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Abstract. Optimization of liquefied petroleum gas (LPG) catalytic cracking is one of the most fundamental issues in light olefin production.
The Response Surface Methodology (RSM) 5-level-3-factor central composite design (CCD) was used to investigate the effects of zinc
loading, water and temperature on ZSM-5 performance. The results show that there is an optimum point for initial propylene and ethylene
yields by changing the temperature (from 566 to 634 °C) of zinc metal loading in ZSM-5 (from 0.23 to 1.57 wt%) and the water/LPG
ratio (from 0.32 to 2.68), with the yields being 22.34 wt% and 28.20 wt%, respectively. The experimental data were satisfactorily fitted
to quadratic models by using multiple regression analysis over the range of operating conditions. The Response Surface Methodology
determined the optimal Zn loading set (0.96 wt%), water/LPG ratio (1.86) and temperature (633.6 °C) to obtain the best result for the
initial yields of ethylene and propylene. For ethylene and propylene yield responses, in a quadratic model, F-values showed 15.08 and

54.93, respectively, which states that the models were well-fitted.
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1. INTRODUCTION

Light olefins, propylene and ethylene, are among the
largest volumes of petrochemicals, which account for a
significant portion of the market demand in the world
[1-5]. Due to the limitation of thermal cracking in
controlling the olefin product, feed dependence and the
global concern about high operating temperatures,
catalytic cracking has been taken into account as a
traditional method of producing light olefin to overcome
the quoted deficiencies [6—8]. Moreover, whilst steam
cracking is nowadays carried out in different industries,
catalytic cracking at mild temperature in the presence of
mild steam as a diluent can be such an efficient alternative
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for steam cracking with various feedstocks and high
energy consumption [2].

ZSM-5 zeolite has been extensively investigated in
various reactions due to the high surface area, acidity, and
shape selectivity. This catalyst has been modified in order
to adjust acidity and prevent undesirable reactions, which
results in a higher light olefin yield. Element modifica-
tions have been studied widely by researchers [9-12]. The
addition of zinc species into ZSM-5 has made a significant
contribution to the conversion rates and selectivity of
unsaturated products by enhancing alkanes and alkene
dehydrogenation or protolytic cracking [10,13—17]. Zinc
cations prevent the hydrogen removal by transferring it to
hydrocarbon compounds so as to form light paraffin. The
impact of the introduction of Zn species has been
investigated on steamed ZSM-5 in the methanol to aro-
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matics (MTA) and methanol to gasoline (MTG) processes.
It is reported that steam treatment lengthens the lifetime
and aromatic selectivity of Zn-ZSM-5 catalysts [12,18].

Currently, no investigations have been conducted to
examine the catalytic performance of modified HZSM-5
by means of the RSM approach. For this purpose, a CCD
methodology is applied to obtain a statistical model of the
yield of light olefins. Herein, for the first time, we have
employed the aforesaid method to optimize the three
significant factors in the catalyst design of HZSM-5 for
the cracking of LPG: water in the feed, zinc loading in the
catalyst, and temperature on light olefins yields.

2. EXPERIMENTAL
2.1. Material

Na-ZSM-5 (Si0,/Al,0;5 ratio: 38, specific surface area:
320 m? g*!, mesopore volume: 0.14 cm?® g!) was pur-
chased from Alibaba.com (Hangzhou, China) and used as
a parent catalyst Zn(NOs3),.6H,O (0.0050 M, Aldrich,
>98.0%). Ammonium nitrate (from Merck, Darmstadt,
Germany; >99%) was applied for the impregnation of the
catalyst.

