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12 Abstract: CrHZSM-5 was placed in an electric field with appropriate strength in a quartz packed
13 bed reactor with CO: as oxidant to analyze its catalytic activity. Olefin yield increases with decrease
14 in band gap since lattice oxygen mobility increases by reducing band gap. Fermi level change at the
15 catalyst surface affects the catalytic activity. One way to change Fermi level is use electric field. In
16 high voltage electric field, energy band was curved, bending of the energy band promoted the
17 activity and Fermi level position is increasing. The CCD experiments were carried out with
18 Design-Expert 7.3 software to determine the interaction between four operating variables, namely:
19 temperature, electrical current, gap distance and metal loading. The levels of the independent
20 variables were: temperature (550-700 °C), electrical current (0-12 mA), gap distance (6-14 mm),
21 metal loading (0.5-7.5 %wt.). The conversion of LPG (Liquefied petroleum gas) was greatly
22 increased by weak and effective application of an electric field to the catalyst bed. The obtained
23 results indicated that the maximum yield value (46.94%) can be achieved under 673.66 °C, input
24 electrical current of 11.01 mA, gap distance of 6.55 mm and metal loading of 3.98 wt.%.
25 Keywords: electric field; oxidative dehydrogenation; LPG, Cr-/HZSM-5; electrical properties
26

27  1.Introduction

28 Ethylene and propylene are the most commodity chemical intermediate in petrochemical
29  industry, which are used as feedstock for many chemicals and polymers such as plastics, rubbers,
30  fuel blending agents and other chemicals [1-3]. Olefins are produced from reforming of natural gas,
31  naphtha cracking and FCC processes that these methods require expensive separation stages and
32 more purification for obtaining products [4]. Olefins are produced further in thermal cracking with
33  steam and dehydrogenation [5-9], but, demand for olefins, environmental and economic problems
34 for processes with nitrogen and sulfur as their feeds, researchers draw attention to economic and
35  cleaner processes based on direct production the alkenes from alkanes. Oxidative dehydrogenation
36  of paraffin is an appropriate alternative for old approaches of dehydrogenation in olefins production
37  [4,10]. Now, crude source of these processes is restricted and it is required for more accessible and
38  economical sources. Nevertheless, consideration is given to the transformation of paraffin due to
39  increased cost of previous common feeds [11]. Also, Oxidative dehydrogenation of ethane is an
40  appropriate alternative for highly endothermic thermal cracking process which is performed under
41  temperature ranged from 623 K to 1273 K in isothermal or auto thermal in fixed bed, fluidized bed,
42 monolith or membrane reactors[12]. As mentioned before, oxidative dehydrogenation of LPG is an
43  appropriate alternative to common ethylene production process. Oxidative dehydrogenation, unlike
44 dehydrogenation of ethane that is an endothermic process and requires high energy [6-8], is an
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exothermic process and it is an advantage of this process [10,13]. Also, thermodynamic restriction is
vanishing due to the presence of oxidant and bring out hydrogen as water [6,14-15]. In addition to
above advantages, the coke production is decreasing because of the presence of oxidant in oxidative
dehydrogenation [7,13,16,17]. Oxidative dehydrogenation of ethane was performed in zeolite
catalyst containing In, Cr, Ga, Co and Mn with oxidant COz. Among the aforementioned catalysts,
the chromium catalysts are more common because chrome species are dispersed on the support with
high specific surface area [18]. Zeolite support with metal oxides in dehydrogenation with carbon
dioxide is effective but still are unstable [19]. The effect of electric properties in catalytic reaction was
identified, for the first time, by Wolkenstein [20]. The fermi level influences the adsorption and
electric properties of catalyst. To change fermi level, loading of multivalent metal, and exposing the
catalyst under the external electric field, already are suggested. Wolkenstein studied the role of
external electric field on gas adsorption on the catalyst. The external electric field changes catalytic
activity. The oxidation of carbon monoxide to carbon dioxide on NiO catalyst in the presence of
electric field was studied [21]. Most chemical reactions need high amount of energy to activate
reagents. In these reaction, there are a few issues, including low lifetime of catalyst and heat loss
problems. Heat dissipation of chemical processes is the reason for decline in their overall energy
efficiency [22]. Disequilibrium hybrid plasma process is a process that uses electrons instead of heat
to activate the molecules of reactant. So, expect new features such as low reaction temperatures and
higher conversions rather than the existing catalytic reactions to be provided [22]. Although catalytic
reactions, such as dense plasma in an electric field and a high-voltage electric field, are studied using
different approaches, due to high electric power consumption, they are less efficient in term of
energy. Catalytic decomposition of ethanol in an electric field was studied by Sekine et al [22]. In this
research, by employing electric field, temperatures and higher catalytic activity than conventional
reactions were obtained. At steam reforming of methane, CexZrixO2 placed in external DC electric
field at 423 K, which is hardly a typical reaction [23]. Methane conversion was significantly
promoted by applying low intensity electric field on the catalyst bed. In CexZr1<O: catalysts that its
support promoted with electro reforming, oxygen of CexZri1~Oz2 network plays a crucial effect. Also,
yield of energy for electro reforming, mechanism of reaction and effect of oxygen have been
reported. Methane steam reforming is strongly endothermic and needs high temperatures. Methane
oxidative coupling with CO: in electric field with La-ZrO: at 423 K was studied by Oshima et al [24].
Oxidative coupling of methane using carbon dioxide was carried out with catalysts based on La and
Zr in an external electric field at a temperature of 423 K. Development in catalytic activities, rather
than conventional mode, was obtained with 10 mole percent La doped in ZrO: in an electric field.
Although catalytic activity of the catalyst for the reaction of La-ZrO: at 1173 K can be achieved
without using an electric field. Oshima et al. (2013) [25] performed the catalytic low temperature
reverse water gas shift reaction with using an electric field at 423 K. A Pt catalyst supported on La
substitution in zirconium oxide (Pt/La-ZrO:z) showed high efficiency (40% ca) for reverse water gas
shift reaction in the presence of external electric field at low temperature. Catalytic steam reforming
of methane to produce hydrogen at low temperature in an electric field was studied by Oshima et al.,
(2013). Electric steam reforming of methane investigated at 423 K. Platinum catalysts supported
CeOz, CexZri+O2 solid solution and a physical mixture of CeOz and other insulating materials (ZrO,
AlOs or S5iO:z) were used for electroreforming. Among these catalysts, platinum catalysts support on
CexZr1xO2 solid solution showed the most activity for electroforming at 535.1 K and methane
conversion was 40.6%. The results showed that interaction between electrons and metal loaded
catalyst support is important for catalytic activity in electro reforming [26]. The oxidative cracking of
LPG with CO: as oxidant was studied in external electric field. Faradaic number was employed to
study the role of external electric field on the catalytic reaction. All Faradaic number was greater
than 100 that indicates the reaction performed electrocatalytically. The catalytic reaction along with
electric field, decreased the coke formation and the reaction temperature about 55 °C. the external
electric field led to 42.58% light olefins yield and 92.12% feed conversion at 625 °C, 12 mA and 335.07
Faradaic number [27]. Transition metal oxides are used in heterogeneous catalytic reactions in the
gas phase, such as oxidation of alcohols and oxidative dehydrogenation of ethane, propane and
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97  butane [28]. Transition metal oxides act as a semiconductor, and affects the acid-base catalyst

