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ABSTRACT: Asphaltenes have been associated with a number of
problems in the petroleum industry with regard to the storage,
exploration, and transportation of petroleum crude. In the current
work, Copper-BenzeneDiCarboxylic acid (Cu-BDC) and Cu-BDC
derived metal oxide has been used in the removal and oxidation of
the asphaltenes. The MOF derived metal oxide was confirmed to be
Cu2O. Though adsorption of asphaltenes followed a Langmuir
adsorption isotherm in both cases, Cu-BDC was superior to Cu2O
with an adsorption capacity four times that of the adsorption capacity of
Cu2O. Also, the kinetic studies showed that the adsorption kinetics
followed pseudo second order adsorption kinetics in both cases. From
the oxidation studies, it was found that Cu-BDC was unstable beyond
350 °C and had no role in catalyzing the oxidation reaction. The Cu2O, however, was successful at catalyzing the asphaltene
oxidation reaction and a reduction of 50 °C in oxidation temperature was observed. Hence comparing Cu-BDC with Cu2O, MOF
was successful in the adsorption reaction but the MOF derived metal oxide had the upper hand in the oxidation reaction.

■ INTRODUCTION
In recent years, the demand for fossil fuels has become
challenging due to supply issues because of the near exhaustion
of the light crude. The time is nigh for the exploration of heavy
crude to meet the current energy needs. The production,
transportation, and refining of heavy crude are always
associated with the problems of asphaltenes.1 Asphaltenes are
the most polar class of compounds in crude. They are insoluble
in paraffinic solvents like n-heptane, n-hexane, and n-pentane
while being soluble in aromatic solvents like benzene and
toluene. The properties of the asphaltenes have been known to
be specific to the geographic location of the crude well. The
asphaltenes have been studied for decades and only polarity
and basic composition (aromatic compounds, heterocyclic
compounds, branched chain) have been found to be similar for
different crudes. Due to the complications of the asphaltenes,
the heavy crude was often side-lined and as much as 70−80%
of the original oil in place is not recovered due to economics.2

The problems are caused because of the inherent property of
asphaltenes to self-aggregate.3 Asphaltenes in the reservoir exist
in the form of nano aggregates but as the production
progresses, due to the concentration, temperature, and
pressure changes, it loses stability and forms clusters to
precipitate in the pores of reservoir rocks and the production
lines to reduce the production drastically. The asphaltenes are
found to precipitate in the transport line thereby posing
problems in transportation.4 In addition, with as little as 20%
asphaltenes in the crude, the viscosity increases by roughly 350
times.5 During refining, asphaltenes have been reported to clog

various units such as heat exchangers, pipelines, and the pores
of the catalysts in hydrotreating.
The asphaltenes problem has been serious in petroleum

industries but very few strategies are pursued to tackle the
precipitation problem. Recently, various methods have been
studied to overcome the problem, among which the prediction
model of asphaltene precipitation and adsorption by nano-
particles are noteworthy. The asphaltene precipitation
prediction model revolves around the control of parameters
such as temperature and pressure. The adsorption method has
been tested around the world in various laboratories, with
various materials. The adsorption process is followed by the
oxidation of asphaltenes on the adsorbent for regeneration of
the adsorbent. Regeneration is an energy intensive process and
requires high temperature heating to the range of 530 °C.
Hence, an ideal adsorbent also takes part in the oxidation
process in addition to the adsorption. Predominantly, d-block
metal oxide nanoparticles, such as Fe3O4,

6 are used in the
adsorption of asphaltenes for its affinity toward various
functional groups of asphaltenes.7 In addition to d block,
recent investigations were carried out using S block and P
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block oxides such as MgO, CaO, SiO2, and Al2O3 nano-
particles.8 Various natural minerals like dolomite, calcite,
kaolin,9 and industrial adsorbents like NiO10 and Aerosil11 had
been studied. Recently, studies involving functionalized
nanoparticles (Si and gold functionalized using thiol)12 and
carbon based materials like carbon nanotubes13 had reported
better results.
Although there had been studies on metal oxides for

adsorption of asphaltenes, very few published works could be
found on metal organic frameworks (MOFs). MOFs are well-
known in the field of adsorption because of their high surface
area and tunable properties.14 MOFs have been explored in the
areas of gas storage, gas separation, and adsorption owing to
the surface properties. Some of the applications involve the gas
separation and storage materials for CO2,