2.2. Catalyst preparation

To achieve H-ZSM-5, Na-ZSM-5 was ion-exchanged with
1 M NH4NO; for 3 hours, at 80 °C. This procedure was
repeated three times so as to complete the extraction of
Na* ions and the replacement of protons. The sample was
then filtered, washed, and dried at 110 °C for 12 h, and
finally calcined at 550 °C for 4 h in a continuous supply
of air. The respective catalyst samples including various
zinc species were prepared by the wet impregnation
method. To this end, Zn(NOs),.6H,0 aqueous solutions
were made in five different amounts to prepare xZn-
ZSM-5, in which x denotes the weight percentage of Zn
content, which was as follows: 0.23, 0.5, 0.9, 1.3 and
1.57 wt%. The slurry was stirred at 25-30 °C for 4 h, then
evaporated in a rotary evaporator at 68 °C until the water
was removed. Thereafter, the catalyst was dried at 110 °C
for 12 h in an oven and calcined in a furnace at 650 °C for
3h[19].

2.3. Characterization

X-ray diffraction analysis (XRD) was performed by a
PHILIPS PW 3719 X-ray diffractometer in order to
illustrate the specification of crystallinity and the struc-
ture of samples. Using Cu—Ka radiation (40 kV, 40 mA,
L=1.78897 A), the diffraction peaks were recorded in the
20 range of 5-65°, with an angular step size of 0.04. The

surface properties and identification of functional groups
were determined by Fourier Transform Infrared (FTIR)
spectroscopy. In this analysis, the samples were blended
with potassium bromide powder and then pressed under
high pressure. Following this, the extracted pellet was
inserted into a holder at the spectrometer, and the IR
spectrum was recorded.

2.4. Activation procedure

A fixed-bed tubular reactor with an internal diameter of
10 mm and 500 mm was used for LPG catalytic cracking
tests. The amount of the powder catalyst (0.1-0.2 mm
diameter) in each test was 0.09—-0.13 g, which was diluted
by Pyrex quartz beads. The catalyst was located at the
length of 300 mm from the inlet of the reactor surrounded
by quartz wools. The reaction temperature was measured
by a thermocouple attached to the wall across the axis of
the catalyst bed. For the initial step, the catalyst sample
was heated by air in 40 cm’/min volume flow with the step
of 10 °C/min for 1 h. Thereafter, the tubular reactor was
purged by pure N, gas for 1 h at the desired temperature.
Finally, the LPG feed was crossed from the sample
catalyst (LPG includes 45.7 wt% propane, 20.6 wt%
i-butane, 29.1 wt% n-butane and 4.6 wt% impurities). The
reaction temperature was in the range of 566-634 °C at
atmospheric pressure. The nitrogen gas, steam, and
feedstock were all supplied simultaneously during the
operation. Steam was introduced to the reactor feed
stream using a regulating syringe pump in five different
values. The products (cracking outlet) were analysed by
means of a fast refinery gas analyser (RGA) Agilent
model 7890A. Before entering the gas chromatograph
(GC), the product was passed through a condenser to
separate the liquid from the gaseous products. Considering
the condition that the product analysis was performed
within the first 20 minutes of the reaction, catalyst
deactivation in the modelling of this process was neg-
lected. Since the catalytic cracking process was a highly
endothermic reaction, in order to achieve the isothermal
condition, the catalyst of 60 mesh size was diluted in the
Pyrex quartz beads (six times of the amount of the
catalyst) of 60 mesh size. In the current study, the ratio
between the catalyst bed height and the particle size
(35-50) and the ratio of the reactor internal diameter to
the catalyst particle size (10-30) were sufficiently high to
avoid channeling, back-mixing of plug flow and internal
mass transfer limitation. For removing the external mass
transfer limitation, more than 6 mL/min of the feed (LPG)
flow rate at 400 mL/(min.g) GHSV (Gas Hourly Space
Velocity) was appropriate. Thus, the surface reaction can
be considered to be the rate-controlling step. The flow rate
of feeds was controlled by the mass flow controller
(MFC). The reactor setup is depicted in Fig. 1.
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Fig. 1. Schematic of the catalytic cracking reactor setup.
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3. NUMERICAL METHOD