98  properties by varying the concentration of carrier [29]. Since metal oxide can correct carrier

99  concentrations, consideration is given to the addition of multivalent metals to improve activity and
100  selectivity [30]. Experimental design used for large number of variables that affects the process.
101  Design of experiments methodology can provide results for variable effect or combination of them
102  with minimum number of tests [31]. One of the most widely used methods of design experiments is
103  CCD method that provides the interaction between variables and optimal process conditions for
104  multivariable systems [32].

105 In the present work, the electrical properties of catalyst are linked to the catalytic activity.
106  Central Composite Design (CCD) was employed to study how temperature, electrical current, gap
107  distance and metal loading influence HZSM-5 catalysts in ODH of LPG to light alkenes, such as
108 ethylene and propylene, in the presence of CO: and through external electric field. Analysis of
109  variance was employed to investigate the effect of main factors and respective interaction on the
110  light olefins yield, LPG conversion and olefin selectivity. The relevance between catalytic
111  performance and physicochemical properties is expressed according to the experimental data. To the
112 best of our knowledge, no such study has been previously carried out on the application of RSM
113 technique for optimizing oxidative dehydrogenation of LPG with CO: in an external electric field.
114  XRD, SEM, BET, FTIR, UV-visible, Fermi measurement, Hall and Impedance measurements
115  employed in catalyst characterizations.

116  2.Results and Discussion
117  2.1. Materials characterization

118 Figure S1 in the Supplementary Material shows the XRD analyses for different catalysts. The
119  structures were MFI with characteristic reflections at 20 = 8.0°, 8.9°, 23.1°, 23.4° and 24.0°. The XRD
120  of the HZSM-5, modified HZSM-5 and NaZSM-5, show that the ion exchange and impregnation did
121  not change the structure of zeolite and no new phase formation was occurred. No peaks associated
122 to chromium loading were obtained from pattern. So, the chromium well distributed on the catalyst
123 surface. SEM images of Na-ZSM-5, H-ZSM-5 and 4%wt. Cr/H-ZSM-5 catalysts are presented in
124 Figure S2 in the Supplementary Material. Catalysts had a rod-like morphology and, after the
125  impregnation and metal loading, the structure of the catalysts did not change from orthorhombic to
126  monoclinic. With Cr impregnation, the particles of catalysts grew in large size and the surface areas
127  increased. Figure S3 in the Supplementary Material shows infrared spectra for NaZSM-5, H-ZSM-5
128  and 4%wt. CrH-ZSM-5. FTIR spectral region of ZSM-5 catalysts include bands at 1225, 1093, 970, 550
129  and 450 cm? which corresponded to external asymmetrical stretching, internal asymmetrical
130  stretching, external symmetrical stretching, double five-membered ring vibration, and T-O bending
131  modes, respectively. Absorption bands of the three catalysts were same tend. No band was around
132 1398 ecm, so all of the chemisorbed ammonium ions during ion- exchange treatment were converted
133 to protons after calcination. The bands of Cr-ZSM-5 showed significant change in frequency shift or
134  reduction in the intensity framework. The physicochemical properties for all catalyst samples are
135  presented in Table Sl in the Supplementary Material. HZSM-5 had 0.132 cm?/g pore volume.
136  HZSM-5 catalyst has the highest surface area followed by different Cr/HZSM-5.

