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Abstract. In this paper, the effect of preparation conditions of the catalyst MIL-88A were
investigated. The results shows that MIL-88A with the raw materials proportion of n (Fumaric acid/
Fecl3-6H,0)=1:1, the synthesis temperature of 85°C and crystallization time of 2h, activation
temperature of 100°C and drying time of 6h, which would be achieved the optimal catalytic
performance on degradation of orange G (OG) through PS activation. Furthermore, it was the first
attempt to apply MIL-88A in removing dibutyl phthalate (DBP) and obtained the ideal result. The
removal rate of DBP can reach up to 76.4% catalyze by MIL-88A&St-3/Ct-2. It was indicated that
MIL-88A with suitable preparation conditions would be a high efficiency catalyst in the application
of advanced oxidation processes for degrading contaminants.

Introduction

In recent years, Metal-organic frameworks (MOFs) have attracted more and more attention from
both academia and industry. MOFs are composed of transition metal ions and organic ligands,
which demonstrate special physical and chemical properties such as high surface area, controllable
pore volume, multiple functionalities and high chemical resistance, etc. [1~3]. MOFs have been
successfully applied in various fields such as gas storage [4~6], catalysis [7~9], chemical analysis
[10], biological medicine [6, 11], and photo catalysis [12]. Many of the adsorption materials
synthesized by MOFs can efficiently remove poisonous and harmful substances from polluted
water including heavy metals [13], halogens [14], toxic dyes [15], and drugs [16].

Besides, advanced oxidation processes (AOPs) have high efficiency and no pollution after
treatment, so it is a prospective technique for treating toxic contaminations in water. MOFs also
have been confirmed that it can be used as an efficient heterogeneous catalyst to degrade
contaminants in AOPs such as Fenton-like reaction and PS/PMS activation. For example,
MIL-100(Fe) and [Cu, (btec) (btx) 15] n, as a Fenton catalyst, were determined to have high
catalytic activity towards H,O, [17~18]. Cobalt-based MOF, like ZIF-67 and Coz (BTC) ,. 12H,0,
which were all proved to be good heterogeneous peroxymonosulfate (PMS) catalyst [19~20]. And
Fe-based MOF such as MIL-53, Fe-MOF-74 and MIL-101 were also used as a Photo catalysis and
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Fenton reaction catalyst to degrade hazardous substances effectively [21~24].

Herein, we reported a kind of Fe-based MOFs, MIL-88A, used as an efficient catalyst to
degrade organic pollutants through per sulfate activation. And in this study, the influence of
preparation conditions of MIL-88A, such as different raw materials proportion, synthesis/activation
temperature and crystallization/drying time on degradation of pollutants, were the mainly research
objects. And those MIL-88A produced in different conditions were used for activating PS to
compare the catalytic performance. Furthermore, it was the first attempt to use the MIL-88A to
activate PS for removing dibutyl phthalate (DBP) and achieves ideal results. DBP is preferentially
chosen because it is one of the most widely used phthalic acid esters (PAEs) and the typical,
refractory pollutants in Papermaking Wastewater [25]. Moreover, it is suspected to be toxic and
carcinogenic, leading to serious health problems such as peripheral polyneuritis, multiple neuritis
and myelo meningitis [26]. In addition, DBP is difficult to destruct by conventional methods
because of its stable chemical structure and long chains [27]. For this reason, developing a catalyst
for effective catalytic degradation of DBP could be urgent and particularly important.

Experimental
Reagents and Chemicals

The commercially available dye Orange G, Fumaric acid, Sodium persulfate dibutyl phthalate
(DBP) were obtained from Aladdin Chemical Reagent Co. Ltd, (Shanghai China). Iron chloride
hexahydrate (Fecls-6H,0), Absolute ethanol, methyl alcohol were purchased from Sino pharm
Chemical Reagent Co. Ltd, (Beijing China). All above-mentioned reagents and chemicals were
analytical grade and used without further purification. The D.l. water used in the experiments was
purified by Millipore Milli-Q system.

Synthesis of the Catalysts

Different raw materials proportion: The catalyst MIL-88A was produced according to the method
which was previously reported with certain after-treatment modifications [28]. Basically, Fumaric
acid (8.4mmol) and different proportions of Fecls.6H,O [n (Fumaric acid/ Fecls.6H,0) =1:1/ 1:2/
1:3] were added to a beaker with 42mL D.l. water. The mixed solutions was stirred for an hour at
Magnetic Stirrers before it was placed into a 100mL Teflon-lined steel autoclave, then heated at
T=85°C for 2 hours. Until drops to the room temperature, the precipitates washed by ethanol and
water repetitively and recovered by centrifugation at 10000rpm for 10 min. Finally dried in
a Vacuum Oven at 100°C for 10 hours. These samples were named as MIL-88A&Rp-1/ Rp-2/ Rp-3
respectively. Another group, Fecls.6H,O (8.4mmol) and different proportions of Fumaric acid [n
(Fecl3-6H,0O/Fumaric acid) = 1:2/ 1:3] participated and marked as MIL-88A&Rp-4/ Rp-5
respectively. And other conditions were consistent with above.

