)2(bpy)]MOF

[Zn2(fum)2(bpy)] MOF was synthesized by following a litera-
ture procedure (Tella and Owalude, 2014). Fumaric acid
(0.232 g, 2 mmol), 4, 4-bipyridine (0.156 g, 1 mmol), and Zinc
acetate dihydrate (0.428 g, 2 mmol) were accurately weighed
into an agate mortar and grinded together continuously for
15 min to a fine powder. The white powder obtained was
washed with ethanol then dried at room temperature and
stored in a desiccator.

1.3. Synthesis of [Zn4O(bdc)3] MOF

[Zn4O(bdc)3] MOF was synthesized by adopting a procedure
similar to a previously reported method (Li et al., 2009; Dikio



Fig. 2 – Infrared spectra of (a) [Zn2(fum)2(bpy)] and
(b) [Zn4O(bdc)3] before and after adsorption of amodiaquine
(AMOD). fum: fumaric acid; bpy: 4,4-bipyridine; bdc: =
benzene-1,4-dicarboxylate.
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and Farah, 2013). Terephthalic acid (0.332 g, 2 mmol) was
dissolved in 40 mL DMF and 3 mL triethylamine was added to
the solution. Zinc nitrate hexahydrate (1.188 g, 4 mmol) was
dissolved in 40 mL DMF and mixed with the solution of
terephthalic acid under continuous stirring. The mixture was
then sealed and stirred for 3 hr at room temperature. A white
precipitate was obtained and filtered out of the solution. The
product obtained was purified by washing with DMF. The
purified [Zn4O(bdc)3] MOF was dried for 5 hr at 100°C and
stored in a desiccator after cooling to room temperature.

1.4. Characterization of adsorbents

Elemental analysis of the synthesized adsorbents was carried
out on a Perkin-Elmer CHN Analyzer 2400 series II (CHN
Analyzer 2400 series II, Perkin-Elmer, USA). FTIR spectrum
was recorded on a Shimadzu 8400 spectrophotometer (8400,
Shimadzu, Japan) using KBr pellets. Powder X-ray diffraction
(PXRD) analysis was measured on a Bruker D8 Advance X-ray
diffractometer (Bruker D8, Bruker, UK) using a CuKα-radiation
(wavelength of monochromatic radiation, λ = 1.5406 Å) oper-
ating at 30 kV and 40 mA.

1.5. Batch adsorption studies

Prior to adsorption, the adsorbents [Zn2(fum)2(bpy)] and [Zn4-

O(bdc)3] MOFs were activated via overnight drying at 120°C
and stored in a desiccator. Adsorption of amodiaquine on
[Zn2(fum)2(bpy)] and [Zn4O(bdc)3] MOFs was studied with a
stock solution of amodiaquine (200 mg/L) prepared by dissolving
200 mg of amodiaquine in 1 L of deionized water. Lower
concentrations (5–30 mg/L) of the drug were obtained by succes-
sive dilution of the stock solution with deionized water. The
concentration of amodiaquinewas determined bymeasuring the
absorbance of the solutions at the wavelength at which the
maximum fraction of light is absorbed by the solution (λmax =
340 nm) using a SHIMADZU UV-1650pc Ultraviolet–Visible (UV–
Vis) spectrophotometer (SHIMADZU UV-1650pc, SHIMADZU
Europe, Europe). The calibration curve was plotted from the
absorbance of the prepared standard solutions of amodiaquine
(5–30 mg/L).50 mL each of the amodiaquine solutions prepared
with concentrations ranging between 5 to 30 mg/Lwere placed in
Erlenmeyer flasks. A quantity of the adsorbents (0.05 g) was
weighed into each of the flasks followed by shaken in an
incubator shaker at a constant speed of 165 r/min at 30°C for a
fixed time (10 min to 12 hr). The adsorbent materials were
thereafter filtered and the amodiaquine concentration in the
filtrates was determined using SHIMADZU UV-1650pc UV–Vis
spectrophotometer (SHIMADZU UV-1650pc, SHIMADZU Europe)
at λmax = 340 nm. The amount of amodiaquine adsorbed onto
the [Zn2(fum)2(bpy)] and [Zn4O(bdc)3] MOFs was obtained using
the expression (Bajpai et al., 2014; Elaigwu et al., 2014):

qeq ¼ C0−Ceq
� �

V
m

ð1Þ

where qeq is the equilibriumadsorption capacity of amodiaquine
adsorbed on unit mass of adsorbent (mg/g), Co and Ceq are the
initial and equilibrium concentrations of amodiaquine (mg/L), V
is the volume of the solution of the adsorbate in liters (L), andm
is the amount of adsorbent in grams (g), respectively.
2. Results and discussion

