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and Muslim Abdurrahman

Abstract Comparative adsorption of acenaphthene onto UiO-66 and ZIF-8 metal-
organic frameworks (MOFs) were investigated. Response surface methodology
(RSM) was employed for the process optimizations according to the central
composite design (CCD) with 5 inputs variables. The adsorption efficiency achieved
were 99.7 and 60.7% for the Ui0-66 and ZIF-8, respectively according to the RSM
optimization conditions. The model was significantly described according to statis-
tical analysis of variance (A'IDVA). The adsorption process was well fitted by
pseudo-second order kinetic model with R? values of 0.9947 and 0.97780 for the
UiO-66 and ZIF-8, respectively.
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1 Introduction

Pollution caused by the presence of organic contaminants inenvironmental waters has
been a disturbing phenomenon affecting the peaceful existence of living organisms.
Acenaphthene, a member of Polycyclic aromatic carbons (PAHs) heavily found in
crude oil and coal [1, 2]. It consisted of naphthalene connected by the ethylene at
position 1 and 8 (Fig. 1). Italso occurs in small quantity as a result of biomass decay
[3]. It has found variety of applications in industrial processing as a precursor and
intermediate material for the production of products such as dyes production, plastics,
insecticides, fungicides and other manufacturing processes [4, 5]. It 1s an important
component incoal tar for road and highway constructions and as preservative in wood
industries [6]. It i1s among the most prominent organic pollutant ubiquitously found
in environmental waters [7]. It 1s resulted from oil spillage, effluents discharged
from petroleum and petrochemical industries, coal conversion process, urban air
due to automobile exhaust and cigarette smoke, as well as municipal wastewater
due to the soil surface and street asphalt runoff [8, 9]. It is relatively insoluble in
water (0.4 mg/100 mL), thus easily transported into the water bodies. Findings have
shown the presence of acenaphthene in various ground and surface waters. It is
recalcitrant to atmospheric degradation, thus undergoes bioaccumulation in the soil
and sediments and subsequently consumed by the plants and aquatic organisms
[10]. It was known to cause significant impact to both plants and animals due to its
toxic and hazardous effects such as eye and skin irritations, lungs cancer and other
respiratory complications [11, 12]. It was listed among the priority PAHs organic
pollutant according to USEPA. Thus, essentially required to be eliminated from
environmental waters.

Adsorption process have been recognized as an alternative wastewater remedia-
tion technology. It is a low-cost and environmental-friendly technique for variety of
pollutants removal from the water. The availability of various natural and synthetic
adsorbents matenals for both organic and inorganic pollutants removal has been
capitalized as the way forward compared to other water treatment technologies such
as coagulation, reverse osmosis and enzymatic degradation processes [13, 14]. Thus,
various adsorbents from natural and sources such asbiomass [15], clays, soil and sand
particles [16], etc., have been well reported for the acenaphthene adsorption from
environmental waters. Despite showing lots of promise in water treatment, most of
these adsorbents are not suitable for PAHs removal from water due to the low specific

Fig.1 Chemical structure of
acenaphthene
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surface area and pore volumes of the adsorbents [17]. The use of synthetic materials
such as activated carbons [18], biochar [19], carbon nanotubes, graphene [20], and
silica have also been reported. However, AC is not suitable for organic pollutant
removal at low concentrations.

Advancement in materials sciences have p;wg the way for the invention of new
classes of materials with versatile applications. Metal-organic frameworks (MOFs)
are among the most advanced materials that attracted the attention of researchers
from scientific and engineering fields. They are comprised of coordination sphere
made from interaction of metal-ion with organic moieties, forming extensive crys-
talline frameworks [21, 22]. They acquired unique properties such as exceptionally
high porositi@s, mechanical and thermal strength [23, 24]. Thus, they have found
tremendous applications in various fields such as carbon dioxide capture, energy
storage, sensors, drug delivery, catalysis and wastewater remediations [25, 26]. They
offered promising applications as super adsorbents for both organic and inorganic
pollutants removal from water [27-29], due to their ultrahigh porosities and good
stabilities.

This work 1s thus aimed at adsorption of acenaphthene from aqueous medium
using U10-66 and ZIF-8 MOFs. They were chosen due to their high BET surface
area and pore volumes as well as their stabilities in both aqueous and organic
phases. Response surface methodology (RSM) was used for the experimental design
using central composite design (CCD). The kinetics of the adsorption process was
evaluated, and the reusability of the MOFs was studied.