137 2.2. Central composite design analysis

138 Central composite design for three responses of olefin yield, LPG conversion and selectivity are
139  presented in Table 1. Olefin yield was between 13.21 % wt. to 47.41% wt., LPG conversion ranged
140  from 37.85 % to 93.56%, and selectivity was from 24.13 % to 60.0 %. The highest olefin yield (47.41%)
141  obtained at (T= 700 °C, I=6 mA, GD=10 mm, ML=4 %) and the lowest olefin yield (13.21%) achieved
142  at (T=587.5 °C, I=-3 mA, GD= 12 mm, ML= 2.25%). The highest conversion (93.56%) obtained at (T=
143 6625 °C, I=9 mA, GD= 8 mm, ML= 5.75%) and the lowest conversion (37.85%) achieved at (T= 625
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°C, I= 0 mA, GD= 10 mm, ML= 4%). For selectivity, the highest and the lowest values (60 %) were at
(T= 625 °C, I= 0 mA, GD= 10 mm, ML= 4%) and (24.13%) at (T=587.5 °C, I= 3 mA, GD= 12 mm,
ML=2.25 %), respectively. The results indicated that the responses of conversion, yield and
selectivity are affected with different levels of operation parameters of temperature, electrical
current, gap distance and metal loading. The relation between independent factors and responses
are presented in Equation 1 to 3 below:

Table 1. Central composite design of four independent parameters

Run Factor Factor Factor Factor | Response | Response 2: | Response 3:
3:C 4:D 1:
1A 2:B Conversion | Selectivity
. Gap Metal Olefin (%) (%)
Temperature | Electrical . . .
distance | loading yield
current
(°C) (mm)
(mA) (%wt.) (%wt.)
1 662.50 9.00 12.00 2.25 40.40 75.02 53.85
2 662.50 9.00 12.00 5.75 41.12 81.42 50.51
3 625.00 6.00 10.00 4.00 27.67 64.24 43.06
4 587.50 3.00 8.00 2.25 20.38 55.48 36.73
5 587.50 3.00 12.00 2.25 13.21 54.76 24.13
6 625.00 6.00 6.00 4.00 31.13 67.53 46.10
7 662.50 3.00 12.00 2.25 34.31 65.67 52.24
8 625.00 6.00 10.00 4.00 27.35 65.46 41.78
9 587.50 9.00 8.00 5.75 32.18 78.75 40.86
10 625.00 12.00 10.00 4.00 33.86 86.04 39.35
11 625.00 6.00 14.00 4.00 27.16 64.24 42.28
12 587.50 3.00 12.00 5.75 2413 57.50 41.97
13 587.50 9.00 12.00 2.25 28.66 62.22 46.06
14 662.50 9.00 8.00 2.25 40.63 78.77 51.59
15 587.50 9.00 12.00 5.75 31.40 67.04 46.84
16 662.50 9.00 8.00 5.75 42.20 93.56 45.10
17 662.50 3.00 8.00 5.75 38.91 72.05 54.00
18 625.00 6.00 10.00 0.50 22.59 54.28 41.63
19 625.00 6.00 10.00 7.50 33.10 71.81 46.10
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20 700.00 6.00 10.00 4.00 47.41 84.42 56.16
21 625.00 0.00 10.00 4.00 22.71 37.85 60.00
22 625.00 6.00 10.00 4.00 27.85 64.24 43.35
23 625.00 6.00 10.00 4.00 28.70 64.24 44.66
24 550.00 6.00 10.00 4.00 20.50 50.33 40.73
25 625.00 6.00 10.00 4.00 28.01 64.24 43.59
26 662.50 3.00 12.00 5.75 38.26 69.16 55.32
27 587.50 9.00 8.00 2.25 30.74 63.93 48.09
28 587.50 3.00 8.00 5.75 26.45 58.56 45.18
29 625.00 6.00 10.00 4.00 27.90 64.24 43.42
30 662.50 3.00 8.00 2.25 36.45 68.90 52.90

151
Yield=449.05-1.50X1+8.19X2-9.55X3+7.30X4-0.01X1X2+0.006X1X5-0.01X1X4+0.08 X2X3 @

-0.20X2X4+0.12X5X4+0.001X1240.04X22+0.18X352+0.17X42

Conversion=304.67-0.86X1+3.76X2-7.46 X3-6X4+0.005X1X2-0.004X1X5+0.004X1X4-0.24X2X3

@)
+0.31X2X4-0.36X3X4+0.0008X12-0.30X22+0.60X32+0.95X4?

Selectivity=249.89-0.82X1+11.14X2-11.21X5+17.89X4-0.02X1X2+0.017X1X3-0.025X1X4+0.34X2X3

®)
-0.62X2Xa+0.50X3Xs+0.0008X12+0.42X22-0.21 X52-0.36 X2

152  The significance of central composite model was investigated based on analysis of variance. Analysis
153  of variance for responses of this study is presented in Table S2 in the Supplementary Material. As
154  shown in Table S2 in the Supplementary Material, correlation coefficients have high values and the
155  model can predict the experimental responses with high accuracy (R?= 0.96 for conversion, R?=0.96
156  for selectivity and R2=0.96 for yield). Figures S4a-c in the Supplementary Material show the
157  predicted olefin yield, selectivity and LPG conversion versus the experimental results of these
158  responses and it indicated proximity between predicted value and experimental results. The
159 adjusted value of R? for olefin yield, selectivity and LPG conversion were 0.93, 0.96, and 0.93,
160  respectively. The adjusted value of R? is more suitable for accuracy of CCD model. Significance of
161  the model was studied with F-value and P-value of the model for CCD results. The higher F value
162  and lower P value show the model significance. F-value resulted for olefin yield, selectivity and LPG
163  conversion were 29.84, 31.36 and 31.66, respectively. These values were higher than Fishers F-value
164  thatis 2.37% at 95% confidence limit, and it shows that the model is good for describing olefin yield,
165  selectivity and LPG conversion in oxidative dehydrogenation of LPG in an external electric field. In
166  order to achieve a simpler model and a model with better fit for each response, such as olefin yield,
167  LPG conversion and selectivity, insignificant terms with p values greater than 0.5 will be deleted
168  from CCD model. Final responses will be provided on the basis of a quadratic equation as follows:

Yield=449.05-1.50X1+8.19X2-9.55X3+7.30X4-0.01X1X2-0.20X2X4 (4)
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Conversion=304.67-0.86X1+3.76X2-7.46X3-6X4+0.31 X2X4-0.30X22+0.60X32+0.95X 42 5)

Selectivity=249.89-0.82X1-0.02X1X2+0.017X1X3-0.025X1X4+0.34X2X3+0.50X3X4+0.42X22 6)

169 Coefficients of regression, standard error, F and P values are shown in Table S3 in the
170  Supplementary Material for olefin yield, LPG conversion and selectivity respect to conversion. In a
171 confidence limit of 95% for olefin yield, linear significant coefficients are A, B, C, D, quadratic
172 significant coefficient is A% and significant interaction coefficient are AB, BD. So, the linear effect of
173  temperature, input electrical current, gap distance and metal loading, quadratic effect of
174 temperature and interaction effect of temperature-electrical current and electrical current-metal
175  loading are statistically significant variables. In a confidence limit of 95% for LPG conversion, linear
176 significant coefficients are A, B, C, D are significant model terms. Quadratic significant coefficients
177 are A% B2, C2and D? and significant interaction coefficient is BD. So, linear effect of T, I, GD and ML,
178  quadratic effect of T, I, GD and ML and interaction effect of input electrical current-metal loading are
179  statistically significant variables. In a confidence limit of 95%, for selectivity respect to conversion,
180 linear significant coefficient is A, quadratic significant coefficients are A2, B2, C2, D?, and significant
181  interaction coefficients are AB, AC, AD, BC, BD, CD. So, linear effect of T, quadratic effect of T, I, GD
182  and ML and interaction effect of I-GD, T- GD, T-MI, I-GD and GD- ML are statistically significant
183  variables.

184 In order to evaluate the four variables with together on conversion, selectivity and yield the
185  perturbation curve was used. The model can be used to compare the effect of main factors in design
186  point. Figure S5 shows the perturbation curve for all three responses. Steep or curved graph
187  indicates that the response is sensitive to main factors. Accordingly, as shown in Figure S5 in the
188  Supplementary Material, in order to achieve maximum olefin yield and LPG conversion,
189  temperature, electrical current and metal loading are controlling factors. Steep curvature of electrical
190  current and temperature rather than gap distance and metal loading, revealed that the olefin yield is
191  sensitive to these parameters. For selectivity, these parameters are fewer.

192 In order to study the interactive effect of these four factors on olefin yield, 3D and contour plot
193  were shown in Figure 1, Figure 3 and Figure 5 and shown in Figure S6, Figure S7 and Figure S8 in
194 the Supplementary Material for selectivity and LPG conversion. Response surface model diagram
195  for different values of parameters predicted olefin yield, LPG conversion and selectivity for process
196  parameters and interactions between process parameters. Figure 1 and Figure S6a in the
197  Supplementary Material show contour plot and response surface for interaction between
198  temperature and input electrical current when gap distance and metal loading were 10 mm and
199  4%wt, respectively for yield and conversion. As indicated, olefin production efficiency and LPG
200  conversion increased with increase of electrical current. This could be due to resonance effect of
201  external electric field and an electrostatic field inside the zeolite. As can be seen, increasing
202  temperature resulted in an increase in yield (%). So, it indicates that temperature leaves a major
203  effect on olefin yield (%). This can be confirmed with amount of F value obtained for yield. Figure
204 Séb in the Supplementary Material shows contour plot and response surface for interaction between
205  temperature and input electrical current, when gap distance and metal loading were 10 mm and
206  4%wt, respectively for selectivity. As indicated, selectivity increases with increase in temperature
207  and decrease in electrical current.

208
209
210
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214 Figure 1. (a) The response surface; and (b) contour plots as a function of the temperature and
215 electrical current whereas the gap distance and metal loading are constant at 10 mm and 4wt%, for
216 olefin yield.

217 To investigate the behavior of catalytic performance of zeolite in external electric field, not only
218 it is necessary to know the properties, chemical composition and structure of zeolite, but also the


http://dx.doi.org/10.20944/preprints201805.0268.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 May 2018 d0i:10.20944/preprints201805.0268.v1

8 of 22

219  movement of external cations. The movement of these cations is achieved by measuring electrical
220  conductivity and dielectric constant [33].

221 Electrical properties of zeolite are important. The electrical properties of different ZSM-5 were
222 studied at 100 Hz frequency with Impedance Analyzer. ZSM-5 has MFI crystalline structure. The
223 results of electrical properties, related to the catalytic activity. Zeolites can be classified as a dielectric
224  material. In the presence of external electric field, dielectric material stores electrical energy. Electric
225  filed moves free electrons to ZSM-5 and equilibrium occurs after charge displacement. This process
226  is known as displacement electronic polarization phenomena. In the electric field with intensity E,
227  displacement can be defined as D = eo&:E, where, € and & are free space permittivity and relative
228  permittivity. & is a complex number (g,=¢ -j¢ ). Complex relative permittivity consists of two parts.
229  Thereal partis & (permittivity) and describe the energy storage in dipolar cells. The imaginary part
230  is&. (dielectric loss) which is attributed to internal friction in zeolite. Permittivity is a criterion for
231  energy storage within zeolite dipoles, and dielectric loss is a criterion for energy loss in the zeolite
232  originated from internal friction.