15 H2S,
16 SO2,

17

H2,
18 CH4,

19 and many more. In addition to the separation of
the gases, the MOFs have also been used as sensor materials
for dye sensing and the adsorption20 of heavy metals such as
Pb21 and Cr22 from water. Hence, a wide range of applications
of MOFs in the field of adsorption can be identified. MOFs
have been proven to be a good adsorbent for the adsorption of
an ionic compound. Despite their proven adsorption proper-
ties, MOFs have not been explored for the adsorption of
asphaltenes. Even though the MOFs are attractive in
adsorption, they fail at high-temperature reactions,23 thereby
restricting its use in adsorption and low temperature reactions.
Typically, metal oxides and other classes of materials are
preferred over MOFs because the organic linkers forming the
framework do not withstand high temperatures. Inherently,
most of the MOFs undergo organic decomposition at
temperatures ranging from 250 °C to 400 °C, whereas the
asphaltenes oxidize around 530 °C. Hence, the application of
MOFs for the adsorption and oxidation of asphaltenes have
not been explored. In this work, unlike the traditional way of

using MOFs as the adsorbent, an attempt is made to compare
the adsorptive and oxidative properties of MOFs and its
derived metal oxide. The study also promotes the use of MOF
derived metal oxide as a reuse strategy for MOFs diverting
from the one time use strategy, thereby providing a practical
and economic strategy.

■ RESULTS AND DISCUSSION
Characterization of Prepared Cu-BDC and Metal

Oxide Derived from Cu-BDC. The prepared Cu-BDC and
Cu derived Cu2O was characterized using XRD, FTIR,
FESEM, BET, and EDAX. From Figure 1, the FESEM
obtained for Cu-BDC had a rod-like surface morphology at 1
μm magnification. The material was arranged in an irregular
manner with randomly oriented rods. The radius of the rods
was found to be around 200 nm. However, the bulk of the
prepared materials resembled the morphology exhibited by
Cu-BDC prepared by El-Yazeed and Ahmed.24 However, the
metal oxide derived from Cu-BDC had no regular particle
shape, which is evident in Figure 1. From the FESEM images,
it could be seen that the prepared MOF had a higher surface
area due to the rod-like surface morphology. The derived metal
oxide, however, had a lower surface area because of the
irregular surface particles. The analogy was well supported by
the BET surface area analysis. The surface areas were found to
be 715 m2/g and 65 m2/g for Cu-BDC and Cu-BDC derived
metal oxides, respectively. EDX analysis of the prepared Cu-
BDC was analyzed for carbon and oxygen species from the
linker BDC and copper from the metal part. The EDX result
confirmed the presence of carbon, oxygen, and copper in the
prepared compound and provided the elemental composition
ratio. Similarly for Cu2O, the EDX analysis was carried out and
the presence of carbon, copper, and oxygen was confirmed.
The copper and oxygen were the elements from the Cu2O

Figure 1. FESEM micrographs of (A) Cu-BDC and (B) Cu2O.
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obtained after the oxidation of the Cu-BDC. The carbon
species was formed from the conversion of the BDC in the
nitrogen atmosphere.
XRD analysis of Cu-BDC is shown in Figure 2. The result

obtained was monoclinic crystalline in nature. It was found

that the average crystal size of Cu-BDC was 28 nm. The XRD
spectra matched the Cambridge crystallographic information
data with deposit number 112954, as observed by A. R.
Bagheri and M. Ghaedi,25 similar observations were made by
Silva et al.26 Similarly, the MOF derived metal oxide was
characterized using XRD, and the XRD spectrum is shown in
Figure 2. The XRD clearly shows the formation of Cu2O. The
peaks representing Cu2O at 29°, 36°, 42°, 61°, and 73° were
found in the XRD. The peaks were consistent with the
standard JCPDS No. 05-0667.27

FTIR was carried out for both Cu-BDC and Cu2O, and the
spectrum was obtained in Figure 3. For the prepared Cu-BDC,
the asymmetric and symmetric stretching of COO− was seen at
1566 and 1367 cm−1. The C�C and C−H of benzene from

benzene dicarboxylic acid was observed at 1444 and 2980
cm−1, respectively.28 In addition to the BDC the Cu−O band
at 581 cm−1 was found in the spectrum. In case of the MOF
derived metal oxide, the characteristic Cu2O peaks at 463 and
631 cm−1 were found, which determined that the prepared
material was Cu2O.

