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A B S T R A C T

Highly porous metal-organic framework (MOF) composites were synthesized by combining MIL-101(Cr) with
graphene oxide (GnO). The porosity of the GnO/MIL-101 composite was increased by composing GnO onto the
MOF up to a certain ratio. The GnO/MIL-101 composites were utilized to adsorb anti-inflammatory drugs (AIDs)
such as naproxen (NAP) and ketoprofen (KTP) from water. It was observed that GnO/MIL-101 composites
displayed highly improved adsorption toward both NAP and KTP relative to pristine MIL-101 and commercial
AC. MIL-101_GnO(3%) had a NAP adsorption capacity 2.1 and 1.4 times those of commercial AC and pristine
MIL-101, respectively; its adsorption performance was also very competitive with other reported adsorbents. The
improved adsorption performance of the composites for NAP was credited to H-bonding because of the presence
of several functional groups in the composites. MIL-101_GnO(3%) and NAP act as a H-bond donor and acceptor,
respectively. Moreover, MIL-101_GnO(3%) can be regenerated without severe deterioration by simple ethanol
washing and can be reused for successive adsorption. Therefore, the GnO/MIL-101 composite is suggested as an
efficient adsorbent for the removal of AIDs from water.

1. Introduction

Pharmaceuticals and personal care products (PPCPs) have attracted
attention worldwide because of their huge consumption [1,2] in ev-
eryday life and their long half-lives [3]. For example, several PPCPs
have recently been identified in surface water, waste water, drinking

water [4,5], and even in water bodies including tissues of vegetables
and fishes [6,7]. Therefore, PPCPs are considered an emerging class of
water pollutants [8,9]. Anti-inflammatory drugs (AIDs) are among the
most widely used pharmaceuticals [10,11]. These drugs are applied for
the treatment of human and animal diseases because of their analgesic,
anti-inflammatory, and antipyretic actions [12]. AIDs can exist in the
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aqueous phase for a long duration because of their high hydrophilicities
and stabilities in water [10]. Moreover, AIDs are quite persistent
against biological degradation [13], and are therefore the most widely
detected drugs in an aquatic environment. Of the several AIDs that are
considered emerging water pollutants, naproxen [2-(6-methox-
ynaphthalen-2-yl)propanoic acid or NAP] and ketoprofen [2-(3-ben-
zoylphenyl)propanoic acid or KTP] are widely used as antipyretic and
analgesic agents [14]. The physical and chemical properties of NAP and
KTP are given in Table 1. NAP and KTP can be released into the water in
several ways such as through urine and improper disposal [15].
Therefore, NAP and KTP have often been detected in wastewater, sur-
face water, and ground water [16].

Various efforts [17,18] such as photocatalytic degradation [19],
phototransformation [20], and advanced oxidation processes [21] in-
cluding ozonation [22] have been used to remove PPCPs—particularly
NAP and KTP—from water. Adsorption might be the most promising
technique for the removal of pharmaceuticals from water because of its
operational simplicity and cost effectiveness, as well as the absence of
secondary pollutants generated [23]. So far, several adsorbents such as
soil or clay [24,25], carbonaceous materials including activated carbon
(AC) and bone char [26–28], mesoporous materials [29,30], and metal-
organic frameworks (MOFs) [31,32] have been applied for adsorbing
NAP and KTP from water.

MOFs [33–35] are an advanced class of porous materials [36–38]
that have received attention because of their simple synthesis, excellent
porosity, and facile modification, as well as several potential applications
[39,40], particularly in liquid-phase adsorption for the purification of
water and fuel [41–43]. Various attempts [44,45] have been made to
increase the efficiencies of MOFs including incorporation of other com-
ponents to form MOF composites [46,47]. Carbonaceous materials [48]
such as graphite/graphene oxide (GnO) [49,50] have widely been used
in MOF composites. GnO has attracted attention because of its unique
structural properties and ample functional groups [51]. Moreover, gra-
phene-based materials were applied successfully in treating wastewater
contaminated with pharmaceuticals [52]. GnO/MIL-101 composites
were also used for adsorption such as in the denitrogenation of model
fuel and removal of acetone vapor [53,54]. However, so far there is no
report of pharmaceutical adsorption from water over GnO/MOF com-
posites. Therefore, the possible application of GnO/MOF composites in
pharmaceutical adsorption needs more research to investigate the sy-
nergistic effect of GnO and MIL-101 on adsorption.

