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To recover oil during manufacturing processes or to eliminate oil pollution in wastewaters, oil droplets
must be separated from water. Among the current techniques for oil removal, adsorption appears to
be one of the simplest. Metal Organic Frameworks (MOFs) have recently been proposed as adsorbents
to remove contaminants from water owing to their high surface area and versatile tunability. Interest-
ingly, only a few studies looked at the use of MOFs to remove oil droplets and several unknowns remain
regarding the mechanism and the potential of this approach. Here, we propose to use a copper-based
MOFs, HKUST-1, to separate oil droplets from water. HKUST-1 is synthesized and characterized using
XRD, FTIR, N2 sorption analysis and thermogravimetric analysis. The kinetic and equilibrium constants
of the oil/water separation are determined; HKUST-1 exhibits a high removal capacity, about six times
higher than a commercial activated carbon. This performance can be further improved via addition of
salts and surfactants, and change of pH. HKUST-1 is successfully regenerated via an ethanol-washing
process and its capacity remains about constant up to 5 cycles. The kinetics of the oil/water separation
follows a pseudo second order, while the adsorption isotherm can be fitted using the Langmuir model.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Oil droplets in water can be found in many industries such as
petroleum [1–3], pharmaceuticals [4,5], food processing [6,7] and
metal manufacturing [8]. Domestic wastewater also contains high
concentration of oil derived from plant, animal, synthetic fat and
human wastes [9]. Separation of oil from water can be desired to
recover the oil from manufacturing processes or to eliminate oil
pollution in water [10–13].

Up to date, many techniques have been employed to separate
oil droplets from water including filtration [14–16], chemical
destabilization [17], electrocoagulation [18,19], flotation [20–23],
or adsorption. Among these techniques, adsorption appears to be
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one of the most attractive methods to remove contaminants owing
to its simple design and relatively low initial cost [24]. Common
adsorbents for oil removal include granular activated carbon, nat-
ural fibers, agricultural wastes and minerals [25–28]. Since the
physical and chemical properties of adsorbents (e.g., surface areas,
pore volumes, and surface functional groups) significantly influ-
ence their removal capacity, strategies to tune these materials
must be thoughtfully implemented in order to improve the effi-
ciency of separating oil from water [3].

A new type of porous network material named Metal Organic
Frameworks (MOFs) has attracted great attention among the scien-
tific community [29–31]. These materials are synthesized by com-
bining metal ions and organic ligands to form a porous crystalline
network. With their exceptional physical and chemical properties,
MOFs have had a significant impact on disciplines related to gas
storage and adsorption [32–34], catalysis [35–37], drug delivery
[34,38], and sensing [39].

Recently, a number of studies started to evaluate the feasibility
of MOFs to remove contaminants from water such as metal ions
[40], dyes [41], and other organic compounds [42], revealing that
MOFs can be stable in the aqueous environment and exhibit great
capacity to separate the targeted contaminants. As a promising
porous material, we expect MOFs to be capable of removing oil
droplets from water. If successful, MOFs could be used not only
in wastewater treatments but also for the separation of hydropho-
bic compounds from hydrophilic solvents in a variety of applica-
tions, including biological systems, food processing,
pharmaceuticals or analytic chemistry. To the best of our knowl-
edge, only a few studies have been conducted to evaluate this
potential application of MOFs-related materials [43,44].

Thus, we propose to use MOFs for the separation of oil droplets
from water. In this study, a copper-based MOFs, HKUST-1 (or CuB-
TC), was selected owing to its stability in water [45] as well as
extensive applicability in many fields, including catalysis [46–
49], analytic chemistry [50,51], separation [52], gas storage [53],
sensor [54], etc. In addition, HKUST-1 is relatively straightforward
to synthesize as it is made of commercially available ligands and it
forms under mild conditions. The material performance was com-
pared to that of a granular activated carbon. We investigated the
reaction kinetics by three common kinetics models: the pseudo
first order equation, the pseudo second order equation and the
intraparticle diffusion. Adsorption isotherms were also modeled
by two common isotherm models: Langmuir isotherm and Freund-
lich isotherm. We examined the effects of additions of NaCl and
CTAB, and change of the pH on the removal capacity. The recycla-
bility was also tested using a rapid and convenient method to
regenerate HKUST-1 by washing with ethanol.
2. Experimental