27

Batch Adsorption Studies. The prepared Cu-BDC and
Cu2O were used in the studies of adsorption of asphaltenes by
varying the dosage from 2.5 g/L to 25 g/L. The adsorption
percentage of asphaltenes increased with the increase in the
adsorbent dosage, and 0.5 g of Cu-BDC could adsorb 73.2% of
the asphaltenes. Similarly in the case of Cu2O, the maximum
adsorption could be found using a 0.5 g Cu2O dosage, with
94% removal.
The effect of the initial asphaltene concentration on the

adsorption onto the adsorbates Cu-BDC and the Cu-BDC
derived Cu2O was studied by varying the initial concentration
from 10 mg/L to 150 mg/L. It was observed that the
percentage adsorption decreased with the increase of the initial
concentration of asphaltenes in both cases. A maximum of 98%
adsorption was observed for the adsorption of 10 mg/L of
asphaltene concentration in the case of Cu-BDC. For the Cu-
BDC derived Cu2O, a maximum of 92% adsorption could be
seen. With an increase in asphaltene concentration, the
adsorption decreases due to a decrease in the active pore
sites, that is, with the adsorption of asphaltenes, the surface
area for the adsorption reduces due to the unavailability of
pores in both Cu-BDC and Cu2O.
These data were used to study the Langmuir and Freundlich

adsorption isotherm models. The plots for the Langmuir and
Freundlich isotherm models for Cu-BDC are shown in Figure
4. It could be observed that the predicted curve for the
Langmuir isotherm was closer to the experimental data points
when compared to the Freundlich isotherm model curve. Also,
from Table 1, the value of r2 was found to be 0.992 for the
Langmuir isotherm, suggesting that the error was minimal for
the Langmuir model when compared with the Freundlich
model with respect to the experimental values, thereby
rendering it the best fit model. Hence, the binding of
asphaltene onto the prepared copper metal organic frameworks
surface was by monolayer adsorption. The Langmuir and
Freundlich isotherm parameters for the adsorption of
asphaltene on the Cu-BDC are shown in Table 1. In the
case of Cu2O, as shown in Figure 4, the isotherm studies
followed the Langmuir isotherm with an r2of 0.975 and having
a maximum adsorption capacity of 28 mg asphaltenes/g
adsorbent. MOF derived metal oxide proved to be inferior to
the adsorption performance of the MOF itself. The Cu-BDC
had a 4-fold (123 mg asphaltenes/g adsorbent) higher
adsorption capacity when compared with the Cu2O derived
from it. The variation in the adsorption could be due to the
surface area of the MOF. In both cases, the Langmuir isotherm
was found to be the governing model, suggesting monolayer
adsorption. The Langmuir monolayer adsorption capacity of
the prepared adsorbent for the adsorption of asphaltenes was
compared with other adsorbents reported in the literature. It
was inferred from Table 2 that Cu-BDC prepared in the
current study had superior capacity compared to the reported
adsorbents.
The time dependence of the uptake of asphaltenes using Cu-

BDC and Cu2O was studied by performing kinetic experi-
ments. The kinetic data were interpreted with the most
commonly used kinetic models, namely pseudo first order

Figure 2. XRD of the prepared Cu2O and Cu-BDC MOF.