233 To relate catalytic activity to electrical properties, these properties were investigated. To the best
234 of our knowledge, this work is the first attempt to investigate of role of permittivity and loss factor
235  on operation process variables including T, I, GD and ML. At first, for impedance analysis, the pellet
236  of catalyst samples is prepared with 6.5 mm diameter and 1.2 mm thickness. Then, the samples are
237  inserted on a ceramic plate and heated at various temperature for 1 hr. Then, samples are cooled
238  down to 25 °C. The conductance (G=¢ ' wC) and susceptance (B=¢ wC,) of samples are determined in
239  frequency 100 Hz at 25 °C (w is angular frequency). The model of Impedance Analyzer was using an

240  HP 4194A LF. Finally, electrical properties of catalysts are calculated in the mentioned frequency
241  range.

242 The effect of temperature on dielectric constant and loss factor are presented in Figure 2. The
243  permittivity increases with increasing temperature. As shown in Figure 2a, at 700 °C, permittivity
244 reaches its highest value. An increase in motion of carrier charge with temperature and permittivity
245  is reported [34]. The increase in dielectric constant with temperature is due to the electric
246 conduction, which results from the movement of ions in channels and zeolite cavities and some
247  metal impurities in zeolite materials. Also, increase the temperature leads to increase dipole energy
248  in zeolite materials. Dipole subjected to external electric field indicates that temperature increase
249  leads to decrease in relaxation time of dipole.

250 The catalytic activity is increased with temperature under electric field with high intensity.
251  Conductivity increases with temperature in this frequency range. Such an increase may have many
252  reasons; increasing the charge carriers due to increased crystalline defects can cause local energy
253  toward to the conduction or valance band energy. Metal oxide ions in zeolite structure can move
254 positive ions, and thus, the temperature increases ion movements [35]. The loss factor is presented in
255  Figure 2b at various temperatures. The temperature increased the loss factor. The loss factor shows
256  the ability of zeolite to extraction of energy from external electric field. The increase in €and €'is
257  attributed to increase in mobility of charge carrier. So, at higher temperature and higher electrical
258  current the yield and conversion increased. The a.c. conductivity is shown at different temperatures
259  in Figure 2c. The conductivity has a direct relation with temperature. The minimum conductivity is
260  resulted at 550 °C which can be ascribed to Zeolites contain movable and interchangeable cations.
261  These cations form a weak bond with adjacent atoms, rather than framework ions [36]. Electrical
262  conductivity of zeolite is affected by adsorbed molecules [37]. Electrical conductivity depends on the
263 current carriers [38]. It is useful to know the electric conduction mechanism in processes that are
264  affected by the external electric field. Figure 2c shows the a.c. conductivity. Cole-Cole plots of zeolite
265  is shown in Figure 2d. The separation of loss from conductivity is confirmed by the circular arc plot.
266  Charging of catalysts influences catalytic activity because of electron transfer from surface of catalyst
267  to the reactants and charging increases with temperature and permittivity [39, 40].
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283 Figure 2. (a) Dielectric constant; (b) Dielectric loss; (c) Ac conductivity versus temperature for
284 different CrHZSM-5; (d) Cole-Cole plot.
285 Figure 3 and Figure S7a in the Supplementary Material show contour plot and response surface

286  for interaction between electrical current and metal loading when gap distance and temperature
287  were 10 mm and 625 °C, respectively, for yield and conversion. As indicated, olefin yield and LPG
288  conversion increase with increase in electrical current and metal loading. As can be seen,
289  Simultaneously, increase in intensity of input electric current and metal loading had greater impacts
290  on conversion. Figure S7b in the Supplementary Material shows contour plot and response surface
291  for interaction between electrical current and metal loading, when gap distance and temperature
292  were 10 mm and 625 °C, respectively, for selectivity. As indicated in Figure S7b in the
293  Supplementary Material, selectivity increases with increase in electrical current and decrease in
294  metal loading. Increase in intensity of electric current and decrease in metal loading, or vice versa,
295  would achieve greater selectivity.
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301 Figure 3. (a) response surface; and (b) contour plots as a function of the electrical current and metal
302 loading whereas the temperature and gap distance are constant at 625 °C and 10 mm, respectively for
303 olefin yield.
304 When catalytic samples are received light with a specified intensity, if the energy of absorbed

305  photons on the catalyst surface is greater than or equal to the band gap, optical transmission occurs,
306  and electrons can excite from bottom valance band to the upper conduction band. Figure 4a shows
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307  UV-visible spectra for different ZSM-5 in the range of 200 to 1100 nm. Absorption increase with
308  increase in wavelength. Figure 4b present F(R) versus photon energy. Extrapolation for these
309  absorption curves leads to optical band gap. According to Table 2, band gap decreases with
310  increasing metal loading.

311 There is a strong relation between band gaps, as indicator of species movement in different
312 zeolite lattices, with olefin yield, which offers correlation between species conductivities and
313  distribution of products. The band gaps of metal oxides relate with catalysts capability to activation
314 of oxygen of lattice [41]. Figure 4 shows the band gap determination for HZSM-5 and different
315  CrHZSM-5 by diffuse reflectance IR spectroscopy. Figure 4a, shows absorbance versus wavelength
316  and Figure 4b shows F(R) versus E whose slope in Figure 4b, creates band gap. The band gap
317  decreased with Cr impregnation and it shifts to the lower energy band. The least and the most band
318  gap were 2.1 eV and 2.95 eV, respectively. As a result, Chromium decreases the electronic band gap.
319  Asit can be seen in Figure 4b decrease from 2.95 eV to 2.1 eV occurs when impregnation is between
320 0.5 wt.% to 7.5 wt.%. Activation the lattice oxygen and mobility of oxygen species of surface and
321  lattice are important factors in determination of olefins selectivity in alkanes oxidative
322  dehydrogenation [42]. As shown in Table 2, there is a relation between olefin yield and band gap.
323  Olefin yield increases with decrease in band gap since lattice oxygen mobility increases by reducing
324  band gap. This leads to higher hydrogen abstraction from ethyl and propyl species to produce
325  olefins [43], and selectivity to olefin increased. An increase in band gap reduces diffusion rate of
326  surface oxygen into lattice space of the different catalyst and surface adsorbed electrophilic oxygen
327  species increases [44]. Hall coefficients (Ru) of all catalysts were positive and this indicates p-type
328  conduction in the catalysts. The carrier concentration is reported in Table 2. Chromium acts as
329  p-type in HZSM-5 support catalysts. By impregnating chromium, an increase in carrier
330  concentration occurs.