2.1. Characterization of the adsorbents

2.1.1. FTIR analysis
FTIR spectra of [Zn2 (fum)2(bpy)] and [Zn4O(bdc)3] MOFs before
and after adsorption of amodiaquine are shown in Fig. 2a and b,
respectively. The asymmetric COO− (νasym(COO−)) and symmet-
ric COO– (νsym(COO−)) peaks were found at 1627 and 1390 cm−1

for [Zn2(fum)2(bpy)] and 1567 and 1392 cm−1 for [Zn4O(bdc)3],
respectively. The Δν (νasym − νsym) values for the carboxylate
group in [Zn2(fum)2(bpy)] and [Zn4O(bdc)3] are 237 and 175 cm−1,
respectively which suggest monodentate for [Zn2(fum)2(bpy)]
and bidentate mode of coordination for [Zn4O(bdc)3] (Ibrahim
et al., 2005; Abbasi et al., 2013).

FTIR spectra of [Zn2(fum)2(bpy)] MOF (Fig. 2a), after the
adsorption of amodiaquine showed a band at 705 cm−1 which
corresponds to the characteristic IR bands of the –C–Cl group of
the adsorbate, while the FTIR spectra of the [Zn4O(bdc)3]
adsorbent (Fig. 2b), after the adsorption of amodiaquine showed
a band observed at 522 cm−1 which corresponds to the –C–Cl
group of the adsorbate (Arlinghaus and Andrews, 1984).

2.1.2. PXRD analysis
The observed PXRD pattern of the [Zn2(fum)2(bpy)] MOF
prepared and the simulated pattern obtained from Cambridge
Structural database (CSD code MAVNUT01),and from pub-
lished data (Tella and Owalude, 2014), are presented in Fig. 3.
The comparison of both patterns indicated that the adsorbent is



Fig. 3 – Comparison of powder X-ray diffraction (PXRD)
patterns of simulated patterns of [Zn2(fum)2(bpy)] MOFs (a)
obtained from Cambridge crystallographic data centre (CCDC)
and literature (Tella and Owalude, 2014) and (b) prepared.
MOFs: metal–organic frameworks.

Table 1 – Result of the elemental analysis of [Zn2(fum)2(bpy)]
and [Zn4O(bdc)3] metal organic frameworks (MOFs).

MOFs Elemental analysis found (calculated)

C H N

[Zn2(fum)2(bpy)] 41.70% (41.63%) 3.11% (3.08%) 5.43% (5.40%)
[Zn4O(bdc)3] 43.27% (44.21%) 5.20% (5.02%) 7.56% (7.64%)

fum: fumaric acid; bpy: 4,4-bipyridine; bdc: benzene-1,4-dicarboxylate.

268 J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 6 4 ( 2 0 1 8 ) 2 6 4 – 2 7 5
[Zn2(fum)2(bpy)] MOF with both patterns showing high intensity
peaks at 9.98°. In Fig. 4, comparison of the X-ray diffraction
pattern of the prepared [Zn4O(bdc)3] MOF and that of the
simulated pattern obtained from Cambridge Structural database
(CSD code SAHYIK), showed that the synthesized compound
closely matched the compound synthesized via a solvothermal
procedure reported by Li and co-workers (Li et al., 2009).

2.1.3. Elemental analysis
Comparison of the experimental results of the elemental
analyses carried out on the synthesized [Zn2(fum)2(bpy)] and
[Zn4O(bdc)3] adsorbents with the calculated values shows a
close match and the formation of a pure compound. The
elemental analyses results are present in Table 1.

2.2. Adsorption studies

The adsorption ability of MOFs has been thoroughly investi-
gated by several researchers. There are many factors that
affect the adsorbability of dissolved substances. These include
the chemical form of the substance, initial concentration,
contact time, temperature, solution pH and adsorbent dosage.
Fig. 4 – Comparison of PXRD patterns of simulated patterns of
[Zn4O(bdc)3] MOFs (a) obtained from CCDC (Li et al., 1999)
and (b) prepared.
The ability of [Zn2(fum)2(bpy)] and [Zn4O(bdc)3] to absorb
amodiaquine from aqueous at different optimized condition
of concentration, time, pH and temperature was studied.