In statistical design, the CCD in the RSM is a modelling
method employed to study and analyse the correlation
between a set of adjustable factors and obtained responses.
Thus, the results of the CCD were applied to ascertain the
effect of the three following parameters: temperature
(566.4-633.6 °C, X,), steam ratio (0.8-2.2, X,), and Zn
loading (0.23—-1.57 wt%, X3) on ethylene and propylene
yields (Y, Y, respectively). Following this, seventeen
treatments were conducted at five levels: —1.68, —1,0, 1,
and 1.68, as shown in Table 1. To evaluate the repeatability
of the model, the center point was repeated three times.
For statistical calculations, the relation between the coded
values and the actual ones is described by Equation (1):

Y = Bo + 2o BiXi + X X ByXiX; +e, (D)

where X; and X; are variables, Y represents the predicted
response, ffy is a constant term, f; the coefficient of the
linear terms, f; the coefficient of the interaction terms,
and ¢ is the residual related to the experiments. The experi-
ments (N) are determined by the following Equation (2):

N = 2k+2k+n,, ()

where k is the number of independent parameters; 2% is
the number of experiments for the variables having the
code value equal to +1 (factorial points); 2*k is the
number of experiments for the variables with the code
value equal to + a (axial points), and n, is the number of
experiments for the variables having a code value equal
to 0 (central point). The experiment n, was taken three
times. Therefore, the total of 17 runs were performed in
this study with the coded factor levels of the three
variables [20].

4. RESULTS AND DISCUSSION

4.1. Characterization results

As can be seen in Fig. 2, all Zn-ZSM-5 samples illustrate
two characteristic peaks between 260 = 7-9° and 23-25°,

corresponding to a preserved ZSM-5 structure. X-ray
patterns show that the Zn-ZSM-5 catalyst maintains the

Table 1. Independent test variables at five different levels used for catalytic cracking according to the CCD

Factor Unit | Code Real values of coded levels
Low axial Low Center point High High axial
(-a") factorial 0) factorial (+a)
(Y] (1)
Temperature °C A 566.4 580.0 600.0 620.0 633.6
Steam/LPG ratio in feed - B 0.32 0.80 1.50 2.20 2.68
Zn content wt% C 0.23 0.50 0.90 1.30 1.57

“a: 1.68.

Note: Standard uncertainties (u) are u(T) =+ 0.1 °C; u(Steam ratio) =+ 0.01; u(Zn content) = + 0.01 wt%.
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Fig. 2. XRD patterns of the parent HZSM-5 and Zn/ZSM-5 in 0.23, 0.5, 0.9, 1.3 wt% loading in HZSM-5.
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Fig. 3. Infrared spectra of the parent HZSM-5 and Zn/ZSM-5 in 0.5, 0.9, 1.3 wt% loading in HZSM-5.

structure of the parent HZMS-5, there were no peaks of
impurities and other obvious crystalline defects for the
Zn-HZSM-5 samples in comparison with the HZSM-5
catalyst [18,21].

The FTIR spectra of the Zn-ZSM-5 samples are
demonstrated in Fig. 3. According to Fig. 3, the alkaline
introduction of zinc resulted in an increase in the relative
intensity of the band between 3740-3747 cm™!, which
corresponded to terminal silanol groups. It can be
observed that the introduction of zinc in an amount more
than 0.9 wt% did not have a significant difference in the
peak increase. This external silanol provided the extra
strong acidic site for dehydrogenation and cracking. With
the band at 3728 cm™!, being assigned to silanol sites,
located inside the zeolite structure, three ZnZSM-5
samples had almost the same intensity [22,23]. There was
a clear shoulder around 3660 cm™', corresponding to the
presence of OH group for octahedral non-framework
aluminum sites.

4.2. Result of LPG catalytic cracking

The experiments were conducted under the specified
experimental conditions based on the CCD model. The
consequences of the key factors (Zn loading, steam ratio,
and temperature) were studied at the beginning of the
reaction. The analysis was performed by the Design-Expert
11 software. The matrix design as well as the experimental
results are illustrated in Table 2. Experiments 8, 13 and 16
were central points.

Tables 3 and 4 show the analysis of the variance
(ANOVA) for the experimental variables as linear, quadratic
and interaction terms of each response variable and the
corresponding coefficients for the predictive models of
ethylene and propylene, respectively.