331 Figure 2c presents dependency of electrical conductivity on temperature. At ambient
332  temperature, the electrical conductivity increases by impregnation up to 8%wt. when the chromium
333  metal is loaded. An increase in conductivity with chromium concentration in CrHZSM-5 is due to
334 increase in hole concentration.

335 Table 2. The relation between electrical property and catalytic activity.
Catalyst Band F(eV) e(—) P x 1020 FE(eV) Yield
gap (eV) (cm?) (%wt.)
HZSM-5 2.95 0.64 1.7 3.31 0.68 18.03
0.5 wt.% 29 0.78 2.39 3.64 0.97 22.59
Cr/HZSM-5
2.25 wt.% 2.7 0.86 2.85 3.89 1.09 24.78
Cr/HZSM-5
4 wt.% 2.5 0.95 3.02 4.21 1.23 28.70
Cr/HZSM-5
5.75 wt.% 24 1.19 3.24 4.56 1.39 31.09
Cr/HZSM-5
7.5 wt.% 21 1.35 3.56 4.85 1.78 33.10
Cr/HZSM-5
336

337
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342 Figure 4. (a) Diffuse reflectance UV-visible absorption spectra for different catalysts; (b) Graphical of
343 F(R) versus E for different catalysts to determine the band gap.
344 Figures 5 and Figure S8a in the Supplementary Material show contour plot and response surface

345  for interaction between electrical current and gap distance, when temperature and metal loading
346  were 625 °C and 4%wt, respectively, for yield and conversion. As indicated, olefin yield and LPG
347  conversion increase with increase in electrical current and decrease in gap distance between two
348  electrodes. The crucial role of input electric current is higher than gap distance. Figure S8b in the
349  Supplementary Material shows contour plot and response surface for interaction between electrical
350  current and gap distance when temperature and metal loading were 625 °C and 4%wt, respectively
351  for selectivity. As indicated, selectivity increases with increase in electric current and gap distance or
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reduces both, simultaneously. In the conventional reaction, yield and conversion were 22.71% and
37.85%, respectively, at T= 625 °C, GD=10 mm gap distance and ML=4%wt. metal loading, but in the
6 mA external electric field, yield and conversion were 28.79 and 64.24%, respectively, at T= 625 °C,
GD=10 mm gap distance and ML=4%wt. metal loading.
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Figure 5. (a) response surface; and (b) contour plots as a function of the electrical current and gap distance
whereas the temperature and metal loading are constant at 625 °C and 4%wt., respectively for olefin yield.
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363 Catalytic activity can relate to the Fermi level position and electrical properties. Table 2 shows
364  the Fermi level and electrical properties for different catalysts. In external electric field, energy bands
365  are curved and Fermi level position is changed according to Equation 7.

Fs(E)=Fs+Vs(E) (7)

366 where, Fs(E) is location of fermi level in the presence of external electric field, E is intensity of
367  electric field, Fs is location of fermi level in conventional reaction, and Vs(E) is bending in energy
368  bands. By inserting catalyst in external electric field, reaction rate increases [21]; it is a character of
369  donor process. Bending energy bands, Vs (E), is described as follow:

Vs(E)=ELq ®)

370 where, q is elementary charge and L is Debye screening length which is determined with
371  concentration of current carrier (p) and dielectric constant of catalyst.

L~ seOkT) )
a’p
372 where, T is temperature, k is Stefan Boltzmann constant, € and €o are permittivity of catalyst and

373  free space, respectively. Table 2 shows Fermi level and electronic property in conventional reaction
374  and reaction along with external electric field. As indicated in the electric field, the Fermi level
375  increases and leads to increase in olefin yield. Zeolite band gap can be related to catalytic activity.
376  The fermi level in the conventional reaction and reaction along with external electric field are
377  presented in Table 2.

378  2.3. Process optimization

379 To obtain optimum operating parameters in oxidative dehydrogenation of LPG in an electric
380  field, maximization of olefin yield, LPG conversion and selectivity were performed with central
381  composite model. Table 4S in the Supplementary Material shows numerical optimum value for
382  experimental parameters for olefin yield, LPG conversion and selectivity. The results indicated that
383  the maximum value for LPG conversion (94.2%) can be resulted with temperature at 625.57 °C, input
384 electrical current of 12 mA, gap distance of 9.70 mm and metal loading of 7.5wt.5. The results
385  indicated that the maximum value for selectivity of 64.42% can be resulted with temperature at
386  697.20 °C, input electrical current of 3.30 mA, gap distance of 10.24 mm and metal loading of 3.98
387  wt.%. The results indicated that the maximum value for yield of 47.62% can be resulted with
388  temperature at 673.66 °C, input electrical current of 11.01 mA, gap distance of 6.55 mm and metal
389  loading of 3.98 wt.%. To validate the model some experiments were carried out over optimum value
390  and experimental results for the LPG conversion, alkenes selectivity and yield were 93.29 %, 65.29%,
391  and, 46.94%wt. respectively, that they were very close to the predicted value of the proposed model
392  of central composite.