Figure 3. FTIR spectrum of prepared Cu2O and Cu-BDC.
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adsorption kinetics and pseudo second order adsorption
kinetics models. The mechanism of adsorption of asphaltenes

onto MOFs and metal oxides was studied by interpreting the
kinetic data with the intraparticle diffusion model and Boyd
plot.
Adsorption kinetics experiments were carried out for the

adsorption of asphaltenes onto Cu-BDC and kinetic models
were used to study the kinetics of the adsorption as shown in
Figure S1 of the Supporting Information. The adsorbent
dosage was fixed at 4 g/L. The kinetic data was tested with
pseudo first order and pseudo second order kinetic models. It
was found that the pseudo second order kinetic model was the
best fit for Cu-BDC. The fitting of pseudo second order
kinetics essentially means that the adsorption follows
chemisorption. Due to the fact that the asphaltenes are a
highly polar class of compounds, the possibility of
chemisorption could be expected. Further, the equilibrium
time adsorption process rightly points toward the possibility of
chemisorption. In addition to the above observations, from
Table 3, the predicted Qe estimated from the pseudo second
order kinetics was found to closely match the observed Qe
from experimentation. Similarly for Cu-BDC derived Cu2O,
the prepared Cu2O was subjected to a kinetics study similar to
that for Cu-BDC. From Figure S2, the Cu2O adsorption
reaction was found to follow the pseudo second order
adsorption kinetics similar to Cu-BDC, suggesting a similar
phenomenon in the adsorption process. The equilibrium time,
however, was comparatively late, suggesting slower adsorption
possibly due to lower surface interaction when compared to
Cu-BDC.
The intraparticle diffusion model is used to determine the

adsorption process of the adsorbate onto the adsorbent. The
model describes the transport of the adsorbate toward the
adsorbent and into the pores of the adsorbent. Typically, the
intraparticle diffusion plot is divided into three stages:
boundary layer diffusion, intraparticle diffusion, and final

Figure 4. Langmuir and Freundlich isotherm model plots for the adsorption of asphaltenes using Cu-BDC and Cu2O.

Table 1. Langmuir and Freundlich Isotherm Model
Parameters for Adsorption of Asphaltenes Using Cu-BDC

adsorption
isotherm

Langmuir isotherm model
Freundlich isotherm mod-

el

KL
(L/mg)

Q0
(mg/g) r2

Kf
(mg/g) n r2

Cu-BDC 0.005 123.10 0.992 2.30 1.58 0.979
Cu2O 0.06 28.43 0.975 7.30 4.69 0.829

Table 2. Adsorption Capacity of Cu-BDC and Cu2O
Compared with Reported Adsorbents for the Adsorption of
Asphaltenes

adsorbent
maximum monolayer

adsorption capacity(mg/g) reference

NiO 60.1 29
Co3O4 63.1
Fe3O4 62
alumina 290 30
kaolinite 33.9 31
quartz 6.4
γ-Al2O3 88.5 32
Fe3O4 73.1 33
TiO2 98.1
NiO 85.6
CaO 79.6
polythiophene coated Fe3O4 83.7 34
carbon nano tubes 384 35
NiO 420 36
Cu-BDC 123.1 current work
Cu2O 28.43

Table 3. Model Parameters of Pseudo First Order (PFO) and Pseudo Second Order (PSO) Kinetics for Cu-BDC and Cu2O

kinetic model

PFO adsorption model PSO adsorption model experimental

Qe (mg/g) K1 (h−1) r2 Qe (mg/g) K2 (h−1) r2 Qe (mg/g)

Cu-BDC 24.746 0.003 0.180 12.351 3.077 0.999 12.24
Cu2O 10.354 0.006 0.274 33.014 0.331 0.999 33.4
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equilibrium. In the case of multilinear curves in the Qt vs t
plot, more than one step influences the adsorption process.
From Figure S3, the adsorption of asphaltenes onto Cu-BDC
and Cu2O traces a multilinear path, suggesting more than one
step influencing the adsorption process. The curve could be
divided into three regions with the origin as the starting point.
The initial part of the adsorption process was driven by film
diffusion, followed by intraparticle diffusion, and finally
equilibrium adsorption. From Figure S3, the adsorption of
asphaltenes over Cu-BDC was driven by film diffusion for
about 2.5 min, and the intraparticle diffusion governed the
reaction for about a minute to finally attain the equilibrium
state. Whereas for asphaltenes adsorption onto Cu2O, the film
diffusion could be observed for about half an hour, followed by
intraparticle diffusion driven adsorption for about an hour. The
adsorption then attained a final equilibrium adsorption state
after 2 h, which occurs after the asphaltenes are slowly driven
into the pores of the nanocomposites. To further explain the
rate limiting step of the asphaltenes adsorption process, the
Boyd’s diffusion kinetics model was applied. The Boyd’s
diffusion plot was plotted with Bt vs t as in Figure 5. The plots