2.2.1. Effect of initial concentration
The effect of initial concentration of amodiaquine on the
adsorption process is shown in Fig. 5. The experiment was
carried out at 30 ± 2°C for 240 min using adsorbate concentra-
tion of 5–30 mg/L, and 0.05 g of [Zn4O(bdc)3] and [Zn2(fum)2(bpy)]
MOFs adsorbent at pH of 6.8. Adsorption of amodiaquine on the
[Zn4O(bdc)3] and [Zn2(fum)2(bpy)]MOFswas observed to increase
with increase in concentration up to 25 mg/L. The relationship
between the drug concentration and the available binding sites
on an adsorbent surface is a factor on which the effect of initial
concentration of the adsorbate on the adsorption process
depends (Kannan and Sundaram, 2001; Elaigwu et al., 2014). At
low drug concentration, there are unoccupied sites for adsorp-
tion on the adsorbents, which became occupied as the concen-
tration of the adsorbate increased. This led to the reduction in
the adsorption sites thus, slowing down the adsorption process.
This explains the decrease in amount of the adsorbate after the
25 mg/L concentration (Chen et al., 2011; Eren and Acar, 2006;
Olgun and Atar, 2012).

2.2.2. Effect of contact time on amodiaquine adsorption
The result of the effect of contact time on adsorption of
amodiaquine from solution by [Zn2(fum)2(bpy)] and [Zn4O(bdc)3]
MOFs is presented in Fig. 6. The experiment was carried out at
30 ± 2°C with 25 mg/L solution of amodiaquine and 0.05 g of
adsorbents at a pH of 6.8. The adsorption of amodiaquine on the
adsorbents was studied over a contact time period of 0–720 min
Fig. 5 – Effect of initial concentration on the adsorption of
amodiaquine on [Zn4O(bdc)3] and [Zn2(fum)2(bpy)] MOFs at
30 ± 2°C, pH 6.8, speed 165 r/min, and time 240 min.



Fig. 6 – Effect of contact time on the adsorption of
amodiaquine over [Zn4O(bdc)3] and [Zn2(fum)2(bpy)] MOFs
at 30 ± 2°C, concentration 25 mg/L, pH 6.8, and speed
165 r/min.

Fig. 8 – Effect of pH on the adsorption of amodiaquine on
[Zn4O(bdc)3] and [Zn2(fum)2(bpy)] MOFs at 30 ± 2°C,
concentration 25 mg/L, speed 165 r/min, and time 180 min.
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in order to determine the equilibrium time of adsorption.
The adsorption process was observed to increase rapidly up
to 180 min and no further increase was observed thereafter.
Majority of the removal occurredwithin 180 minwhich accounts
for 4.20 mg/g on the [Zn2(fum)2(bpy)] MOF and 8.50 mg/g on the
[Zn4O(bdc)3] MOF. The rapid increase in the amount of
amodiaquine adsorbed on the adsorbents at the initial period
can be attributed to the vacant adsorption sites available, which
became occupied with time, thus, slowing down the adsorption
process after 180 min (Cuerda-Correaa et al., 2010; Chen et al.,
2011). Hence, the required time for equilibrium to be attained in
this study was taken as 180 min.

2.2.3. Effect of temperature on adsorption
The effect of temperature on adsorption of amodiaquine from
the solution by the [Zn2(fum)2(bpy)] and [Zn4O(bdc)3] MOFs is
shown in Fig. 7. The study was carried out using 25 mg/L
concentration of amodiaquine and 0.05 g of adsorbents at a pH
of 6.8 for 180 min, while the temperature was varied from 30 to
Fig. 7 – Effect of temperature on the adsorption of
amodiaquine on [Zn2(fum)2(bpy)] and [Zn4O(bdc)3] MOFs.
Reaction conditions: concentration 25 mg/L, pH 6.8, speed
165 r/min, and time 180 min.
60°C. Itwas observed that the amount of amodiaquine adsorbed
on both adsorbents remained constant over the temperature
range of 30–50°C, and then a decrease in amodiaquine ad-
sorption were observed thereafter. The maximum uptake of
2.909 and 12.958 mg/g of amodiaquine were observed at a
temperature of 30°C with [Zn4O(bdc)3] and [Zn2(fum)2(bpy)]
MOFs respectively, these remained constant until a tempera-
ture of 50°C was attained. The observed trend is as a result of
weak interaction between the adsorbate and adsorbent mole-
cules due to increase in temperature (Rasheed, 2013).