For ethylene and propylene yield responses, the
quadratic model was selected. After the analysis, F-values

were obtained as 15.08 and 54.93, respectively, which
stated that the models were fitted. P-values of less than
0.001 (0.0009 and <0.0001) showed that the fitted models
were significant at the 99.9% confidence level.

4.3. Fitting models and adequacy survey

The quadratic order for the initial yields of ethylene and
propylene are presented in Equations (3) and (4):
Ethylene yield (wt%)
=2344+2.184+047B +0.043C +0.224B
+ 0.0714C+ 0.03BC + 0.274%>— 0.48B>— 0.61C% (3)

Propylene yield (wt%)
=17.40 +2.654 —0.038B — 0.068C — 0.0694B
—0.0754C + 0.070BC + 0.284>— 0.13B— 0.62C?%, (4)

where A4, B and C are temperature, steam ratio, and Zn
content in the zeolite catalyst, respectively. The multiple
letters represent the interaction between factors. The
coefficients of determination (R?) values of 0.951 and
0.986 were obtained for ethylene and propylene yields, in
turn. It demonstrated that the quadratic model was suitable
for representing the system under the experimental results.

4.4. Effect of main factors

The catalytic performance of modified ZSM-5 in the
cracking of LPG was studied in a conventional reaction.
The temperature (°C), loading of zinc over HZSM-5 (wt%),
steam to LPG ratio (—) changed between 566—634 °C,
0.23—-1.57 wt%, and 0.32-2.68, respectively. Figures 4
and 5 present the model predicted yields of ethylene and
propylene, respectively, for different temperatures.
Figures 4a and 5a illustrate the effect of temperature on
olefin yields for different steam to LPG ratios at the
constant 0.9 wt% Zn loading to HZSM-5. For both olefin
yields, the steam ratio contribution was not significant in
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Table 2. Design matrix and experimental results using CCP

Run Factor Yield Yield Yield | Yield | Yield | Yield | Yield Yield Yield

(Wt%) (Wt%) | (Wt%) | (wt%) | (Wwt%) | (Wt%) | (wt%) Wt%)  (wt%)

A: B: C: Ethylene | Propylene [Methane | Ethane | Propane | Butane |Hydrogen|Butylenes C*s
Temperature | Steam Zn (i,n) (i,n,t,c)
°C ratio content
wt%

1 566.4 1.50 0.90 20.09 14.09 8.18 5.31 6.84 2596 2.61 5.35 4.36
2 620.0 2.20 0.50 24.65 19.76 820 4.84 5.67 26.80 2.63 6.31 333
3 600.0 0.32 0.90 21.71 16.99 13.65 7.69 6.88 10.31 3.08 5.72 4.72
4 580.0 0.80 1.30 20.27 14.13 14.46 7.67 574  10.80 3.10 6.97 4.57
5 600.0 1.50 0.23 22.10 16.00 10.64 6.20 6.68 21.82 2.84 6.40 4.60
6 600.0 2.68 0.90 23.24 16.86 10.51 6.03 6.48 21.80 2.80 5.78 4.44
7 620.0 0.80 1.30 23.55 20.00 14.68 7.86 6.49 8.74 3.16 6.34 4.22
8 600.0 1.50 0.90 23.51 17.56 11.31 7.13 6.05 18.07 2.74 6.38 4.42
9 600.0 1.50 1.57 22.10 15.03 10.95 6.27 6.13  21.17 291 5.77 3.99
10 620.0 0.80 0.50 23.40 19.91 7.79 446 6.61 2540 2.61 5.97 4.60
11 580.0 2.20 1.30 20.77 14.53 12.66 7.43 6.53  12.59 2.93 6.62 4.65
12 633.6 1.50 0.90 29.09 22.07 14.70 8.01 320 10.08 2.29 5.63 4.99
13 600.0 1.50 0.90 23.41 17.44 11.86 6.93 6.46 16.88 2.93 5.91 4.33
14 580.0 0.80 0.50 20.25 14.14 9.96 6.55 7.34 2273 2.79 5.63 4.64
15 580.0 2.20 0.50 20.78 13.87 9.27 5.60 6.41 24.60 2.71 5.74 4.59
16 600.0 1.50 0.90 23.26 17.23 11.45 7.42 6.69 17.54 2.89 5.93 4.16
17 620.0 2.20 1.30 25.08 19.73 14.24 7.89 6.05 1091 3.08 6.39 5.05

