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ABSTRACT. This research employed the application of metal organic frameworks (MOFs) of zinc and copper-
based materials in the removal of naphthalene and anthracene. Naphthalene and anthracene adsorption were
investigated with both zinc-benzene-1,4-dicarboxylic (Zn-BDC) and copper-benzene-1,4-dicarboxylic (Cu-BDC)
MOFs. Langmuir, Freundlich and Temkin adsorption isotherms were used to investigate the mechanisms of the
data obtained. Zn-BDC and Cu-BDC MOFs were stable at a wide range of temperatures and they both exhibited
appreciable desorption and regenerating ability. About 97% and 50% removal were recorded for naphthalene and
anthracene, respectively. The great success recorded for naphthalene has been attributed to the tighter fitting
between the pores of the MOFs materials and naphthalene, as naphthalene molecules are less sterically hindered as
compared to anthracene. Desorption and reusability result showed that both MOFs materials demonstrate high
regeneration capacity, and the reuse of the materials proved effective for three batch adsorption process.
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INTRODUCTION

Various methods and approach have been utilized in the removal of pollutants like polycyclic
aromatic hydrocarbons, PAHs (fluorene, anthracene, naphthalene, etc.) and heavy metals from
aqueous solutions [1-4]. These include solvent extraction, ion exchange filtration and membrane
separation, reverse osmosis, chemical precipitation and coagulation. These methods are known
for one limitation or the other, ranging from incomplete removal, high energy consumption,
reagents cost, disposal of large volume of organic solvents and inefficiency when the metal
concentrations are 10 mg/L [5].

PAHs enter the environment through various routes and they usually contain two or more
compounds [6]. They are products of incomplete combustion ether through natural or manmade
combustion sources during biological processes [7, 8]. Impacts of PAHs on human health are
numerous as documented in the literatures, although, the effects of individual PAHs vary from
each other, they are not the same. It has been confirmed that PAHs can pose carcinogenic and
mutagenic effects on human and they are potent immunosuppressants [9]. Adsorption process is
a promising alternative technique that is free from the shortcomings of the earlier techniques
[10-12]. Adsorbents from natural or modified materials and synthetic origin are subject of recent
research efforts. These adsorbents include activated carbon from agricultural products [13-15],
clay and clay materials [16], oxides of iron [17], and metal organic frameworks, MOFs [18, 19].
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The American Conference of Governmental Industrial Hygienist set the time-weighted
average (TWA) to which occupational exposure to polycyclic aromatic hydrocarbons is deem
save at 0.2 mg/m’ for a normal 8 hours’ workday and 40 hours’ workweek, and maximum
contaminant level (MCL) in water was set at 0.0001-0.0004 mg/L with respect to the toxicity of
the PAHs involved [20]. Naturally occurring anthracene and naphthalene usually result from
incomplete combustion of organic matters such as tobacco smoke, coal, oil spillage, and refuse
combustion [21]. PAHs are toxic and carcinogenic, the most notable effect of PAHs toxicity to
humans is cancer. Many cases of lung, skin, and bladder cancers and developmental and
reproductive toxicity have been reported [22].

Owing to their relatively low solubility in water and high affinity for particulate matter, they
are not commonly dissolved in water but are appreciably adsorbed on particles in the water [23].
Metal organic frameworks (MOFs) are compounds consisting of metal ions or clusters
coordinated to rigid organic molecules, they consist of two major components and these are: the
central metal atom and the organic molecule which is known as the ligand. MOFs represent a
promising new class of porous crystalline solids because they can be designed in such way as to
have some of the largest pore volumes and highest surface areas known. In most cases, most
MOFs exhibit permanent porosity and can be thermally stable to about 300 °C [24].

MOFs have cut the attention of many researchers over the years because of its significant
advantages over other more traditional adsorbents. Some features of MOFs had made possible
its synthetic modification of the ligand either before or even after the MOF has been prepared.
In making MOF materials, the combination of metal centers and organic linkers is unlimited,
making it possible for a wide variety of MOFs materials to be synthesized [12, 25, 26].
Consequently, with respect to zeolites, the structures and physical properties of MOFs can be
controlled to a far greater extent.