2.1. Materials and methods

Copper acetate monohydrate (Cu(CO2CH3)2)�H2O) was pur-
chased from Scharlab S.L. (Spain); benzene-1,3,5-tricarboxylic acid
(H3BTC) was purchased from Alfa Aesar (England). D.I. Water (D.I.)
was prepared to exhibit less than 18 MX cm; ethanol was pur-
chased from Merck. Soybean oil was obtained from Fwusow Indus-
try Co.; sodium chloride (NaCl) pellets and cetrimonium bromide
(CTAB) were purchased from Sigma–Aldrich. Granular activated
carbon was purchased from Merck (average size of 1.5 mm).
2.2. Synthesis of copper-based MOF, HKUST-1

The copper-based MOFs, HKUST-1, was synthesized and acti-
vated according to the procedure reported by Münch and Mertens
[50]. In a typical synthesis, 0.299 g (1.5 mmol) copper acetate
monohydrate was dissolved in 25 ml D.I. water and heated at
100 �C for 1 h. A 25 ml of ethanol solution containing 0.210 g of
H3BTC was prepared and added to the solution of copper acetate
monohydrate. The resulting mixture was stirred at 60 �C for 1 h
and subsequently at 25 �C for 12 h. The final product was filtered
and washed several times with ethanol to obtain the blue powder.
To activate HKUST-1, the blue powder was heated at 100 �C at
reduced pressure for 24 h.

2.3. Characterization of HKUST-1

The powder X-ray diffraction patterns (PXRD) of HKUST-1 were
obtained using an X-ray diffractometer (PANalytical) with copper
as an anode material (40 mA, 45 kV). Infrared (IR) spectroscopic
analysis of HKUST-1 was conducted using an infrared spectrometer
(Jasco 4100). The surface area of HKUST-1 was determined by a
nitrogen adsorption and desorption at 77 K using a Micrometrics
ASAP 2020 surface area analyzer. To analyze the morphology of
as-synthesized HKUST-1, a field emission scanning electron
microscopy (FE-SEM) (JEOL JSM-6700F) was used.

2.4. Batch tests for oil droplets removed by HKUST-1

Oil-in-water (O/W) emulsion was prepared according to the
procedure reported by Wang et al. [3]. Typically, a mixture of soy-
bean oil (1 ml) and D.I. water (18 ml) was ultrasonicated using an
ultrasonicator (Heat Systems Ultrasonics, USA) to obtain a concen-
trated O/W emulsion. This emulsion was then diluted to a desired
concentration by addition of D.I. water. The concentration of oil
droplets in water was measured as reported by Zouboulis and Avr-
anas [21] using a turbidimeter (HACH 2000) with a sensitivity of
0.01 NTU. The emulsion turbidity was then converted to the con-
centration of oil using a standard reference line which was estab-
lished by measuring the concentrations of oil in a series of
standard O/W emulsions with known turbidities using the chemi-
cal oxygen demand method (COD). The conversion of the COD con-
centrations to the concentrations of soybean oil was calculated
based on the average formula of soybean oil (i.e., C55H98O6) [55].
The correlation coefficient of the line (R2) was higher than 0.99
and the standard reference line was examined periodically to
ensure its validity over the course of this study.

The removal of oil droplets from water using HKUST-1 was
evaluated by a batch-type adsorption test, in which a 20-ml emul-
sion with a desired concentration was poured in a glass vial and
bulk HKUST-1 powder was then added to the vial. The removal
reaction was proceeded in a temperature-controlled orbital shaker
at 300 rpm.

2.5. Recyclability test of HKUST-1

A recyclability test of HKUST-1 to remove oil droplets was per-
formed using regenerated HKUST-1. To regenerate HKUST-1, the
oil-rich HKUST-1 was dissolved in ethanol and the resulting mix-
ture was placed on the orbital shaker at 300 rpm for 2 h at ambient
temperature to remove the oil on HKUST-1. The ethanol-washed
HKUST-1 was centrifuged to collect HKUST-1 powder which then
was placed in a vacuum oven to remove the residual solvent to
obtain the regenerated HKUST-1.

2.6. Thermogravimetric analysis of oil-adsorbed HKUST-1

To investigate weight loss of HKUST-1 and the oil-rich HKUST-1
as a function of temperature, the derivative thermogravimetric
(DTG) analysis was conducted using a thermogravmetric analyzer
(TGA) (ISI, Michigan, USA) with a carrier gas of nitrogen. The
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temperature profile of TGA was programmed to ramp from the
ambient temperature to 500 �C at a ramping rate of 10 �C min�1.