Table 3. Analysis of variance results for the ethylene yield from Response Surface Quadratic Model

Source | Sum of squares | Df | Mean square F-value | p-value prob >F

A: Temperature (°C) 64.71 1 64.72 114.08 <0.0001
B: Steam ratio (—) 2.98 1 2.99 5.27 0.055
C: Zn content (wt%) 0.02 1 0.0251 0.04 0.839
AB 0.37 1 0.38 0.67 0.440
AC 0.04 1 0.041 0.07 0.796
BC 0.007 1 0.007 0.013 0.913
A2 0.83 1 0.83 1.46 0.267
B? 2.57 1 2.57 4.53 0.071
c? 422 1 422 7.44 0.029
Model 76.98 9 8.55 15.08 0.0009
Error 0.034 2 0.017

Table 4. Analysis of variance results for the propylene yield from Response Surface Quadratic Model

Source Sum of squares | Df | Mean square F-value | p-value prob >F

A: Temperature (°C) 95.77 1 95.77 459.21 <0.0001
B: Steam ratio (-) 0.019 1 0.019 0.093 0.769
C: Zn content (wt %) 0.064 1 0.064 0.305 0.598
AB 0.038 1 0.038 0.1844 0.681
AC 0.045 1 0.045 0.218 0.655
BC 0.039 1 0.039 0.188 0.678
A? 0.900 1 0.900 431 0.076
B2 0.179 1 0.179 0.861 0.384
C? 4.396 1 4.396 21.07 0.0025
Model 103.10 9 11.46 54.93 <0.0001
Error 0.054 2 0.0269
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comparison to temperature. Moreover, Figs 4b and 5b
illustrate the effect of temperature on olefin yields for
different Zn loadings in the catalyst at the constant 1.5
ratio of steam over LPG. For both olefin yields, Zn
loading 0.9 wt% showed better performance. As shown,
the olefin yields increased with the temperature, not
depending on Zn loading (wt%) and steam ratio values.
Since the cracking reaction is endothermic and must
provide the activation energy for the reactant, the higher
temperature is in favour of the process. However, higher
temperature increases coke formation to a great extent.
The results demonstrate that the ethylene and propylene
yields are in the range of 18-29% and 11-24%, respec-
tively.

Figures 6 and 7 present the model predicted yields of
ethylene and propylene, respectively, for different water-
feed ratios. Figures 6a and 7a illustrate the effect of the
added steam flow on olefin yields for different reaction
temperatures at the constant 0.9 wt% of Zn loading. For
both olefin yields, the highest temperature, 634 °C, showed
better performance. Moreover, Figs 6b and 7b illustrate
the effect of a mild steam flow on olefin yields for
different Zn loadings over HZSM-5 at the reaction
temperature of 600 °C. For both olefin yields, Zn loading
of 0.9 wt% showed better performance. Regarding the
steam ratio, as illustrated in Figs 6 and 7, it had the most

(a)
—®— Temperature 566.3 °C
30 = -4= - Temperature 600 °C

significant contribution in the range of 1.5 to 2.2 for the
ethylene yield and of 1 to 1.8 for the propylene yield.

A small amount of steam is in favour of catalytic
cracking reactions, by reason of its performance as an
oxidative to remove the coke precursor that drops the rate
of catalyst deactivation [24,25]. Furthermore, steam plays
an indispensable role in decreasing bimolecular reactions
in catalytic cracking, such as hydrogen transfer to form
heavy products [26-29]. On the contrary, raising the
amount of steam from the optimum range to the higher
levels accelerates the loss of active sites in the structure,
which is indicative of sintering deactivation. It should be
noted that it causes a high dealumination rate that finally
decreases the acidic sites for the occurring reactions [30].