MOFs are fabricated by connecting metal ions to organic linkers thereby forming a 3D
porous framework and possessing various features, amongst are; surface area, uniform turnable
size, flexible structure and functionalizing pores. For this study, the MOFs were chosen as a
result of the void volumes and diameters of channels reported in ZnBDC and CuBDC which
allows small to medium sized organic compounds both to diffuse through channels and to be
covalently appended to reactive groups on the walls of the channels [12, 19, 27, 28]. The above-
mentioned characteristics make CuBDC and ZnBDC as potential candidates for application as
adsorbents. Anthracene and naphthalene were chosen for this study owing to their toxicity
problems, hydrophobic nature, similar dimension to that of MOFs with increasing dimensions
thus making it suitable to study the surface interaction [11]. It is specifically these pore
properties that allow MOFs to be potentially useful for volume specific applications such as
adsorption, separation and purification. In the past, researchers have focused on developing the
synthetic methodology necessary to synthesize MOFs but in the last decade to the present time,
the focus of research on MOFs has shifted towards investigating the porous behavior of MOFs
and their applications as efficient host materials [29]. One important area that is beginning to be
explored is sorption of molecular guests and also to examine whether MOFs exhibit selectivity
toward sorption of certain types of organic compounds and determine the origin of that
selectivity.

The adsorption mechanism is pH dependent, the level of adsorption of the PAHs at acidic
pH levels were low compared with that of the neutral and basic pH. The PAHs being organic in
nature attaches more readily with the adsorbent at neutral and basic pH. This can be attributed to
the fact that the MOFs being positively charged will be more repulsive to other species in acidic
medium as compared to when it’s in a neutral or basic medium which allows its surface to be
able to attract other species.
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Mechanism of adsorption
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Scheme 1. Adsorption scheme.

EXPERIMENTAL
Chemical and reagents

In the research herein, zinc nitrate hexahydrate [Zn(NO;),.6H,0], copper nitrate trihydrate
[Cu(NOs3),.3H,0], 1,4-benzene-1,4-dicarboxylic, N, N-dimethylformamide (DMF) and triethyl-
amine (TEA) obtained from Sigma Aldrich. The chemicals were of analytical grade and were
used without further purification.

Instrumentation

The instruments used in this study includes; atomic absorption spectrophotometry (AAS, model
210 VGP) to determine the concentration of the heavy metals solutions before and after
adsorption. For the characterization study of the MOFs: the samples were observed by a
scanning electron microscope (SEM, TESCAN from the Czech Republic) with a Vega 3Xmn
software and SEM/EDX with INCA software. FT-IR (Spectrum 100; Serial No: 84460 from
PerkinElmer) spectrometer in the attenuated total reflectance (ATR) mode (Universal ATR
sampling Accessory, PerkinElmer) was used for the FTIR analysis. XRD analysis was
performed with aid of X’Pert Philips X-ray Diffractometer and XRD, Rigagu Ultima IV from
Japan. The Transmission electron microscopy (TEM) was carried out using TESCAN, Vega 3
XMU from Czech Republic.

Choice of MOFs and synthesis of MOF's

As a general requirement for sorption of guest molecules to occur, MOFs should have pore
channels with dimension large enough to allow guest molecules to diffuse through them. In
view of this, the MOFs that were used for this research work was selected due to their high
porosity, appreciable surface area and high affinity for the guest molecules [31]. Scheme 1
shows the reaction scheme for the formation of ZnBDC and CuBDC. The copper-benzene-1,4-
dicarboxylic acid and zinc-benzene-1,4-dicarboxylic acid metal-organic frameworks were
synthesized using the method described by Tella ef al. [11].

Effect of initial concentration of PAHs

The adsorption of the PAHs (naphthalene and anthracene) by MOFs was studied over a
concentration of 10-100 mg/L. The effect of the initial concentration was studied by shaking
0.025 g of MOF's and 25 mL of the PAHs solutions in different flasks. The flasks were agitated
for two hours with a constant speed of 265 rpm. After the adsorption step, the solution was
separated from the adsorbent by centrifugation and the final concentration of the PAHs in the
solutions was analyzed using UV-Visible spectrometer at the appropriate A, [32].
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Effect of adsorbent dose

A 25 mL of the working solutions was put in different bottles. 0.01, 0.02, 0.03, 0.04 and 0.005 g
of MOFs was added in each bottle. All the bottles were kept inside the shaker at 265 rpm and 32
°C for 120 min. The flasks were thereafter withdrawn from the shaker and the solution was
separated from the adsorbent by centrifugation. The absorbance of all the solutions were then be
measured and a graph of amount adsorbed (ge) vs. adsorbent dose D was obtained.