3. Results and discussion

3.1. Characterization of HKUST-1

The PXRD patterns of the as-synthesized HKUST-1 is shown in
Fig. S1 (see ESI�) and can be readily indexed according to reported
patterns of HKUST-1 [40,56]: 15.5� (222), 13.2� (440), 16.3� (422),
17.3� (511), 20.0� (660), 25.8� (731), 29.3� (751), 35.0� (773),
38.9� (828), 46.8� (751). SEM image of the as-synthesized
HKUST-1 was also shown as an inset in Fig. S1. The as-synthesized
HKUST-1 exhibited a porous structure similar to reported mor-
phologies of HKUST-1 prepared by non-hydrothermal methods in
mild conditions (i.e., 25–60 �C) [50,57]. The FT-IR spectrum of the
as-synthesized HKUST-1 is plotted in Fig. 1(a) (spectrum at the
bottom), in which most of absorbance bands are derived from of
benzene-1,3,5-tricarboxylate (BTC): 1374 cm�1 was assigned to
CAO, 1450 cm�1, 1566 cm�1 to C@O, 1646 cm�1 to aromatic C@C,
and 1718 cm�1 to COO� [58,59]. This spectrum of the as-synthe-
sized HKUST-1 could serve as a baseline to compare with the oil-
rich HKUST-1 after the oil/water separation tests. The comparison
is discussed in a later section. The N2 sorption–desorption isotherm
of the as-synthesized HKUST-1 is shown in Fig. 1(b). At the rela-
tively low pressure, HKUST-1 exhibits a high adsorption capacity,
showing the typical micro-porous nature of HKUST-1 with a t-plot
micropore volume of 0.24 m3 g�1. The Brunauer–Emmett–Teller
(BET) surface area of the as-synthesized HKUST-1 was
645 m2 g�1, which is close to the reported value by Münch and
Mertens [50] under similar conditions. It must be noted that the
value of the surface area is relatively low compared to other MOF
structures but this value is related to the mild reaction conditions
(i.e., ambient pressure, mild temperature, no microwave) used as
well as the short duration of the reaction (1 h compared to days
in some reported syntheses).

3.2. Oil droplets removal by HKUST-1: kinetic analysis

Using HKUST-1 to remove oil droplets from water is demon-
strated by a set of sequential pictures in Fig. 2 to provide a quali-
tative evaluation of HKUST-1’s capability. The 20-ml vial filled
with a milky solution in Fig. 2(a) was the O/W emulsion and its
oil concentration was 300 mg L�1. Because of the light-scattering
nature of the emulsion, the opacity of the vial masks the logo on
the background. Once HKUST-1 was added to the O/W emulsion
and dispersed in the emulsion, the resulting mixture exhibited a
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Fig. 1. Chemical and physical properties of HKUST-1: (a) IR spectra of pristine HKUST-1,
of HKUST-1 at 77 K.
light-blue color as shown in Fig. 2(b). This is due to the blue color
of HKUST-1. After 50-min shaking on the orbital shaker at ambient
temperature, the vial was placed on a bench and the solution and
HKUST-1 powders started to separate. Since the density of HKUST-
1 (�1.22 g cm�1) [60] is higher than water, HKUST-1 settled down
to the bottom of the vial to complete the phase separation. In
Fig. 2(c), the vial can be clearly seen through and the logo behind
the vial is clearly visible. This result evidently proved that at least
the bulk of the oil droplets were removed in the presence of
HKUST-1.

We also recovered the used HKUST-1 from the solution and
analyzed the sample using FT-IR spectroscopy. The spectrum of
the used HKUST-1 is shown in Fig. 1(a) as the ‘‘oil-rich HKUST-
1’’. The oil-rich HKUST displays similar bands as the pristine
HKUST-1 while two singlet bands at 2854 and 2926 cm�1 are
observed on the spectrum of the oil-rich HKUST-1. The bands at
2854 and 2926 cm�1 are characteristics of soybean oil and corre-
spond to the CAH stretching mode of saturated CAC bonds [58].
The appearance of these bands on the spectrum of oil-rich
HKUST-1 indicates that oil droplets were captured and ‘‘trapped’’
by HKUST-1.