trace a straight line without passing through the origin or non-
linear plots, the governing factor would be external mass
transfer or film diffusion. The trend in the Boyd’s plot for the
asphaltenes adsorbed onto Cu-BDC and Cu2O traces a straight
line trend avoiding the origin, suggesting that the adsorption
process was governed by film diffusion or external mass
transfer.37

The asphaltenes adsorbed onto the nanocomposites were
desorbed using xylene as solvent and about 45% desorption
could be achieved. The studies were further carried out for 3
cycles and a desorption of 45−43% could be achieved in each
cycle. The lower desorption could be because of the highly
polar nature of the asphaltenes and chemisorption of the
asphaltenes onto the nanocomposites, as suggested by the
adsorption isotherm studies.
Oxidation Studies of Asphaltenes Adsorbed onto

Nanocomposites. Oxidation studies of asphaltenes on the

adsorbent were carried out to evaluate the performance of the
adsorbent in oxidation reaction, which helps in the
regeneration of the adsorbent. The regenerated adsorbents
are then reused in the adsorption studies. Thermogravimetric
analysis (TGA) was performed to evaluate the oxidation
potential of Cu-BDC. The asphaltenes on the Cu-BDC were
prepared with 50% weight loading of the asphaltenes. The
TGA was carried out in air atmosphere with the temperature
ranging from 50 °C to 700 °C. The results obtained from TGA
are depicted in Figure 6 for Cu-BDC assisted oxidation of

asphaltenes. The asphaltenes under study generally had an
oxidation temperature of 530 °C. Although Cu-BDC was
found to adsorb the asphaltenes to a significant extent, there
was no improvement in the oxidation temperature of the
asphaltenes. In fact, Cu-BDC could not maintain its original
MOF form beyond 350 °C before it failed to catalyze the
oxidation reaction of the asphaltenes. From Figure 6 it was
evident that Cu-BDC decomposed at 350 °C and the oxidation
of asphaltenes was unaltered with complete oxidation taking
place at 530 °C. The residual weight in the Cu-BDC assisted
oxidation thermograph represented the copper oxide that
forms during Cu-BDC oxidation. Alternatively, the oxidation
studies of asphaltenes on Cu2O were carried out in the
presence of air over the temperature range of 50 °C to 700 °C.
The oxidation studies were carried out for 10 wt % asphaltenes
loaded onto Cu2O. The weight loss profile was obtained as in
Figure 6. Cu2O oxidized the asphaltenes with complete
oxidation of the asphaltenes observed at 480 °C. The profile
traces a flat line beyond 480 °C, indicating the stability of the
prepared metal oxide at higher temperature. The asphaltenes
oxidation catalyzed by Cu2O was observed to reduce the
oxidation temperature by 50 °C, suggesting that Cu2O is
participating in the oxidation reaction, unlike Cu-BDC. The
improved stability along with the improved thermal tolerance
of the metal oxide outperforms the oxidation catalyzed by the
MOF. Hence, Cu2O is superior to Cu-BDC in the oxidation of
the asphaltenes.

Figure 5. Boyd plot of the asphaltenes adsorption onto Cu2O and Cu-
BDC.