_ (Co-Ce)v
= Q)
where, ¢, is the amount of PAHs adsorbed, Cjis the initial PAHs concentration (mg/L) and C, is
the final PAHs concentration (mg/L).

Effect of contact time

A working solution of 25 mL was measured in a conical flask. The mixture was then placed on a
shaker at 265 rpm and 32 °C for 30, 60, 90, 120, 150, 180 and 210 min after which the flasks
were withdrawn from the shaker. The solution was separated from the adsorbents by
centrifugation and the absorbance of the solutions was measured. A graph of q. vs contact time
was obtained.

Effect of temperature

A mass of 0.025 g of MOFs was weighted and introduced into 25 mL of the working solutions
in different bottles. The mixture was placed in a shaker at a speed of 265 rpm for 120 min over
the temperature range of 32-70 °C. The bottles were withdrawn from the shaker, the solution
separated from the adsorbents by centrifugation and the absorbance of the solutions was
measured. A graph of quantity adsorbed q. vs temperature (t) was plotted [33].

Effect of initial pH

As in the preceding paragraph, a mass of 0.025 g of the MOFs was weighed and added into 25
mL solution of PAHs (naphthalene and anthracene). The solution pH was adjusted to a desired
value within the range of 2, 5, 7, 9 and 12 by the addition of 0.01 M HCI or 0.01 M NaOH. The
mixture was agitated at the speed of 265 rpm for 120 min. After the adsorption step, the solution
was separated from the adsorbents by centrifugation and the final concentration of the PAHs in
the solution was analyzed using UV-Vis spectrometer.

Regeneration and desorption studies

The normal sorption procedure was carried out using 0.025 g of MOFs material in 25 mL of
PAHs solutions the mixture was shaken for 120 min and adsorbent was separated from the
solution by centrifugation, the solution was analyzed for PAHs while the residue was used for
desorption experiment as follows:

A 25 mL of different concentrations of HCI (0.1, 0.2, 0.5 and 1.0 M) was added to the
residues in different conical flasks, each mixture was shaken for 120 min and then separated by
centrifugation. The filtrate was analyzed for the amount of PAHs released back into the solution.
This sorption and desorption processes was repeated on the same sample for three more times.
The quantity sorbed or desorbed was then calculated using the formula:

(Co-Ce)V
RC @

A graph of the quantity desorbed was plotted against the steps of the desorption process for the
different ionic strengths [34].
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RESULTS
Sorption results

This study investigated the removal efficiency of PAHs from laboratory samples, comparison of
the effectiveness of PAHs; naphthalene and anthracene; removal employing two different metal-
organic frameworks (MOFs); Zn-BDC and Cu-BDC. The optimum concentration, contact time,
pH, adsorbent dose and temperature that favors the removal of naphthalene and anthracene were
determined. Finally, desorption and regenerating ability of the utilized MOFs were carried out.

The two adsorbates had the optimum adsorption between 80 and 100 mg/L (Figure 1A).
However, naphthalene had the higher adsorption when compared to the adsorption of
anthracene. As the concentration is increased the adsorption characteristics also increases.
Figure 1A, 1B shows the effect of adsorbents dosage and the effects of initial concentration on
adsorbate using Cu-BDC and similar trend to Zn-BDC were observed [35]. Naphthalene had
higher adsorption when compared with anthracene. Higher adsorption was observed at 210 min
for naphthalene, while anthracene had the highest adsorption at 120 min. Figure 1C shows the
effect of time on adsorbate using Cu-BDC. Similar trends as Zn-BDC were observed.