Additionally, we observed that the powder of bulk HKUST-1
was fine and well-dispersed in the emulsion in the beginning of
the reaction but aggregated as clusters in the end of the test. These
clusters might form due to accumulation of oil droplets on the
HKUST-1’s surface. The accumulation of oil wrapped HKUST-1 so
that the oil-rich HKUST-1 tended to coalesce to form the clusters,
suggesting that HKUST-1 can act as a coagulant to facilitate coales-
cence of oil droplets in water. The aggregation of HKUST-1 may
facilitate the settlement of HKUST-1 and accelerate the separation
of HKUST-1 from water.

In order to quantitatively evaluate the capacity of HKUST-1 for
the removal of oil droplets and investigate the removal mecha-
nism, we conducted experiments of oil removal kinetics and equi-
librium isotherms. In each experiment, an O/W emulsion with a
concentration C0 (mg L�1) and a volume V (ml) was prepared. A
dose of dry HKUST-1 powder m (g) then was added into the emul-
sion and placed on the orbital shaker for a period of reaction (mix-
ing) time t. The residual concentration of the emulsion Ct (mg L�1)
was determined and the removal capacity qt of oil droplets by
HKUST-1 was calculated as follows:

qt ¼
VðC0 � CtÞ

m
ð1Þ

At first, we investigated the effect of the reaction time on the
removal capacity of HKUST-1. Fig. 3(a) displays the removal capac-
ity by HKUST-1 as a function of the reaction time ranging from 0 to
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Fig. 2. Sequential pictures to show the oil droplets removed by HKUST-MOF from water. (a) O/W emulsion. Milky color of the emulsion blocks the NCHU logo on the
background. (b) A mixture of HKUST-1 and the emulsion. The suspension becomes light-blue, indicating that HKUST-1 is evenly dispersed in the emulsion. (c) Oil droplet
removed by HKUST-1 from water. The vial becomes transparent and the NCHU logo can be seen through the vial; oil droplets are successfully removed by HKUST-1. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Kinetics of the removal of oil droplets by HKUST-1: (a) removal capacity as a function of reaction time, (b) analysis of kinetic data using the pseudo first order equation,
(c) analysis of kinetic data using the pseudo second order equation and (d) analysis of kinetic data using the intraparticle diffusion.
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120 min at three different temperatures including 20, 40 and 60 �C.
Each experiment was performed with an emulsion volume of
30 ml, an initial oil concentration of 300 mg L�1, and a HKUST-1
dose of 0.02 g. The results in Fig. 3(a) reveal that at the beginning
of the reaction, HKUST-1 possesses relatively high capacity, yet
loses its capacity as the removal equilibrium is reached. We also
investigated the effect of temperature on the time required to
reach the equilibrium. At 20 �C, the removal capacity of HKUST-1
reaches its equilibrium after 50 min; at 40 �C and 60 �C, the equi-
librium for the removal capacity of HKUST-1 can be reached in
40 min and 15 min, respectively. The effect of the temperature
remarkably reduces the equilibrium time of the oil removal. The
equilibrium removal capacities of HKUST-1 at the three tempera-
tures were all close to 300 mg g�1 (as listed in Table 1, qe,exp),
showing that the oil droplets were removed from water.

The performance of HKUST-1 to separate oil/water mixture was
compared to that of a granular activated carbon (GAC) at 40 �C
[61]. As shown in Fig. 3(a), after 50 min of mixing, the removal
capacity of GAC just reached 50 mg g�1. This corresponds to only
one sixth of the equilibrium removal capacity of HKUST-1.
Evidently, the capacity of HKUST-1 to remove oil droplets was
high. To further study the effect of temperature on the reaction



Table 1
Kinetic data of oil droplets removal by HKUST-1 at different conditions derived from the pseudo-first-order equation, the pseudo-second-order equation and the intraparticle
diffusion model.