393 3. Materials and Methods

394 3.1. Catalyst preparation

395 Na-ZSM-5 was ion exchanged for 24 h through stirring with 1 M ammonium nitrate and 1 g
396  zeolite/ 10 cm?® solution at 80 °C in reflux treatment to achieve ammonium form of zeolite.
397  Ammonium form was filtered with filter paper and vacuum pump. Then, it was washed with
398  ionized water. Ion exchange was performed three times for each sample. Sample was dried
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overnight at 110 °C and the sample was calcined at 823 K for 5 h under air flow to convert the
ammonium ions to hydrogen form. The loading of chromium oxide with different weight fraction
was carried out by impregnating of HZSM-5 with an aqueous solution of Cr (NO3)s.9H20 using the
incipient wetness method. The weight fraction was in the range of 0.5-7.5 %wt. The impregnated
samples were dried at 110 °C overnight for 12 h and then the samples were calcined under air flow,
at 700 °C for 6 h.

3.2. Catalyst Characterization

The X-ray diffraction (XRD) patterns of different catalyst were determined in 5-80° (Cu Ka
radiation, potential of generator (40 kV) and current of generator (30 mA). Hitachi 5-4800 SEM was
used to identify the morphology of each catalyst. Fourier Transform Infrared (FTIR) spectroscopy
was employed to determine surface structure of catalyst. The specific surface areas of the samples
were calculated by the Brunauer-Emmett-Teller (BET) method. The mesopore size distribution and
total pore volumes were obtained using the Barrett-Joyner- Halenda (BJH) method. The optical band
gap was measured with a UV-Vis spectrophotometer (Varian Cary 100). The optical absorption
band was in the range of 200-1100 nm. The bang gap determined basis the Kubelka-Munk (K-M or
F(R)) method (Equation 10):

(I-R)?

R (10)

F(R)=

Where, R is the reflectance percentage. The band gap of different catalyst can be determined by
plotting F(R) versus energy in eV, and Egwas resulted by extrapolating slope of the graph [45]. Two
ends of each catalyst were inserted at different temperatures in a thermally insulated reservoirs. The
temperature is recorded by using thermocouples connected to a digital thermometer. Also, voltage
difference measured by a voltmeter. It may require the warm water baths, cold-water baths, and dry
ice-alcohol mixtures. Temperature differences between two ends of each catalyst should be less than
10 °C. Fermi level for p-type and n-type are calculated as follow:

p-type semiconductor: TQpe=(Ef-Ev)+2kT (11)

n-type semiconductor: -TQne=(Ec-Ev)+2kT (12)

Where, Er is Fermi level, Ev is the valence band energy, E. is the conduction band energy, e is
elementary electric charge, k is Boltzmann's constant, and T is average absolute (Kelvin) temperature
of the sample, and Q is thermoelectric power which can be approximated for small differences of
temperature [46].

dv AV AV

~IT AT (G 19

Concentration of current carrier was obtained by measuring the Hall coefficient measurements at
25 °C with a PPMS system. Four-contact Hall-bar geometry was employed for the analyses. The
carrier concentration determined from the 1/eRu at 300 K, where e and R are the electric charge and
hall coefficient, respectively [47]. Disk samples with a diameter of 10 mm diameter and thickness of 3
mm were prepared. Each catalyst was inserted between two copper circular disks. The impedance
and phase angle were determined by changing the frequency with an impedance analyzer (Hewlett
Packard model 4192A). The permittivity (¢) and loss factor (8") of complex dielectric constant were
corresponded to the impedance Z and phase angle @ as

d0i:10.20944/preprints201805.0268.v1
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. Z
e=———
2mfCyZ (15)
434 Where, £, Co (Co=¢9A/T), T, A, €0 are frequency, capacitance of electrod, thickness of disk and

435  surface area of catalyst disck, and free space permitivity, respectively. Zi and Zr are imaginary and
436  real part of the complex impedance which Zi = Zsin® and Zr = ZCos® [48].

437  3.3. Catalytic testing

438 100 mg of Cr/H-ZSM-5 catalyst was diluted with 50 mg of silica in the middle of the quartz
439  reactor tube. Then, it was placed between two quartz wool. Initially, 40 ml per minute of air and then
440 25 ml per minute nitrogen were flown for 1 hour at 625 °C and passed across the catalyst. In the
441  present study, LPG cylinder and CO: cylinder were used as feedstock and oxidant, respectively. The
442  flow rates of LPG and carbon dioxide cylinders were controlled with a rotameter at 10 ml and 50 ml
443  per minute, respectively. The gas mixture of 60 ml per minute at atmospheric pressure was diluted
444 with balanced N2 gas as a carrier gas. Cr/HZSM-5 catalysts were inserted into a fixed bed quartz
445  reactor with a length of 124 cm and a diameter of 13 mm. The reaction temperature was controlled at
446  various amounts of 550 °C to 700 °C. DC supply voltage was used to produce an external DC electric
447  field in the catalyst bed. Change of electrical current was used to control the intensity of electric field.
448  The alkanes, alkenes, COz, CO and other products were detected with Gas Chromatograph (GC)
449  equipped with a 6 m Porapak Q packed column and a Flame Ionization Detector (FID). The gaseous
450  products were analyzed on-line using a second GC equipped with a Thermal Conductivity Detector
451  (TCD) and a carbon molecular sieve 601 column. Olefin yield, LPG conversion and selectivity were
452  calculated using the following equations.

i weight of LPG reacted 1
Conversion of LPG=— — (16)
weight of LPG initial
Yield of light Olefin= The total wt.% of ethylene and propylene (17)
Yield of light Olefins
.. . o 18
Selectivity of light Olefins Corversion of LPG (18)
453 Figure 59 shows an experimental setup for the oxidative dehydrogenation of LPG in the external
454 electric field.