The temperature effect on adsorption shows a similar trend with naphthalene. Figure 1D
shows a steady increase in sorption of naphthalene within the range of 32 and 60 °C.
Naphthalene recorded a higher adsorption when compared with anthracene. However, the
adsorption of naphthalene increased at the pH of 2 and decreases as the pH increases. The
adsorption of anthracene was higher at pH of 7 and decreases as pH increases. Figure 1E shows
the effect of pH on adsorbate using Cu-BDC. Naphthalene had the higher adsorption when
compared with anthracene. However, the adsorption of naphthalene and anthracene was high at
the pH of 7 and decreases as the pH increases.
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Figure 1. A = Effect of initial concentration on adsorbate using Zn-BDC and CuBDC MOFs. B
= Effect of adsorbent dosage on the removal of naphthalene and anthracene from
solution using ZnBDC and CuBDC MOFs. C = Effect of time on adsorbate using Zn-
BDC and CuBDC MOFs. D = Effect of varying temperature on adsorbate using Zn-
BDC and Cu BDC MOFs. E = Effect of varying pH on adsorbate using Zn-BDC and
Cu BDC.
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Adsorption isotherm
Langmuir
The data obtained from the adsorption process for naphthalene and anthracene with Zn-BDC
and Cu-BDC MOFs over the concentration range of 10-100 mg/L at 32 °C has been correlated

with the Langmuir isotherm. A graph of C./q, versus C, was plotted (Figure 2), and a linear plot
was obtained.
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Figure 2. Plot of Langmuir adsorption isotherm, where q,,,, is the Langmuir constant related to
monolayer adsorption capacity, K; is the Langmuir constant related to affinity of
adsorbent towards the adsorbate and R is regression coefficient.

Temkin

The data obtained from the adsorption process for naphthalene and anthracene with Zn-BDC
and Cu-BDC MOFs over the concentration range of 10-100 mg/L at 32 °C has been correlated
with Temkin isotherm. A graph of g, versus In Ce was plotted and a linear plot was obtained.

Freundlich

The data obtained from the adsorption process for naphthalene and anthracene with Zn-BDC
and Cu-BDC MOFs over the concentration range of 10-100 mg/L at 32 °C has been correlated
with Freundlich isotherm. A graph of log q. versus log C, was plotted and a linear plot was
obtained.

From the regression coefficient values (R”) as depicted on Table 1, the adsorption data
obtained from this study fitted best into the Langmuir adsorption isotherm. This is indicative of
the fact that the adsorption process is more of monolayer sorption than heterogeneous energy
distribution.

Table 1. Comparison of the R? values obtained for the adsorption process.

Parameters Naphthalene Anthracene
MOFs Zn-BDC Cu-BDC Zn-BDC Cu-BDC
Langmuir 0.9957 0.9937 0.9953 0.9817
Freundlich 0.9673 0.9633 0.9083 0.9201
Temkin 0.9353 0.9372 0.943 0.9476
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Kinetic model

The adsorption process was carried out at different contact time to determine the amount of
anthracene and naphthalene adsorbed by the Cu-BDC and Zn-BDC MOFs. The data obtained
was subjected to the pseudo first order and pseudo second order kinetic models.

Pseudo first order kinetic model

The adsorption data were tested with the pseudo first order kinetic model which is represented
by the equation: log[q.-qt] = log[q.]-[k;/2.303]t. A plot log (q.-qt) against time was done and
the value of the first order kinetic constant (k;) was calculated (Table 2) [36].

Table 2. The pseudo first order kinetic model parameters and the value obtained for the sorption of
naphthalene and anthracene by Zn-BDC and Cu-BDC.

Parameters Naphthalene Anthracene
MOFs Zn-BDC Cu-BDC Zn-BDC Cu-BDC
R’ 0.8913 0.9817 0.9131 0.9791
Qetexp) 87.2 84.8 52.19 52.36
Qofeale) 40 29.70 38.69 33.95
K, 0.0029 0.000608 0.003 0.0024

The regression coefficient values (R”) show that applicability of the kinetic model to the
adsorption process. The values obtained (Table 2) shows that the pseudo first order kinetic
model is not suitable for the sorption of naphthalene and anthracene by Zn-BDC and Cu-BDC.

Pseudo second order kinetic model
The adsorption data were tested with the pseudo second order kinetic model which is
represented by the equation: t/qt = 1/k,q” + [1/q.]t. A plot t/qt against time was done and the

values of the second order kinetic constant (k,) was calculated.

Table 3. The pseudo second order kinetic model parameters and the value obtained for the sorption of

naphthalene and anthracene by Zn-BDC and Cu-BDC.