Condition qe,exp (mg g�1) Pseudo-first-order Pseudo-second-order The intraparticle diffusion

k1 (min�1) qe,fitted (mg g�1) R1
2 k2 � 103 (g mg�1 min�1) qe,fitted (mg g�1) h (mg g�1 min�1) R2

2 kP (g mg�1 min�0.5) RP
2

20 �C 295.29 0.081 262.13 0.978 0.42 322.58 43.80 0.996 57.64 0.947
40 �C 280.66 0.214 300.09 0.999 0.98 312.50 96.19 0.999 88.02 0.990
60 �C 300.20 0.375 290.32 0.987 2.69 312.50 263.08 0.998 94.54 0.998
NaCl, 40 �C 288.17 0.279 166.75 0.939 2.42 303.03 454.15 0.998 81.80 0.957
CTAB, 40 �C 292.55 0.376 203.56 0.978 5.25 294.11 222.22 0.998 110.34 0.971
pH = 4, 40 �C 281.12 0.279 166.71 0.939 4.95 303.03 454.54 0.999 113.87 0.939
pH = 10, 40 �C 288.00 0.285 177.64 0.992 3.88 303.03 357.14 0.999 76.69 0.967
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kinetics quantitatively, qt and t are analyzed using the pseudo first
order equation, the pseudo second equation and the intraparticle
diffusion. The pseudo first order equation can be expressed as
follows:

logðqe � qtÞ ¼ logqe �
k1

2:303
t ð2Þ

where qt and qe are the removal capacity (mg g�1) at the reaction
time t (min) and at equilibrium, respectively, and k1 (min�1) is
the rate constant for the pseudo first order equation. The results
of regression fitting using the pseudo first order equation at the
three different temperatures are shown in Fig. 3(b). The kinetic con-
stant k1, the fitted equilibrium removal capacity qe,fitted, the coeffi-
cient of determination R1

2 are listed in Table 1, which reveals that
a higher reaction temperature leads to a higher kinetic constant: a
faster reaction rate towards the equilibrium. The estimated equilib-
rium removal capacities using the pseudo first order equation are
all close to the experimental values and R1

2 of the regression fitting
are all higher than 0.97.

On the other hand, the modeling of kinetic data using the
pseudo second order equation employed the following equation:

t
qt
¼ 1

k2q2
e
þ 1

qe
t ð3Þ

where k2 (g mg�1 min�1) represents the rate constant for the
pseudo second order equation.

Fig. 3(c) shows the regression fitting of the kinetic data using
the pseudo second order equation. The kinetic constant k2, the fit-
ted equilibrium removal capacity qe,fitted, the coefficient of determi-
nation R2

2 are also listed in Table 1. The reaction at a higher
temperature also leads to a higher k2; the qe,fitted estimated by
the pseudo second order equation are higher than the experimen-
tal removal capacities qe,exp. However R2

2 are all higher than 0.995,
indicating that the pseudo second order equation is a more satis-
factory model than the pseudo first order equation for the interpre-
tation of the kinetic data of oil removal by HKUST-1.

Since HKUST-1 is a porous material, we also investigated the
transfer of oil droplets from the external surface of HKUST-1 to
the surface inside the pores of HKUST-1 using the intraparticle dif-
fusion model as follows:

qt ¼ kPt0:5 þ C ð4Þ

where kP represents the diffusion rate constant and C is the inter-
cept. Generally the adsorption process progresses in three consecu-
tive stages: the first stage of the external surface adsorption or the
instantaneous adsorption, the second stage of the gradual adsorp-
tion, and the third stage of the final equilibrium of the adsorption
[62,63]. In the second stage of the gradual adsorption, the intrapar-
ticle diffusion is a rate-limiting step and in the third stage, the
intraparticle diffusion process slows down due to the low residual
concentration of solutes [64].

According to Eq. (4), the qt as a function of t0.5 at the different
temperatures was plotted in Fig. 3(d) in which the curves of qt ver-
sus t0.5 essentially consist of two linear components. The first sharp
linear component represents the boundary layer diffusion and the
second linear component is attributed to the intra-particle or pore
diffusion. Table 1 also lists the boundary layer diffusion rate con-
stants of the first linear component with their corresponding coef-
ficients of determination. As the temperature rose from 20 to 60 �C,
the boundary layer diffusion rate constant increased from 57.64 to
94.54 g mg�1 min�0.5, indicating a higher reaction temperature
facilitates the diffusion especially in the beginning of the adsorp-
tion process.