2 Materials and Methods

The materials purchased in this work were analytically graded and thus were used
as received. Acenaphthene standard (99% purity), ZIF-8 (99% purity) zirconium
tetrachloride (99.99% purity). terephthalic acid (97% purity) obtained from Sigma
Aldrich (USA), and supplied by Avantis Laboratory, Malaysia.

2.1 Synthesis and Characterizations of the MOFs

U10-66 was synthesized and characterized according to the procedure reported in
our previous work [30]. While ZIF-8 was commercially purchased.
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2.2 Preparation of the Stock Solution

The acenaphthene stock solution was prepared in acetone by using 10 mg of the
standard in 100 ml volumetric flask to make a solution of 100 mg/L.. Working solution
was prepared from the stock solution in double deionized water using serial dilutions.

2.3 Synthesis of the MOFs

Batch adsorption experiment was designed by the RSM s@itware (Design Expert 11)
using full factorial CCD comprises of 5 input variables: contact time (min), dosage
(mg), concentration (mg/L), pH and temperature (°C) with 5 cen@ points. The
adsorption was conducted using 30 mL of the acenaphthene solution 1n an incubator

aker (Incubator ES 20/60, bioSan) at 200 rpm. The sample was analyzed using

V-visible spectrophotometer (GEINESYS 30) analysis at 220 nm. The responses
were determined as the percentage adsorption efficiency achieved by the UiO-66 and
ZIF-8 MOFs accordingly to the formula:

Cy—C,
%R = ——— % 100 (1)
()]

And the amount of the acenaphthene adsorbed onto the MOFs at certain time (qt)
and equilibrium (ge) were determine from the formula:

(G =CYV
w

(2)

i

(Co—Co)V
e = ——— (3)
w
where Cy, C; and C.@@re the initial, time and equilibrium concentrations (mg/L),
respectively, w 1s the weight of adsorbent (g), and V is the volume of the solution
(L).

3 Results and Discussion

3.1 RSM Optimizations for Acenaphthene Adsorption
onto UiO-66 and ZIF-8

The synthesis of U10-66 was achieved using solvothermal technique described in our
previous studies [30], while ZIF-8 was commercially purchased. The BET surface
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area of the MOFs were 1421 m*/g and 1299 m*/g, while the pore volumes were 0.91
and 0.60 m?/g for the Ui0-66 and ZIF-8, respectively.

The adsorption studies for the removal acenaphthene were thus conducted using
both U10-66 and ZIF-8. The experimental conditions were determined by the CCD
consisting of 5 parameters input variables with 47 number of experimental runs as
described in Table 1. The adsorption efficiency of the two MOFs were determined
according to each set of the experimental conditions given. The adsorption efficief@y
of U10-66 was found to be much higher than that of ZIF-8, which was attributed the
higher surface area and pore volume of the MOF [31, 32]. Thus, the highest removal
efficiency achieved was 99.7% and 60.7% according to the described multi-variate
conditions given in Fig. 2a,b for both Ui10-66 and ZIF-8, respectively.

The corresponding 2-dimension (2D) and 3-dimension (3D) graphs for the RSM
optimizations of the ads@@ption process. According to the Fig. 2. the adsorpti
efficiency was shown to increase with increase in the dosage of the MOFs due to
the increase in the available number of adsorption sites on the surface of the MOFs.
Ui0-66 has shown to efficiently adsorbed larger organic molecules such as dyes and
pharmaceuticals from aqueous solutions, attributed to its potential breathing capacity
[33], high porosity [34], hydrophobicity and extensive stabilities in both organic and
aqueous medi [35]. Similarly, the adsorption efficiency was increase with the
increasing the contact time for the adsorption due to the increase in the interaction
of the acenaphthene with the surface of the MOFs.