455  3.4. Experimental design

456 A Central Composite Design (CCD) was used to achieve optimal conditions for four main

457  parameters and interactions between these parameters. In this research, the main parameters were
458  temperature, electrical current, gap distance and metal loading, shown with Xi—Xs, respectively.
459  Temperature (Xi) range 550-700 °C, electrical current (X2) range 0-12 mA, gap distance (Xs) range
460  6-14 mm and metal loading (X4) range 0.5-7.5 wt.% were selected as presented in Table 3. Based on
461  Central Composite Design (CCD), the number of experimental runs are calculated with Equation 19:

N=2k+2k-+x0 (19)
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where N, k and xo are total experiments, main parameters and repetition of center point,
respectively. The effects of each variable were investigated at five levels: -, -1, 0, +1 and «, as shown
in Table 3. The center point was investigated six times. So, 30 different combinations of random
order experiments were carried out according to CCD for 4 parameters.

Table 3. Experimental level coded and range of independent parameters

Independent process -a -1 0 +1 +a
parameter
Factor 1 (X1): 550.0 587.5 625.0 662.5 700.0
Temperature (C)
Factor 2 (X2): B 0 3 6 9 12
Electrical current
(mA)
Factor 3 (X3):C 6 8 10 12 14
Gap distance (mm)
Factor 4 (X4): D 0.5 2.25 4 5.75 7.5
Metal loading (wt. %)

In order to investigate the interaction between the main factors, the second-order polynomial
response equation was used. Also, this equation represents the relation between responses (yield,
conversion and selectivity) to independent process parameters using Equation 20:

[_))ij Xi]'+€ (20)

1

k k k
=1 j

Y=B 0+Z B. X+ Z B +
=

k
=1 i= =1
Where, Y is response as yield, conversion or selectivity, fo is constant that is intercept in
ANOVA analysis, (i, i and (3ij are linear coefficient, quadratic coefficient and interaction coefficient,
respectively, estimated for main factors, dual interaction and intraction between two factors,
respectively. xiis coded variable level, k is number of parameter and ¢ is a residual term [49, 50].
Using Design Expert software and Equation 20, coefficients of responses were calculated by the least
squares method. To evaluate statistical significance of the model, ANOVA analysis, including R?,
adjusted R? and F-test was performed at the confidence level of 95%.

3.5. Statistical analysis

The ANOVA analysis of Central Composite Design (CCD) was used to specify significant terms
among temperature (Xi), electrical current (X2), gap distance (X3) and metal loading (Xs), and
significant second-order functions that fit experimental responses of conversion, yield and
selectivity and the independent experimental variables, with the Design- Expert package version
7.3.0. F statistic was carried out to check the suitability of regression models. R-squared statistics
were also investigated for the percentage variability of optimal parameters obtained by the model.
To relate the response variables to main factors, surface and contour plots were used.

4. Conclusions

In oxidative dehydrogenation of LPG in an electric field, optimum operating parameters were
obtained using central composite methodology. Operational variables were T(temperature),
I(electrical current), GD(gap distance) and ML(metal loading). The experimental results analyzed
with ANOVA. Temperature, electrical current and metal loading were the main variables that affect

d0i:10.20944/preprints201805.0268.v1
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490  yield and conversion and where temperature affects selectivity. Interaction between temperature
491  and electrical current as well as electrical current and metal loading were the most interaction
492  between two main factors. The predicted values obtained from the CCD model were adopted in
493  accordance to the experimental results (R2= 0.96 for conversion, R2= 0.96 for selectivity and R?=0.96
494  for yield). The band gap property of different catalyst can use as a criterion for study the
495  performance of the catalyst. In the electric field applied to catalyst surface, surface charge on the
496  catalyst surface is increased, energy band is curved and Fermi level is increased. Bending of energy
497  band is a complex function of electric field and electronic properties of catalysts. As observed in
498  experimental results, in the presence of higher metal loading and higher external electric field, due
499  to synergetic effect, Fermi level is increased which is in favor to catalytic activity. The electric field
500  which was applied on zeolite catalyst can be an effective method for increase in yield and
501 conversion. The maximum olefin yield was 46.94% at 673.66 °C, 11.01 mA electric current, 6.55 mm
502  gap distance and 3.98 wt. %. metal loading. Also, the maximum LPG conversion was 93.29% at
503  625.57 °C, 12 mA electric current, 9.7 mm gap distance and 7.5 wt.%. metal loading.

504 Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: title, Figure
505 S1: title, Figure S1: The XRD patterns, Figure S2: SEM images, Figure S3: FTIR spectra, Figure S4: Comparison

506 between experimental and predicted, Figure S5: perturbation curve, Figure S6: The response surface and
507 contour plots as a function of the temperature and electrical current, Figure S7: The response surface and
508 contour plots as a function of the electrical current and metal loading, Figure S8: The response surface and

509  contour plots as a function of the electrical current and gap distance, Figure S9: Setup of the experiment, Table
510 S1: Physicochemical properties, Table S2 ANOVA for response surface, Table S3: Coefficient of regression,
511 Table S4: Obtained optimum values.
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