3.3. Sorption equilibrium of oil droplets on HKUST-1

Using HKUST-1 to remove oil droplets involves a dynamic equi-
librium of oil concentration between two phases: water and
HKUST-1. The equilibrium is essentially important to evaluate
the feasibility of practical operations and to design an optimal pro-
cess. Thus, it is necessary to establish a correlation between the
equilibrium removal capacities and the residual concentrations.
Consequently, we conducted a series of experiments with various
initial concentrations of oil C0 from 480 to1100 mg L�1, and a fixed
amount of HKUST-1 (m = 0.02 g). The adsorption experiments were
performed for at least 90 min to ensure that the reaction reached
the equilibrium. To analyze the equilibrium data, two common
adsorption isotherms, the Langmuir adsorption isotherm and the
Freundlich adsorption isotherm, were employed. The Langmuir
adsorption isotherm has been used in many cases of adsorption
of a solute from a solution and the isotherm model assumes that
the adsorption occurs on the specific homogenous sites on the sur-
face of the adsorbent. The Langmuir adsorption isotherm is recog-
nized as one of the most employed methods to quantify and
compare the performance of various adsorbents with predication
of maximal solute uptake. The fully-occupied monolayer isotherm
can be described as follows:

qe ¼
qmaxKLCe

1þ KCe
ð5Þ

where qmax and KL are the Langmuir model constants, representing
adsorption capacity and bonding energy constant, respectively, and
Ce is the remaining oil concentration at the equilibrium.

The Freundlich isotherm, on the other hand, represents an
empirical expression that includes the heterogeneity of the surface
and an exponential distribution of the sites and their energies. This
isotherm has been further extended by considering the influence of
adsorption sites and the competition between different adsorbents
for adsorption on available sites. The Freundlich isotherm has been
observed to be applicable for a wide range of heterogeneous sur-
faces including activated carbon, silica, clays, and polymers. The
Freundlich isotherm can be described as follows:

qe ¼ KFC1=n
e ð6Þ

where 1/n is the heterogeneity factor of the adsorbent, KF is a con-
stant and Ce is the remaining oil concentration at the equilibrium.
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The surface heterogeneity is attributed to the existences of crystal
edges, cations, surface charges, surface functional groups, and
degrees of crystallinity of the surface. The 1/n value determines
the relative distribution of energy sites and depends on the nature
and strength of the adsorption process.

The equilibrium data at 40 �C of oil droplet removal by HKUST-1
is shown in Fig. 4(a), in which the equilibrium removal capacity qe

increases as the initial concentration of oil C0 becomes higher yet
reaches a maximal qe as C0 exceeds a certain value. The insets
(Fig. 4(b) and (c)) are the regression fitting curves of the experi-
mental equilibrium data using the Langmuir isotherm model and
the Freundlich isotherm model, respectively. According to Eqs.
(5) and (6), the corresponding model constants, including the coef-
ficients of determination (R2), were calculated and the results are
listed in Table 2.

The maximal equilibrium removal capacity qmax of HKUST-1 is
4000 mg g�1 and the Langmuir equilibrium constant KL is
0.184 L mg�1 with RL

2 of 0.997. The high qmax indicates the prom-
ising capability of HKUST-1 to remove oil droplets from water.
The factors leading such a high removal capacity may be attributed
to the existence of benzene rings from H3BTC and the unsaturated
metal centers of HKUST-1 [40,65]. The benzene rings in HKUST-1
have been suggested to attract hydrophobic compounds which
are typically encountered in the soybean oil used in the present
study [42]. Besides, the unsaturated copper centers of HKUST-1
can act as Lewis acids [66,67]. The metal sites may therefore attract
electron-rich unsaturated fatty acids in the soybean oil.

On the other hand, the Freundlich equilibrium constant is 3.176
(mg g�1) (L mg�1)1/n, the amount removed at unit concentration is
1 mg L�1 and the empirical constant n is 0.213 with RF

2 of 0.889.
Since the value of RL

2 is noticeably higher than RF
2 and the value

approximates to 1, the Langmuir model appears as a more satisfac-
tory to interpret the equilibrium data.
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Fig. 4. Equilibrium data and analysis of the separation of oil droplet from water
using HKUST-1: (a) adsorption isotherm of HKUST-1, (b) modeling of equilibrium
data using Langmuir isotherm and (c) modeling of equilibrium data using
Freundlich isotherm.

Table 2
Isotherm model constants derived from the Langmuir model and the Freundlich model.