Different synthesis temperature and crystallization time: change the synthesis temperature to
45°C / 65°C / 85°C / 105°C / 125°C / 145°C and mark as MIL-88A&St-1/ St-2/ St-3/ St-4/ St-5/
St-6 respectively, change the crystallization time to 1h/ 2h/ 4h/ 6h/ 8h/ 12h and name as
MIL-88A&Ct-1/ Ct-2/ Ct-3/ Ct-4/ Ct-5/ Ct-6 respectively. Only variables were different in
preparation process of all samples, and other conditions were consistent with above.

Different activation temperature and drying time: change the activation temperature to 60°C /
100°C / 140°C / 180°C and mark as MIL-88A&At-1/ At-2/ At-3/ At-4 respectively, change the
drying time to 6h/ 10h/ 14h/ 18h and name as MIL-88A&Dt-1/ Dt-2/ Dt-3/ Dt-4 respectively. Only
variables were different in preparation process of all samples, and other conditions were consistent
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with above.
Catalytic Degradation Experiment of OG and DBP

The solution of Orange G, DBP and sodium per sulfate were prepared at first, and then added a
certain amount of PS solution and a certain concentration of OG/DBP with a certain volume of
water to an Erlenmeyer flask. After that, the catalyst MIL-88A was added to the Erlenmeyer flask
which was taken to the Shaking table with speed of 180rpm at room temperature. Sampled at
regular intervals and quenched with alcohol immediately. The compounds to be analyzed must go
through the membrane (Aperture, 0.22um) to remove the solids which could affect the results.
Residual dye was analyzed by UV-Vis spectrophotometry method (Tianmei, UV2310-1l) at a
maximum absorption wavelength (Amax=478nm). The concentration of DBP was determined using
a high performance liquid chromatography (Shimadzu LC-20A) equipped with UV-visible
detection at a wavelength of 284 nm, using an Agilent Model Eclipse XDB-C18 column. The
injection volume was 10uL and the mobile phase was a mixture of 90% methanol/ 10% water at a
rate of 0.8 mL/min at a controlled temperature of 30°C. Experiments were repeated at least twice in
each group.

Results and Discussion
The Effect of Raw Materials Proportion of MIL-88A on Degradation of Orange G

Fumaric acid and Fecls.6H,O were the raw materials of MIL-88A, and the ratio between them
should be a very important parameter for the performance of catalyst. MIL-88A used in this work
was at a dosage of 0.3g/L and the catalytic activity was investigated by degradation of orange G
(OG). Fig.1 exhibited the removal rates of OG as a function of time in oxidation by different raw
materials proportion of MIL-88A. The degradation ability of MIL-88A under investigation in
removal of OG was found in the following order: MIL-88A&Rp-1>Rp-2>Rp-3>Rp-4>Rp-5. It was
obvious that raw materials proportion will affect the final results in different extent. This
phenomenon might be caused by particle size. With the increase of raw materials added in a same
container, the quality of synthesized catalyst and particle size should become more and bigger, and
this would lead to a decrease in the activity of the catalyst. The excessive presence of fumaric acid
also inhibited the reaction [28], so catalyst with high dosage of fumaric acid such as
MIL-88A&Rp-4 and Rp-5 showed a weaker catalytic performance than others. In summary,
MIL-88A with n (Fumaric acid/ Fecls.6H,0) =1:1 was the best choice.
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Fig. 1 The effect of raw materials proportion of MIL-88A on degradation of Orange G
(Experimental conditions: [OG] =0.2mmol/L, OG: PS=1:60, MIL-88A dosage=0.3¢g/L, T=25°C,
pH=3.26.)
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The Effect of Synthesis Temperature and Crystallization Time of MIL-88A on Degradation
of Orange G

In the preparation of a catalyst, synthesis temperature and crystallization time were very important
and could make a big difference of the results. Accordingly, the synthesis temperature of 45°C /
65°C / 85°C / 105°C / 125°C / 145°C and crystallization time of 1h/ 2h/ 4h/ 6h/ 8h/ 12h were
investigated respectively. MIL-88A with synthesis temperature of 85°C and crystallization time of
2h obtained the optimal performance for catalytic degradation of OG as shown in Fig.2A and
Fig.2B. The residual OG first decreases and then increases with the increasing of synthesis
temperature of MIL-88A, and this could be caused by the difference of Sger, dissolved quantity of
Fe and pore volume which was proved by Wang et al. [28]. Besides, with the increase of synthesis
temperature, the size of samples became larger and the surface of samples were cracked [28].
Therefore, MIL-88A was not suitable produced at high temperature because of the damage the
crystal structure. Similarly, numbers of MIL-88A were in growth stage when the crystallization
time was short and most of the MIL-88A were already in full-grown stage on the whole field of
vision when the crystallization time was longer as shown in SEM reported by Wang et al. [28].
Whether the aging time too long or too short was not conducive to the formation of catalytic
materials.
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Fig. 2 A. The effect of synthesis temperature of MIL-88A on degradation of Orange G.
B. The effect of crystallization time of MIL-88A on degradation of Orange G.