2.2.4. Effect of pH on amodiaquine uptake and point of zero charge
The pH effect on the amount of amodiaquine adsorbed on the
[Zn4O(bdc)3] and [Zn2(fum)2(bpy)] MOFs is shown in Fig. 8. The
experiment was carried out using 25 mg/L amodiaquine
concentration and 0.05 g of adsorbent for 180 min over a pH
range of 2–10. Adjustment of the pH was carried out using
0.1 mol/L HCl and 0.1 mol/L NaOH. The result shows that
adsorption of amodiaquine on the adsorbents increased with
increasing pH. Maximum adsorption of 11.92 and 3.02 mg/g of
amodiaquine on the [Zn4O(bdc)3] and [Zn2(fum)2(bpy)] MOFs
respectively was observed at a pH of 4.3. Thereafter,
Fig. 9 – Plot of zero-point charge of [Zn4O(bdc)3]. pHzc: zero
charge pH; pHi: initial pH; pHf: final pH.



Fig. 10 – Effect of adsorbent dosage on the adsorption of
amodiaquine on [Zn2(fum)2(bpy)] and [Zn4O(bdc)3] MOFs at
30 ± 2°C, concentration 25 mg/L, pH 4.3, time 180 min, and
speed 165 r/min.

Fig. 11 – Adsorption isotherms (a) Langmuir, (b) Freundlich, (c) T
mass of the adsorbent at equilibrium; Ceq: the equilibrium conce
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adsorption of amodiaquine on to the adsorbents decreased
with further increase in pH of the solution.

The point of zero charge of [Zn4O(bdc)3]wasdeterminedusing
a literature procedure (Khan and Sarwar, 2007), the results is
plotted as Fig. 9. It can be observed from the figure that the point
of zero charge is at pH 7.57, a value that is higher than pH 4.3
obtained as the pH of maximum adsorption for both adsorbents.
These results suggest that the surface of the adsorbents is
positively charged. This proves that the adsorptions occurs
between negatively charged sites in the amodiaquine anion
and positively charged sites of adsorbent and thus lend further
support to the electrostatic mode of adsorption proposed in this
study.

2.2.5. Effect of adsorbent dosage
Fig. 10 shows the effect of adsorbent dosage on the adsorption
of amodiaquine on to [Zn2(fum)2(bpy)] and [Zn4O(bdc)3] MOFs.
The experiment was carried out at a temperature of 30 ± 2°C
using 0.01–0.06 g of adsorbent dosage and 25 mg/L of adsorbate
concentration for 180 min. The result reveals that the amounts
of adsorbed amodiaquine decrease rapidly with increase in the
emkin, and (d) Dubinin. qeq: the amount adsorbed per unit
ntration of adsorbate; E: the mean free energy.



Table 2 – Isotherm parameters for the adsorption of amodiaquine over [Zn2(fum)2(bpy)] and [Zn4O(bdc)3] at 30 ± 2°C.

MOFs Langmuir isotherm Freundlich isotherm Temkim isotherm Dubinin–Raduskevich
isotherm

Qmax

(mg/g)
KL

(L/mg)
R2 Kf

(mg/g)
n R2 B

(J/mol)
AT

(L/g)
R2 qs E R2

[Zn2(fum)2(bpy)] 0.478 −0.132 0.804 0.050 0.752 0.973 908 0.141 0.907 3.411 158 0.790
[Zn4O(bdc)3] 47.62 0.012 0.174 0.208 0.760 0.993 365 0.209 0.976 10.78 223 0.957

Qmax: maximum adsorption capacity; KL: Langmuir constant; Kf: adsorption capacity for Freundlich model; n: intensity of the adsorption
constant; B: constant related to heat sorption; AT: Temkin isotherm equilibrium binding constant; qs: theoretical isotherm saturation capacity;
E: mean free energy; MOFs: metal–organic frameworks; bdc: benzene-1,4-dicarboxylate; bpy: 4,4-bipyridine; fum; fumaric acid.
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mass of the adsorbent and finally decrease steadily after 0.03 g
of the adsorbent have been used. The decrease in amodiaquine
uptake with increasing adsorbent dosage as shown in Fig. 10
may be due to complex interactions of several factors which
might be due to insufficient availaibilty of the amodiaquine
molecule to cover all the exchangeable sites on theMOFs athigh
adsorbent dosage, usually resulting to low amodiaquine uptake
(Tangaromsuk et al., 2002; Selatnia et al., 2004). Also, aggrega-
tion of adsorbent particles at higher concentrations would lead
to decrease in surface area and an increase in diffusion path
length. The unsaturation of the adsorption sites during ad-
sorption processmight be another possibility (Gadd et al., 1988).