Temperature Langmuir

qmax (mg g�1) KL (L mg�1) RL
2

40 �C 4000 0.184 0.9
3.4. Effects of sodium chloride (NaCl) and cetrimonium bromide
(CTAB)

To evaluate the effects of other compounds present in wastewa-
ter on the removal capacity of HKUST-1, we particularly investigated
the variation of removal capacity of oil droplets by HKUST-1 in the
presence of sodium chloride (NaCl) and cetrimonium bromide
(CTAB). The addition of NaCl was used to study the effect of salts
in water on the removal capacity and the addition of CTAB, a com-
mon surfactant and an organic salt, was used to examine the effect
of surfactants in wastewater on the removal capacity. Experiments
involving NaCl were performed by dissolving NaCl in D.I. water to
obtain concentrated salty water and then adding it to the O/W
emulsion prepared as described in Section 2. The final concentra-
tion of NaCl in the emulsion was set at 500 mg L�1 and the exper-
iment was conducted at 40 �C. The removal capacities qt versus t
with and without the addition of NaCl are plotted in Fig. 5(a) and
the analyses of the kinetic data using the pseudo first order, the
second order and the intraparticle diffusion are also plotted
(Fig. S2, ESI�) to obtain their corresponding rate constants. The
derived constants are listed in Table 1. Although kP in the presence
of NaCl is comparable to kP in the absence of NaCl, k1 and k2 in the
presence of NaCl are both higher than those in the absence of NaCl.
Therefore, NaCl significantly affected the sorption kinetics of oil
droplets by HKUST-1: the sorption reached its equilibrium faster
with the addition of NaCl.

On the other hand, the emulsion containing 500 mg L�1of CTAB
was also prepared and the removal capacity of HKUST-1 in the
presence of CTAB was tested. The removal capacity qt versus t in
the presence of CTAB was plotted in Fig. 5(a) and the kinetic data
was also analyzed using the pseudo first order equation, the second
pseudo order equation and the intraparticle diffusion (Fig. S2, ESI�)
to obtain their corresponding rate constants. The derived constants
are listed in Table 1. The qt in the presence of CTAB reaches its
equilibrium faster than the qt in the absence of CTAB. The rate con-
stants of the pseudo first order, the pseudo second order and the
boundary layer diffusion are all much higher than the rate con-
stants of the three models for the ‘‘pure’’ oil/water system. This
indicates the faster reaction rate in the oil removal in the presence
of CTAB.

Both additions of NaCl and CTAB increased the oil-removal
kinetics of HKUST-1; the faster kinetics could be due to a higher
coalescence rate of oil droplets which might be induced by the
change of surface charges of HKUST-1 in the presence of salts [68].

3.5. Effect of the pH of oil emulsions

The pH of the emulsion considerably affects the stability of oil
droplets. To understand the effect of pH value on the removal effi-
ciency of oil droplets by HKUST-1, we tested two emulsions with
pH values adjusted to 4 and 10, representing a weakly acid condi-
tion and a weakly basic condition, respectively. The pH was con-
trolled by addition of 0.1 M hydrochloric acid or 0.1 M sodium
hydroxide solution. The pH of an unadjusted O/W emulsion was
found to be 7, similar to the pH value of D.I. water because of
the relatively low concentration (i.e., less than 1000 ppm) of oil.
The effect of pH on the removal capacity was examined by compar-
ing the removal capacities of HKUST-1 in a pH-unadjusted emul-
Freundlich

KF (mg g�1) (L mg�1)1/n n RF
2

97 23.950 4.700 0.899
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Fig. 5. Effects on the removal capacity of HKUST-1 of: (a) the addition of NaCl and CTAB and (b) the pH of the emulsion. HKUST-1 exhibits fast reaction rates in the emulsions
containing the surfactant CTAB and the salt NaCl, and in the pH-adjusted emulsions.
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sion with pH-adjusted emulsions. The removal kinetics of the
weakly acidic, neutral, and weakly basic emulsions by HKUST-1
is shown in Fig. 5(b). The rate constants of the pseudo first order,
the pseudo second order and the boundary layer diffusion also
obtained using the three models (Fig. S3, ESI�). The kinetic con-
stants were also listed in Table 1. For the weakly acidic emulsion
the neutral emulsion, the weakly basic emulsion, their k1 are
0.279, 0.214 and 0.285 min�1, respectively. As a result, HKUST-1
in the pH-adjusted emulsion exhibited faster removal kinetics than
in the pH-unadjusted emulsion. A similar result was obtained by
comparing k2 in the pH-adjusted and pH-unadjusted emulsions.
While kP in the weakly basic emulsion is comparable to the kP in
the neutral emulsion, kP in the weakly acidic emulsion is noticeably
higher.