Herein, a GnO/MOF composite (GnO/MIL-101) was prepared and
applied for the adsorption of AIDs (NAP and KTP) from water for the
first time, to understand the characteristics of adsorption and to de-
termine the feasibility of using GnO/MIL-101 composites as potential
adsorbents for the removal of AIDs. The composites showed remarkable
adsorption performances toward both NAP and KTP relative to pristine
MIL-101, pure GnO, and commercial AC. Interestingly, a synergistic
effect between GnO and MIL-101 was observed in the adsorption of
NAP and KTP. Moreover, H-bonding is suggested as a plausible ad-
sorption mechanism due to the presence of ample surface functional
groups on GnO.

2. Materials and methods

2.1. Chemicals

Chromium nitrate nonahydrate (Cr(NO3)3·9H2O, 99%) and graphite
powder (325 mesh, 99%) were obtained from Samchun Pure Chemical
Co., Ltd. and Alfa Aesar, respectively. NAP (C14H14O3, 98%), KTP
(C16H14O3, 98%), sodium bicarbonate (NaHCO3, 99%), and ter-
ephthalic acid (TPA, C6H4-1,4-(CO2H)2, 99%) were purchased from
Sigma-Aldrich. Granular AC (2–3mm, practical grade) and anhydrous
sodium carbonate (Na2CO3, 99%) were acquired from Daejung
Chemicals & Metal Co., Ltd. Sodium hydroxide (NaOH, 98%), N,N-di-
methylformamide (DMF, 99%), hydrochloric acid (HCl, 37%), ethanol
(C2H5OH, 94%), and methanol (CH3OH, 99%) were sourced from OCI
Co., Ltd. All chemicals were used without further purification.

2.2. Synthesis of adsorbents

MIL-101 was synthesized following a previously reported procedure
[55] using Cr(NO3)3·9H2O, TPA, and deionized water. Graphite oxide
(GtO) was prepared from graphite powder by following a reported
method [56]. The synthesized GtO was then converted to GnO by dis-
persing it in water with ultrasound treatment (Sonics, model: VCX750)
for 1 h (3 s pulse consecutive with 3 s rest). GnO/MIL-101 composites
were fabricated as described in a previous report [53]. The GnO/MIL-
101 composites were named MIL-101_GnO(n), where n is the weight
percentage of GtO added in the reaction mixture relative to the total
weight of the major precursors (Cr(NO3)3·9H2O and TPA) of MIL-101.
The actual GnO content in the composite was estimated by selectively
dissolving the MOF portion of the composite in 1.0 M NaOH for 24 h.
The insoluble GnO of the composite was separated by centrifugation,
washed, and then dried at 100 °C for 12 h. The GnO was weighed and
compared with the weight of the composite. The measured contents of
GnO in the GnO/MIL-101 composites are shown in Table S1.

2.3. Characterization of adsorbents

X-ray powder diffraction (XRD, D2 Phaser, Bruker) with Cu-Kα ra-
diation was utilized to analyze the structural characteristics of the ad-
sorbents. The textural characteristics of the adsorbents were de-
termined by nitrogen adsorption at −196 °C with a surface-area and
porosity analyzer (Tristar II 3020, Micromeritics), after evacuating the
adsorbents at 150 °C for 12 h. The surface areas of the adsorbents were
calculated by applying the Brunauer–Emmett–Teller (BET) equation.
The total pore volumes of the adsorbents were calculated from the
amounts of nitrogen adsorbed at P/P0=0.99. Fourier transform in-
frared (FTIR) spectrometry (Jasco FTIR-4100), wherein the spectro-
meter was equipped with an attenuated total reflectance module (ATR,
maximum resolution: 4.0 cm−1), was used to confirm the existence of
different functional groups in the composites by the introduction of
GnO and to confirm the adsorption/desorption of adsorbates on the
GnO/MIL-101 composites. Moreover, the Boehm titration [57] method
was applied to determine the types and contents of different functional
groups present in the GnO/MIL-101 composites. The thermal stabilities
of pristine MIL-101 and GnO/MIL-101 composites were examined via
thermal gravimetric analysis (TGA, PerkinElmer TGA 4000 system), in
a flow of air (20 cm3·min−1) from 30 °C to 800 °C at a heating rate of
10 °C·min−1. Both the hydrated and completely dehydrated samples
were analyzed by TGA. Dehydration of the samples (after loading in a
TGA pan) was carried out by flowing air at 100 °C for 1 h and cooling to
30 °C before reheating.

2.4. Adsorption experiments

Stock solutions of NAP and KTP (each 50mg·L−1) were prepared by
dissolving each in a water-methanol (90:10 v/v) solvent. The solution’s

Table 1
Chemical structures and properties of NAP and KTP.

Chemical structure NAP KTP

Molar mass (g·mol−1) 230.3 254.3
pKa [32] 4.2 4.5
Solubility in water

(mg·L−1)
15.9 51.0
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