The model fittings were described by the analysis of variance (ANOVA) as
presented in Table 2 according to the Fischer test (F-test) and p-values (probability
> F) with 95% confidence level for the input variables. The overall model p-values
were significant (< 0.0500), with F-value of 33.44 and 126.34 for the U10-66 and
ZIF-8, respectively. The significant terms for the adsorption and parameters combi-
nation were A, B, C, D, AD, A% and A B, C, D, AB, BD, A? for the UiO-66 and
ZIF-8 respectively. The significance of the model was also described by the reason-
able agreements between the adjusted R? (0.9338 and 0.9820 for UiO-66 and ZIF-8,
respectively) and predicted R? (0.8733 and 0.9638 for UiO-66 and ZIF-8, respec-
tively) values with less than 20% differences. The lack of fit test for the replicated
design point@f the residual errors against the pure errors for the model were 0.1915
and 0.5840. The adequate precision of the model was 17.3082 and 32.6708 for the
Ui0-66 and ZIF-8, respectively, implying that the model can be used to navigate
the design space for the adsorption studies. The scatter plots (Fig. 3) have shown
significance of the model in terms of good agreement between the experimental and
predicted adsorption efficiencies. Thus, RSM model was significant for the design
optimizations of acenaphthene adsorption onto U1O-66 and ZIF-8.

3.2 Contact Time and Kinetics Study

The uptake of acenaphthene by the Ui10-66 and ZIF-8 MOFs were studied. Adsorp-
tion experiment was studied using the optimized RSM data. Figure 4 highlighted the
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Table 1 RSM optimizations for acenaphthene adsorption onto UiO-66 and ZIF-8 MOFs

Name Units Low High — Alpha + Alpha
A Time min 25 0 35
B: @osage mg 5 2
Egncentraﬁun mg/L 1 3 0
D: pH 2 6 0
E: Temperature "C 25 35 20 40
Std | Run | Factor | Factor 2 | Factor 3 Factor | Factor 5 Response | Response
1 4 1 2
Time |Dosage |Concentration |pH Temperature | UiO-66 ZIF-8
(%eR] (%eR)
min mg mg/L C
1 1 5 3 1 2 25 67.3 0.2
3 2 5 5 1 2 25 77.1 335
22 |3 25 3 3 2 35 84.2 50.2
24 |4 25 5 3 2 35 97.5 53.6
14 |5 25 3 3 i 25 96.1 51.2
16 |6 25 5 3 i 25 98.4 55.2
6 |7 15 6 2 4 30 87.4 45.7
45 |8 15 4 2 4 30 85.2 443
5 |9 15 2 2 4 30 72.2 42.1
5 10 3 3 2 25 585 29.6
17 |11 3 1 2 35 63.2 3l5
20 (12 |25 5 1 2 35 98.5 574
42 |13 15 4 2 4 40 79.3 44.4
7 14 |5 5 3 2 25 58.6 338
46 |15 15 4 2 4 30 79.1 43.6
il |16 5 3 6 35 56.3 324
i3 |17 4 2 4 30 54.2 32.1
26 (18 |25 3 1 i 35 95.5 56.3
28 (19 |25 5 1 i 35 97.1 57.2
32 (20 |25 5 3 i 35 92.4 554
43 |21 15 4 2 4 30 77.3 43.7
39 (22 15 4 2 10 30 76.2 44.2
18 (23 |25 3 1 2 35 94.3 56.3
25 (24 |5 3 1 6 35 55.7 335
M (25 |35 4 2 4 30 99.7 60.7
2 260 |25 3 1 2 25 94.1 56.4
41 |27 15 4 2 4 20 76.5 44.5

(continued)
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Table 1 (continued)

Std | Run | Factor | Factor 2 | Factor 3 Factor | Factor 5 Response | Response
1 4 1 2
Time |Dosage |Concentration |pH Temperature | UiO-66 ZIF-8
(%R) (%eR)
min mg mg/L C
10 |28 25 3 1 6 25 98.5 56.7
27 |29 5 5 1 6 35 57.2 M8
4 30 25 5 1 2 25 99.1 57.5
8 31 25 5 3 2 25 97.8 55.4
11 |32 5 5 1 6 25 59.5 35.1
29 |33 5 3 3 6 35 56.4 325
15 |34 5 5 3 6 25 583 333
47 |35 15 4 2 4 30 T 442
30 |36 25 3 3 6 35 92.6 5.6
21 |37 5 3 3 2 35 56.4 323
23 |38 5 5 3 2 35 58.4 33.6
38 |39 15 4 4 4 30 T3.5 43.6
44 140 15 4 2 4 30 T3 452
(3] 41 25 3 3 2 25 91.5 53.7
12 |42 25 5 1 6 25 98.5 55.2
9 43 5 3 1 6 25 55.4 335
40 |44 15 4 2 8 30 T3 46.3
19 |45 5 5 1 2 35 56.4 352
13 |46 5 3 3 [ 25 554 33.4
37 |47 15 4 5 4 30 75.2 432