Faster oil-removal kinetics of HKUST-1 in the weakly acidic and
weakly basic emulsions may be attributed to a higher coalescence
rate in the emulsions. Since oil droplets are generally stabilized by
the repulsive surface charges, additions of acids and bases can
change the interfacial properties and therefore disturb the stability
of the emulsion and increase the coalescence rate [69–71].

3.6. Recyclability test of HKUST for removal of oil droplets

The recyclability of HKUST-1 for oil removal is as important as
its capacity. Considering the rapidity and efficiency required for
oil removal applications, HKUST-1 must be regenerated by a sim-
ple and convenient method. In this study, we tested the regenera-
tion by washing the oil-rich HKUST-1 with ethanol. Oil droplets are
readily soluble in ethanol because ethanol is a less-polar solvent
Regeneration Cycle
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Fig. 6. Recyclability of HKUST-1: (a) removal capacities of a five-cycle test, (b) DTG curves
washing with ethanol for 30 min. Before the thermal decomposition of HKUST-1, the oi
compared with water. The removal capacity of the regenerated
HKUST-1 is shown in Fig. 6(a). The first cycle of regeneration
allowed HKUST-1 to exhibit almost identical removal capacity as
the pristine HKUST-1. The subsequent regeneration cycles also
enabled HKUST-1 to exhibit the similar removal capacity, showing
that the ethanol-washing process represents an efficient and con-
venient method to recycle HKUST-1 after oil removal. Additionally,
to examine the effect of regeneration on the structural properties
of HKUST-1, we also conducted N2 sorption and desorption exper-
iments on the regenerated HKUST-1. The surface area and pore vol-
ume of HKUST-1 after regeneration were found to decrease by 8%
and 15%, respectively. These changes did not reflect on the removal
capacity of HKUST-1 for oil, suggesting that the main mechanism
of removing oil droplets by HKUST-1 mainly involved the specific
functional groups with HKUST-1 (e.g., benzene rings) as discussed
in the earlier section.

3.7. Thermogravimetric analysis of oil-adsorbed HKUST-1

In addition to the ethanol-washing process, elevated tempera-
tures may be an alternative method to remove oil from the oil-rich
HKUST-1. Fig. 6(b) shows the derivative thermogravimetric (DTG)
analyses of pristine HKUST-1 and the oil-rich HKUST-1. For the
pristine HKUST-1, weight loss firstly occurs at around 100 �C due
to water evaporation and then at 275 �C because of the decompo-
sition of HKUST-1 [60]. For the oil-rich HKUST-1, the DTG curve is
similar to that of the pristine HKUST-1. However the oil-rich
HKUST-1 displays an additional weight loss at 177 �C which is
the smoke point of common semi-refined soybean oil [72,73]. This
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result suggests that the oil can be removed from the oil-rich
HKUST-1 at elevated temperatures that are lower than the thermal
decomposition temperature of HKUST-1.
4. Conclusion

In this study, we have successfully demonstrated the use of
HKUST-1 to remove oil droplets from water. HKUST-1 can be
well-dispersed in the O/W emulsion and capture oil droplets after
a certain time of mixing. Once oil droplets are adsorbed on HKUST-
1, the oil-rich HKUST-1 tends to coagulate and settles down in the
aqueous phase to complete the phase change. The kinetic data
analysis indicates that the removal of oil droplets can be modeled
by the pseudo second order equation. On the other hand, adsorp-
tion equilibrium data are well represented by the Langmuir iso-
therm model.

A higher reaction temperature was found to increase the reac-
tion rate constants, suggesting that the reaction of oil droplets
removed by HKUST-1 may be endothermic. HKUST-1 exhibited 6
times the oil-removal capacity of activated carbon under the same
condition. The maximal removal capacity of HKUST-1 estimated by
the Langmuir isotherm model was 4000 mg g�1. Additions of NaCl
and CTAB to the emulsions, as well as change of the pH of the
emulsions increased the reaction rate of oil removal likely due to
the faster coalescence rate of oil droplets. HKUST-1 was success-
fully regenerated using an ethanol washing process. The sample
exhibited at least 95% of its original removal capacity during the
5 testing cycles.

The high capacity of HKUST-1 and good recyclability for oil
removal evidences the promising potential of HKUST-1 for applica-
tions in which hydrophobic phase must be separated from a hydro-
philic phase. Examples include wastewater treatment plants, food
processing and biological areas. Further studies should be contin-
ued on the removal of different oils from hydrophilic phases.
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