2.3. Adsorption isotherms

The equilibrium uptake data of amodiaquine on [Zn4O(bdc)3]
and [Zn2(fum)2(bpy)] MOFs were analyzed using the Langmuir,
Freundlich, Temkin, and Dubinin-Radushkevich isotherm
models. The isotherm models are given in linear forms as:

Ceq

qeq
¼ 1

KL:qmax
þ Ceq

qmax
Langmuir modelð Þ ð2Þ

logqeq ¼ logKF þ 1
n

logCeq Freundlich modelð Þ ð3Þ

qeq ¼ B lnAT þ B lnCeq Temkin modelð Þ ð4Þ

lnqeq ¼ ln qs
� �

− KadE2� �
Dubinin−Radushkevich modelð Þ ð5Þ

where: qmax is themaximum adsorption capacity (mg/g), qeq is
the amount adsorbed per unit mass of the adsorbent at
equilibrium(mg/g), Ceq is the equilibrium concentration of
adsorbate (mg/L), n is the intensity of the adsorption constant,
KF (mg/g) is the adsorption capacity for Freundlich model, KL

(L/mg) is Langmuir constant relating to adsorption strength or
Table 3 – Adsorption capacities andmechanism of interaction of
products (PPCPs).

Adsorbent Adsorbate Adsorption capacities (mg/

Zn2(fum)2(bpy) Amodiaquine 0.478
Zn4O(bdc)3 Amodiaquine 47.62
Graphene nanoplatelets Aspirin 13.02
RGO-M Ciprofloxacin 18.9
RGO-M Norfloxacin 23.3
MIL-100-Fe Naproxen 115

RGO-M: Reduced graphene oxide/magnetite composites; MIL-100-Fe: iron
intensity, AT is Temkin isotherm equilibrium binding con-
stant (L/g), B is the constant related to heat sorption (J/mol), qs
is the theoretical isotherm saturation capacity (mg/g), Kad is the
Dubinin-Raduskevich isotherm constant, and E is themean free
energy (kJ/mol). Fig. 11 presents the linear plot of the Langmuir,
Freundlich, Temkin, and Dubinin-Radushkevich isotherms re-
spectively for the adsorptionof amodiaquine on [Zn4O(bdc)3] and
[Zn2(fum)2(bpy)] MOFs.

The theoretical parameters for the isotherms used in this
study and their regression coefficient values are summarized
in Table 2. The R2 values indicate that Freundlich isotherm is
the most suitable for this adsorption process. The Freundlich
isotherm was observed to have the highest R2 values of 0.973
and 0.993 for [Zn2(fum)2(bpy)] and [Zn4O(bdc)3] MOFs respec-
tively. The fact that the Freundlich isotherm is the best fit
isotherm for both MOFs implies that a multilayer adsorption
occurred between the amodiaquine and the [Zn2(fum)2(bpy)]
and [Zn4O(bdc)3] MOFs, which also indicates the heteroge-
neous nature of the MOFs involving physisorption (Njoku
et al., 2014).

Although the Langmuir isotherm is not the best to be used
in describing the adsorption process, the value of qmax due to
its theoretical background is usually used as the adsorption
capacity (Wu et al., 2002). Therefore, themaximumadsorption
capacities of the amodiaquine in this study were found to be
0.478 and 47.62 mg/g on the [Zn2(fum)2(bpy)] and [Zn4O(bdc)3]
MOFs respectively.

As shown in Table 3, the adsorption capacity of [Zn4O(bdc)3]
in this study is higher than other previous studies using MOFs
or other adsorbentmaterials. This shows that [Zn4O(bdc)3] MOF
is suitable for the removal of emerging contaminants, such as
pharmaceuticals and personal care products from aqueous
solution. However, there are otherMOFswith higher adsorption
capacity, for exampleMIL-100-Fe (Hasan et al., 2012), which has
a higher adsorption capacity for naproxen.
different adsorbents for pharmaceuticals and personal care

g) Mechanism of interaction References

Electrostatic interaction This study
Electrostatic interaction This study
π–π electron donor–acceptor interaction Al-Khateeb et al., 2014
Electrostatic and π–π interaction Tang et al., 2013
Electrostatic and π–π interaction Tang et al., 2013
Electrostatic interaction Hasan et al., 2012

-benzenetricarboxylate.