ﬁfcct of contact time for the adsorption process. Sudden adsorptiorg@f the acenaph-
thene was observed at the onset of the experiment, attributed to the higher BET
surface area of the MOFs [36]. The equilibrium of the adsorption was attained within
30 min with the MOFs achieving equilibrium adsorption capacities of 23.814 mg/g
and 14.627 mg/g for UiO-66 and ZIF-8, respectively. The adsorption efficiency
achieved at equilibrium 's 99.23% and 60.95% for U10-606 and ZIF-8, respectively,
confirming the superior adsorption capacity of UiO-66 and its higher porosities as
previously reportg@in our studies [37].

To understand the mechanism and the rate controlling step for the process, the
adsorption data for the U10-66 and -8 effect of contact time was kinetics models
was treated by the kinetics models of pseudo-first order (Eq. 4), pseudo-second order
(Eq. 5), intra-particle diffusion (Eq. 6) and Elovich (Eq. 7) models linearly expressed
as.
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Fig.2 2D and 3D RSM plots for the adsorp@@n of acenaphthene onto a Ui0-66 and b ZIF-8 MOFs
under the condition: contact time of 35 min; dosage of 4 mg: concentrations of 2 mg/L, pH of 4 and

temperature of 30 °C

In(g, — q;) =Ing, — Kkt 4)
4 1 N g (5)
a kgl qe
iy = KPI% +C (6)
1! 0O+ ]I (7)
gr = —=In —Int
B B

where g, (mg/g) and q, (mg/g) represent amount of the acenaphthene adsorbed
by the MOFs at equilibrium and t (mins). k; (1/min) ks (g/mg/min) represented the
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Fig. 3 Scatter plots for the RSM adsorption of acenaphthene onto UiQ-66 and ZIF-8 EGFS

Fig. 4 Effect of contact time 30.0 -
for the adsorption of Contact time
acenaphthene onto U10-66 25.0 4
and ZIF-8 MOFs s & W I
20.0 - A
e
2 150 .
=
10.0 4
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pseudo-first order and pseudo-second order rate constants, respectively. Kp repre-
sented the intraparticle rate constant and C is constant. The o (mg/gmin) and p
(g/mg) were the initial desorption rate and desorption constant for the Elovich model,

respectively.

Figure 5 depicted the plots of the kinetic models studied. The adsorption data was
found to be precisely suited by the pseudo-second order model in comparison to other
models evaluated. It is R* value was 0.9947 and 0.97780 for the UiO-66 and ZIF-8,
respectively. Also, its calculated adsorption capacities were 24.80 and 15.87 mg/g
for the UiO-66 and ZIF-8, respectively, very closer to the obtained expenimental
values of 23.814 and 14.627 mg/g for Ui0-66 and ZIF-8, respectively, indicating
the chemisorption is the rate limiting step of the process and the availability of
the adsorption sites on the surface of the MOFs. Other reports have also described
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Fig. 5 Adsorption kinetics plots for acenaphthene adsorption onto UiQ-66 and ZIF-8 MOFs

the adsorption of organic pollutants onto Ui0-66 [38, 39] and ZIF-8 [40, 41] as
pseudo-second order process.

4 Conclusion

RSM was used for the experimental design of acenaphthene adsorption onto UiO-
66 and ZIF-8 MOFs. Five factor parameters were employed, and best performance
of the MOFs was achieved for UiO-66 with adsorption efficiency of 99.7 due to
its higher porosity i comparison to ZIF-8 which recorded adsorption efficiency of
60.7%. @cording to the experimental condition with contact time of contact time of
35 min,gasagc of g, concentrations of 2 mg/L, pH of 4 and temperature of 30 °C.
The overall model p-values were significant (< 0.0500) for both UiO-66 and ZIF-8
MOFs. The lack of fit test for the model was insignificant, which was desirable for
both MOFs and the adequate precision was 17.3082 and 32.6708 for the U10-66 and
ZIF-§, respectively. Good agreement between the RSM and experimental findings.
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