Parameters Naphthalene Anthracene
MOFs Zn-BDC Cu-BDC Zn-BDC Cu-BDC
R’ 0.9933 0.9731 0.9776 0.9811
Je(exp) 87.2 84.8 52.19 52.36
Ge(cale) 92.59 90.9 67.11 62.11
K> 0.055 0.041 0.204 0.026

The regression coefficient values (R®) show that applicability of the kinetic model to the
adsorption process. The values obtained shows that the pseudo second order kinetic model
(Table 3) is suitable for the sorption of naphthalene and anthracene by Zn-BDC and Cu-BDC.

Thermodynamics studies
The adsorption process was carried out at different temperatures to ascertain the temperature

effect on the amount of naphthalene and anthracene adsorbed by the Cu-BDC and Zn-BDC
MOFs (Table 4 and 5). The values of AH and As were calculated as follows:
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InK = _Rﬁ X % + %S

where slope = —AH/R and intercept = ~AS/R.

AG = AH — TAS

where R = gas constant, AS = entropy, AH = enthalpy and T= temprature.

Table 4. Thermodynamic parameters and the value obtained for the sorption of naphthalene by Zn-BDC

and Cu-BDC.
Temperature Naphthalene
(K) Zn-BDC Cu-BDC
AG (kJ/mol) | AH (kJ/mol) | AS (kJ/mol) | AG (kJ/mol) | AH (kJ/mol) | AS (kJ/mol)

305 -0.00938 +0.00249 0.03076 -1.695 -251.5 +4.734
315 -0.00968 -1.743

325 -0.00999 -1.790

335 -0.0103 -1.837

345 -0.0106 -1.885

Table 5. Thermodynamic parameters and the value obtained for the sorption of anthracene by Zn-BDC and

Cu-BDC.
Temperature Anthracene
XK) Zn-BDC Cu-BDC
AG (kJ/mol) | AH (kJ/mol) | AS (kJ/mol) | AG (kJ/mol) | AH (kJ/mol) | AS (kJ/mol)

305 -0.0109 +0.0003325 +0.03575 -3.348 +378.1 +12.22
313 -0.0111 -3.345

323 -0.0115 -3.568

333 -0.0119 -3.690

Re-usability test

Both Zn-BDC and Cu-BDC demonstrated great stability for successive batch sorption processes
(Table 6). This suggests that the MOFs have excellent recovery and re-usability capacity in most
cases. The trend shows that the sorption capacity of the MOFs decreases with each batch
process. The sorption capacity was observed to have drastically reduced after the third reuse.
The trend can rather be attributed to pore channels being occupied by foreign molecules other
than structural collapse of the MOFs materials [37].

Table 6. Reusability of MOFs for batch adsorption processes.

Parameter Naphthalene Anthracene
MOFs Zn-BDC Cu-BDC Zn-BDC Cu-BDC
1 87.56% 84.25% 49.95% 52.01%
2 87.25% 75.35% 49.24% 50.98%
3 84.25% 75.15% 38.13% 51.18%
Table 7. Comparisons of adsorption capacities with literature.
Adsorbate Adsorbents Qm (mg.g") References
Anthracene ZnBDC, CuBDC 500 This study
Naphthalene ZnBDC, CuBDC 970 This study
Anthracene ZnBDC 22.73 [11]
Anthracene NiBDC MOF 330 [38]
Phenanthrene NiBDC MOF 910 [38]
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DISCUSSION
Effect of initial PAHs concentration

The sorption performance of the Zn-BDC and Cu-BDC MOFs was examined by varying the
initial concentration of PAHs over the ranges of 10 mg/L. All other parameters were kept
constant at pH of 7, temperature of 32 °C, 0.025 g of adsorbent and 180 min contact time. The
adsorption of the PAHs was observed to increase generally with increase in the concentration of
the PAHs initially until a fairly constant adsorption of the PAHs with further increase in the
concentration of PAHs was reached (Figure 1A). Compared to adsorption of anthracene (50%),
the adsorption of naphthalene (97%) proved more favorable with both Zn-BDC and Cu-BDC
MOFs. The adsorption capacities values were compared with what obtained in the literature
(Table 7), the results obtained in this study shows that the synthesized MOFs is a good potential
adsorbent for removal of anthracene and naphthalene, respectively. This observation can be
accounted for by the fact that the tighter fitting between the pores of the MOFs materials and the
simpler (double rings) and smaller molecules of naphthalene compared to anthracene.