(Experimental conditions: [OG] =0.2mmol/L, OG: PS=1:60, MIL-88A dosage=0.3g/L, T=25 °C,
pH=3.26.)

The Effect of Activation Temperature and Drying Time of MIL-88A on Degradation of
Orange G

MIL-88A with activation temperature of 60°C / 100°C / 140°C / 180°C and drying time of 6h/
10h/ 14h/ 18h were respectively selected to examine the influence of this two parameter on
catalytic activity by remove OG. The corresponding decolonization efficiencies were displayed in
Fig.3. On the whole, as the activation temperature increased from 60°C to 100°C, the decolorizing
effect was obviously improved. But when exceeded 100°C such as 140°C and 180°C, the
decolorizing rate dropped rapidly. On the other hand, with the increasing of drying time of catalyst,
the removal rate of OG showed a decreasing trend. It implies that proper raise activation
temperature could promote the catalytic of MIL-88A, but too high activation temperature would
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lead to a change in the structure of catalyst and the catalytic activity decreased. In particular,
prolonging the aging time would only have an inhibited effect. This is mainly due to the variation
between catalytic activities of MIL-88A with different activation temperature and drying time was
in accordance with the changing regulations of relative content of Fe™/Fe™, as proved by Pu et al.
[29] .Theoretically, the increase of relative amount of Fe would afford alternative activate site for
PS, thus could enhance the catalytic activity of catalysts [30]. Another possible reason was that the
change of Sger and total pore volume of catalysts with different vacuum activation conditions [29],
which did have certain influences on the catalytic activities of MIL-88A. Therefore, it can be
concluded that the catalyst MIL-88A with a suitable activation temperature and drying time could
be able to maintain higher activation performance as well as intact structures.
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Fig. 3 The effect of activation temperature and drying time of MIL-88A on degradation of Orange
G (Experimental conditions: [OG] =0.2mmol/L, OG: PS=1:60, MIL-88A dosage=0.3g/L, T=25°C,
pH=3.26.)

Degradation of DBP by MIL-88A

As a highly toxic substance and due to its stable chemical structure and long chains, DBP is hard to
destruct by conventional methods and more difficult to remove than OG. In this experiment, we
take MIL-88A&St-2/ St-3/ St-4 and MIL-88A&Ct-2/ Ct-4/ Ct-6 as an example to study the
catalytic performance on degradation of DBP. The results showed in Fig.4, MIL-88A&St-3 and
MIL-88A&Ct-2 were the same samples. Comparing the degradation curve of OG by the same
catalyst, there exist similar rules, and the removal rate of pollutants were found in the following
order: MIL-88A&St-3/Ct-2>St-2>St-4>Ct-4>Ct-6.  After reaction for 8 hours, the optimal
degradation rate of DBP can reach up to 76.4% catalyze by MIL-88A&St-3/Ct-2, while the worst
was only 41.2% activate by MIL-88A&Ct-6. This result confirmed that the catalyst MIL-88A also

can catalyze the degradation of DBP effectively as long as a suitable synthesis condition was
selected.

17



ATLANTIS
PRESS Advances in Engineering Research (AER), volume 111

)

{ —=— MIL-88A &St-2

Residual DBP / %
2
1

o— MIL-88A&St-3/ Ct-2
09 4o MIL-88A&St-4
v— MIL-88A &Ct-4
<— MIL-88A&Ct-6 ™
20 4
T T T T T T T T T T T
0 100 200 300 400 500

Reaction time / min

Fig. 4 Degradation of DBP by MIL-88A (Experimental conditions: [DBP] =5mg/L, DBP: PS=1:200, MIL-88A
dosage=0.3g/L, T=25°C, pH= 3.26.)

Conclusion

In brief, this article has mainly studied the effect of preparation conditions of MIL-88A on the
degradation of OG, including raw materials proportion, synthesis/ activation temperature and
crystallization/ drying time. The results showed that with the change of the proportion of
Fecl3.6H,0O/ Fumaric acid, it was all not conducive to its performance whether it was higher or
lower and the most suitable ratio was n(Fecls;.6H,O/Fumaric acid)=1:1. Moreover, as the synthesis
temperature increased from 45°C to 145°C and the crystallization time raised from 1h to 12h, the
catalytic activity of MIL-88A all showed a trend of rising and then decreasing mainly due to the
difference of Sger, dissolved quantity of Fe and pore volume. Another set of variables, activation
temperature and drying time of MIL-88A, also have make a great difference to the degradation rate
of OG, the activation temperature of 100°C could be the best choice to make the samples
desiccation because of high relative content of Fe"/Fe". While with the ascending of drying time of
the catalyst, it would only cause an inhibition on the activation reaction. Furthermore, this study
represents the first attempt to use the MIL-88A to activate PS for degrading DBP, which was a
recognized noxious and undegraded organic pollutants. And the optimal removal rate of DBP can
reach up to 76.4% catalyze by MIL-88A&St-3/Ct-2, so the catalyst MIL-88A with the most
suitable preparation conditions can be a high efficient catalyst on contaminants degradation.
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