Fig. 12 – (a) Pseudo-first-order and (b) pseudo-second-order kinetic plot of amodiaquine. qt and qeq are the amounts of
amodiaquine adsorbed per unit mass of the adsorbent (mg/g) at time t, and equilibrium, respectively.
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2.4. Adsorption kinetics

Linear plots of the pseudo-first-order and pseudo-second-order
kinetic models were used to describe the adsorption kinetics of
amodiaquine onto [Zn2(fum)2(bpy)] and [Zn4O(bdc)3] MOFs and
are presented in Fig. 12. The pseudo-first-order and pseudo-
Fig. 13 – Structure of (a) [Zn4O(bdc)3] (CCDC Refcode: SAHYIK; CCD
(b) [Zn2(fum)2(bpy)] (CCDC Refcode: MAVNUT01; CCDC Number: 7

Table 4 – Pseudo-first-order and pseudo-second-order
constants of amodiaquine.

Adsorbents Pseudo-first-
order

Pseudo-second-
order

k1(min−1) R2 k2(g/mg/min) R2

[Zn2[fum]2(bpy)] 0.00461 0.994 1.580 0.980
[Zn4O(bdc)3] 0.00921 0.985 16.480 0.983

k1: pseudo-first-order rate constant; k2: pseudo-second-order rate
constant; bdc: benzene-1,4-dicarboxylate; bpy: 4,4-bipyridine; fum;
fumaric acid.
second-order rate equations as reported previously by Elaigwu
et al. (2014) are as follows:

1
qt

¼ k1
qeq

 !
1
t

� �
þ 1

qeq

 !
ð6Þ

The pseudo-second-order rate equation is given by:

t
qt

¼ 1
k2q2eq

þ t
qeq

ð7Þ

where: qt and qeq are the amounts of amodiaquine adsorbed per
unit mass of the adsorbent (mg/g) at time, t, and equilibrium
respectively; k1 is a pseudo-first-order kinetic constant expressed
inmin−1 and k2is the pseudo-second-order rate constant given in
g/mg/min.

The results of the pseudo-first-order and pseudo-second-
order kinetics for this study show the correlation coefficient
value (R2) for the pseudo-first-order to be higher than that of
the pseudo-second-order (Table 4). This indicates that the
experimental data obtained in this study fits better into the
pseudo-first-order kinetic model.
C Number: 256965; Li et al., 1999; Eddaoudi et al., 1999) and
84694; Fujii et al., 2010).
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2.5. Adsorption mechanism

The structures of the two MOFs are presented in Fig. 13. In the
molecular unit of [Zn4O(bdc)3], there are four different metal
coordination sites to attract the negatively charged amodiaquine
molecule whereas only one is present in [Zn2(fum)2(bpy)]. This
account for the higher adsorption capacity of [Zn4O(bdc)3]
compared to [Zn2(fum)2(bpy)]. The amodiaquine molecules are
therefore adsorbed in four adsorption sites of Zn4O clusters in
[Zn4O(bdc)3], but in [Zn2(fum)2(bpy)] amodiaquine molecules are
absorbed only on one Zn2+ adsorption site. The mechanism of
adsorption of amodiaquine on the two MOFs is therefore as a
result of electrostatic interactions between the amodiaquine
hydroxyl group (O−) and the Zn2+ metal centers.
3. Conclusions

[Zn2(fum)2(bpy)] and [Zn4O(bdc)3] MOFs have been successfully
prepared and used for the removal of amodiaquine from
solution. The kinetics study results showed that the adsorption
of amodiaquine over the [Zn2(fum)2(bpy)] and [Zn4O(bdc)3]
MOFs followed the pseudo-first-order rate law and the
Freundlich isotherm was found to be the most suitable to
describe the adsorption process. Equilibrium was attained
within 180 min and increase in temperature was observed to
decrease the amount of amodiaquine adsorbed on the adsor-
bents. More amodiaquine was observed to be adsorbed over the
[Zn4O(bdc)3] MOF compared to [Zn2(fum)2(bpy)] MOF. Results
obtained in this study indicate that [Zn4O(bdc)3] MOF has the
potential to be used as effective adsorbents for the removal of
amodiaquine from aqueous solution.
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