Figure 1B shows the effect of adsorbent dose on adsorbate using Zn-BDC and CuBDC. For
ZnBDC, Naphthalene recorded the higher adsorption when compared with anthracene.
However, the adsorption of naphthalene increases as the adsorbent increases up to 0.03 g and
decreases as the adsorbent dose was further increased. In the case anthracene, the adsorption
decreased as the adsorbent dose increased from 0.01 g to 0.05 g. Generally, anthracene showed
a more steeply decrease in comparison with naphthalene which showed a relatively constant
behavior from 0.02 g to 0.05 g for Cu-BDC. Naphthalene recorded a higher adsorption when
compared with anthracene. However, the adsorption of naphthalene increased slightly as the
adsorbent dose increases up to 0.025 g and decreases as the adsorbent dose was further
increased to 0.05 g. Anthracene was better adsorbed with 0.01 g Cu-BDC, as the adsorbent dose
was increased the adsorption characteristics decreases. This is similar to the reported work [35].

Effect of contact time

Effect of contact time was studied to measure the rate at which the PAHs are binds and removed
from the surface of the MOFs. The effect of contact time for naphthalene and anthracene were
studied at pH 7, temperature of 32 °C, 0.025 g of the adsorbent and a concentration of 100 mg/L.
The contact time was varied in the range 30, 60, 90, 120, 150 180 and 210 min. An initial
increase in the amount of PAHs adsorbed was observed with increase in time until an
equilibrium characterized by a slight decrease was reached. Figure 1C show the effect of the
contact time on PAHs and the MOFs. This is in-line with the reported work [36]. Naphthalene
had higher adsorption when compared with anthracene. Higher adsorption was observed at 210
minutes for naphthalene, while anthracene had the highest adsorption at 120 min.

Effect of temperature

To determine whether the adsorption process is exothermic or endothermic in nature, the
adsorption capabilities of the MOFs was studied over a range of temperature. The temperature
range considered for this study is 32, 42, 52, 62 and 72° C respectively at a pH of 7, 0.025 g of
adsorbent, 100 ppm PAHs (naphthalene only) concentration and 180 minutes’ contact time. A
slight and steady increase in the sorption capacities of the two MOFs was observed throughout
the temperature range studied for this work (Figure 1D). This is indicative of the fact that the
two MOFs are very stable over this temperature range. The slight increase in the sorption
capacity of the MOFs with increasing temperature can be attributed to lower bonding energy
required for bond formation between the adsorbent and the adsorbate. This agrees with the work
done by [35].
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Effect of pH

pH is one of the major factors affecting the adsorptive capabilities of PAHs. The adsorption
characteristics of naphthalene and anthracene were studied at various pH values ranging from 2,
5,7,9 and 12 at a temperature of 32 °C, 0.025 g of adsorbent, 100 mg/L of PAHs concentration
and 180 min contact time. The result shows that the optimum pH for adsorption of PAHs by Zn-
BDC MOFs is pH 2 for naphthalene and pH 7 for anthracene thereby showing that naphthalene
was optimally adsorbed (Figure 1E). However, for Cu-BDC MOFs the values obtained shows
that naphthalene was optimally adsorbed at a pH of 9 and anthracene at a pH of 12. The better
performance of the MOFs at basic pH may be explained on the basis of a decrease in the
competition between proton (H') and the positively charged surfaces as it decreases the positive
charge.

Isotherms

The regression coefficient values (R®) show the applicability of the isotherm to the adsorption
process. The values obtained shows that the Langmuir isotherm is suitable for the adsorbents
studied.

CONCLUSION

Required MOFs; zinc and copper MOFs of benzene-1,4-carboxylic acid were applied in this
study. The materials stability was credible over a wide temperature range and used in the
removal of naphthalene and anthracene. The sorption process was found to be more favorable
with both Zn-BDC and Cu-BDC MOFs. Based on the R” values, the investigational data
correlated reasonably well by the Langmuir, Freundlich and Temkim adsorption isotherms and
the isotherm parameters were calculated. The values of AH®, AS° and AG?® results shows that the
MOFs employed have a considerable potential as an adsorbent for the removal of PAHs
pollutants.
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