Figure 6. TGA of asphaltenes oxidation against Cu-BDC and Cu2O
assisted oxidation of asphaltenes along with Cu-BDC thermal
degradation profile.
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■ EXPERIMENTAL SECTION
Materials. Copper nitrate trihydrate (Cu(NO3)2.3H2O,

Emplura, Merck India), n-Heptane (C7H16, 99%, LOBA
Chemie India), terephthalic acid (C8H6O4, 98%, Sigma-
Aldrich U.S.A., BDC), dimethylformamide (HCON(CH3)2,
extrapure, Finar India, DMF), and ethanol (C2H5OH,
absolute, Hayman U.K.) were all used without further
purification.
Extraction of Asphaltenes from Bitumen. Asphaltene

extraction was carried out from heavy fraction using n-heptane
in a ratio of 1:40 (1-part bitumen: 40 parts n-Heptane, ASTM
D2007-80).10 The mixture of bitumen and n-heptane was
stirred for 24 h at room temperature and sonicated for an hour.
The asphaltenes were filtrated on Whatman filter paper and
separated from the solution. The wet asphaltenes were then
dried in the hot air oven for 24 h. Furthermore, the asphaltenes
model solution was prepared using 1 g asphaltenes in 1 L of
toluene.
Preparation and Characterization of Nanocompo-

sites. Preparation of Cu-BDC. Cu-BDC was synthesized using
a solvothermal process.25 1 g of BDC was dissolved in DMF
and ethanol (2:1) solvent. 4 g of Copper nitrate was added to
the resulting solution and was completely dissolved to form a
homogeneous solution. The resulting solution was charged to a
Teflon-lined autoclave and maintained at 120 °C for 12 h. The
end product was separated and washed with DMF and distilled
water to obtain Cu-BDC. The Cu-BDC was then dried at 80
°C and used in further studies.
Preparation of Cu-BDC Based Metal Oxide. The prepared

MOFs after washing and drying were used in the preparation
of the MOF based metal oxides. The Cu-BDC was dried in hot
air oven and charged to a split tube furnace for oxidation under
nitrogen atmosphere. The MOF was oxidized at 650 °C for 3
h, and the resulting nanomaterial was then further charac-
terized using XRD and FESEM.
Characterization of Prepared Nanocomposites. The

prepared MOF, CU-BDC was characterized for various
properties using BET surface area analysis, XRD, FE-SEM,
and EDX. The surface area analysis was analyzed in Smart sorb
92/93 instrument using BET adsorption model. XRD of the
prepared materials was carried out in a Rigaku Miniflex 600
(5th gen). The X-ray generation was established by 40 kV and a
current of 15 mA. X-ray generation was performed in the
presence of a nickel filter and the scanning was done from 5−
80°. The FE-SEM and EDX analysis was carried out in a Carl
Zeiss ULTRA 55 instrument.
Adsorption and Desorption Studies of the Asphal-

tenes onto the Prepared Nanocomposites. The batch
adsorption studies were conducted with an asphaltenes model
solution with Cu-BDC and Cu-BDC derived metal oxide as the
adsorbent. The batch adsorption studies included the effect of
adsorbent dosage, the effect of initial asphaltenes concen-
tration, and kinetic studies. The desorption studies of the
asphaltenes adsorbed onto the nanocomposites were carried
out using xylene as the solvent for 3 cycles.
Batch Adsorption Studies. The effect of adsorbent dosage

studies included the variation of nanocomposite dosage from 0
g/L to 25 g/L, a 225 mg/L asphaltenes model solution was
used in the studies and the studies were carried out at 32 °C,
200 rpm, and 24 h reaction time. The batch adsorption studies
data were used to study the Langmuir and Freundlich
adsorption isotherm models. The Langmuir model equation:38

Q Q K C K C( )/(1 )e 0 L e L e= + (1)

where Ce is the concentration of the adsorbate at equilibrium
(mg/g), KL is the equilibrium constant (L/mg), Qe is the
equilibrium adsorption capacity, and Q0 is the maximum
monolayer adsorption capacity.
The Freundlich model equation:39

Q K Ce
n

e f
(1/ )= (2)

where Qe is the equilibrium adsorption capacity (mg/g), Ce is
the concentration of the adsorbate at equilibrium (mg/g), and
Kf is the adsorption coefficient and represents the adhesion
ability of the adsorbate onto the adsorbent.
Effect of Initial Asphaltenes Concentration. The effect

of initial asphaltenes concentration was carried out at 20 mL
asphaltenes solution with 25 g/L adsorbents maintained at 32
°C, 200 rpm for 24 h reaction time. The initial asphaltenes
concentration was varied from 10 to 150 mg/L.
Adsorption Kinetic Studies. The adsorption kinetics

studies were carried out at 32 °C, 200 rpm for a time of 24 h.
The adsorbent dosage was fixed to 1 g/L nanocomposite with
the initial concentration of the asphaltenes solution fixed to
400 mg/L. The kinetic data was interpreted using pseudo first
order and pseudo second order kinetic equation. The linear
form of pseudo first order kinetic equation:40

Q Q Q k tln( ) ln( )te e 1= (3)

The linear form of pseudo second order kinetic equation:41

Q t k Q t Q/(1/ / )t 2 e
2

e= + (4)

where Qe is equilibrium adsorption capacity (mg/g), Qt is the
adsorption capacity at time “t” (mg/g), and k1 and k2 are rate
constants.
The mechanism of the adsorption of asphaltenes onto

MOFs and metal oxides was studied by interpreting the kinetic
data with intraparticle diffusion model and Boyd plot.
The intraparticle diffusion model equation:42

Q k t Ct i= + (5)

where Qt is the adsorption capacity at time “t” (mg/g), and ki is
intraparticle diffusion rate constant (mg/g min0.5).
The Boyd equation:43

B F0.4977 ln(1 )t = (6)

where F (dimensionless) is the fractional adsorption capacity.
Residual Concentration Analysis. The residual concen-

tration from each of the studies was estimated using a
SHIMADZU/UV 1800 SERIES UV−Visible spectrophotom-
eter. The estimation was carried out at 800 nm wavelength
with toluene as reference. The adsorbent was separated from
the residual asphaltenes solution using a centrifuge.
Oxidation Studies of the Asphaltenes over Prepared

Nanocomposites. The prepared materials were further used
in the oxidative degradation of asphaltenes using thermogravi-
metric analysis (TGA). The TGA analysis was carried out in a
TA 55 Discovery instrument (TA Instruments, Austria) under
air supply. The oxidation was carried over the range of 50 °C
to 700 °C during which the weight loss and derivative weight
loss were recorded.
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■ CONCLUSIONS
Asphaltenes are regarded as the cholesterol of petroleum
crude. An increased amount of asphaltenes production can be
seen with heavier crude production. The petroleum and fossil
industries pour in huge sums of money to maintain the
equipment from asphaltenes fouling. The strategy of using
nanotechnology to overcome this problem is fairly new and the
MOFs for this application has not been explored. Reasons to
avoid MOFs could include the thermal decomposition of
MOFs at low temperatures. This makes MOF a one-time use
material. In this work, Cu-BDC MOF and Cu2O derived from
Cu-BDC have been used for the removal and oxidation of
asphaltenes. The comparative study of asphaltene adsorption
on Cu-BDC and Cu2O was found to be monolayer adsorption
following the Langmuir isotherm. As seen in previous studies
of MOFs in adsorption, Cu-BDC was found to have higher
adsorption capacity (123 mg asphaltenes/g adsorbent), in
comparison with Cu2O (28 mg asphaltenes/g adsorbent). The
adsorption kinetics studies on both adsorbents showed that the
adsorption process was pseudo second order, and the
intraparticle diffusion model showed that the process followed
film diffusion at the start, followed by intraparticle diffusion,
and ending with a final equilibrium stage. In addition, the Boyd
plot suggested film diffusion as the rate limiting step. The
oxidation studies of asphaltenes over the adsorbents were
carried out in an air atmosphere. Cu-BDC naturally had no
catalytic behavior because of the low decomposition temper-
ature. However, unlike Cu-BDC, Cu-BDC derived Cu2O
reduced the oxidation temperature by 50 °C without
decomposing. Therefore, the adsorption process was domi-
nated by Cu-BDC, and the oxidation catalysis and thermal
tolerance was superior in Cu2O. In conclusion, the MOFs can
be used for the adsorption of asphaltenes and can be reused in
the form of metal oxides in the adsorption and oxidation of
asphaltenes.
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