Figures 8 and 9 present the model predicted yields of
ethylene and propylene, respectively, for different Zn
loadings over HZSM-5. Figures 8a and 9a illustrate the
effect of zinc loading on olefin yields for different reaction
temperatures at the constant 1.5 steam ratio. For both
olefin yields, the highest temperature, 634 °C, showed
better performance. Moreover, Figs 8b and 9b illustrate
the effect of loading of zinc over catalyst performance
for different steam ratios at the reaction temperature of
600 °C. For both olefin yields, the 1.5 steam ratio showed
better performance. As regards the zinc weight percentage
for catalyst modification, it had better performance in the
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Fig. 8. Effect of Zn loading on ethylene yield in a variety of (a) temperatures at the constant steam ratio 1.5 and (b) steam ratios at

the constant temperature 600 °C.
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Fig. 9. Effect of Zn loading on propylene yield in a variety of (a) temperatures at the constant steam ratio 1.5 and (b) steam ratios at

the constant temperature 600 °C.

range of 0.7 to 1.1 wt% for the light olefin yield, as depicted
in Figs 8 and 9.

HZSM-5 is a catalyst with a high density of Bronsted
and Lewis acid sites, where the reactant adsorbs onto the
active sites and then the reactions progress. These acidic
sites are sufficiently strong to be the host of heavier side
products and a coke precursor. In most cases the acidic
sites must be diluted by a transition metal to decline the
acidic properties.

Based on the Plank—Hirschler mechanism, upon
loading cations over acidic HZSM-5, H" is omitted and
the number of acidic sites is decreased. Thus, due to the
relatively high electrostatic potential of cations like Zn>",
a few new Bronsted acid sites were formed during the ion-
exchange process [31]. It seems that the incorporated Zn
species are replaced in part by the former strong acid sites,

and they formed a kind of stronger new acid sites. The
incorporated Zn species along with the Bronsted acid sites
act like a Lewis acid site because of [Al-O-Zn-O-Zn-O-Al]
or [Al-O-Zn-O-Al] species formation [10,32,33]. Moreover,
zinc oxide can reduce the active site blockage resulting
from the large intermediates from cracking reactions,
which occurs because Zn species can create more Lewis
acid sites near the Bronsted acid sites [19,20]. However,
by decreasing the number of stronger acid sites upon zinc
impregnation, the coke formation would be limited and
consequently the activity of the catalyst will be preserved
[10]. It is detected that introducing more than the optimum
amount of zinc as an intermediate metal to the catalyst
results in decreasing the Bronsted strong acid sites, though
maintaining a sufficiently high number to diminish the
protolytic cracking reactions [24,34].
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Ethylen yield: 28.2954

Propylene yield: 22.3245
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Fig. 10. Overlay plot for the optimum region at the temperature 633.6 °C and with different zinc contents (wt%) and steam ratios
in the feed; the shaded zone indicates the maximum obtained ethylene and propylene yields (wt%); standard uncertainties (u) are
u(T) =+0.1 °C, u(Steam ratio) =+0.01, u(Zn content) =+ 0.01 wt%, u(Yield) =+0.01 wt%; “Design-Expert 11 software output”.

Graphical optimization has produced an overlay
plot to display the area of feasible response values in
the factor space. The shaded part, which indicates the
value of possible response areas in the factor space
and graphical optimization, is shown in Fig.10. Two re-
sponses, the ethylene and propylene yields, determine the
optimum region, shown in light grey colour. Model val-
idations at experimental combinations were used for
validation of the statistical model. Under these con-
ditions, the experimental response for the ethylene yield
was 28.20 wt% and the response for the propylene yield
was 22.34 wt%. As illustrated in Fig. 10, the optimum set
was 633.6 °C for temperature, 1.86 for water/LPG ratio
and 0.96 wt% for Zn loading over the HZSM-5 catalyst.
A parity plot for product yields in Fig. 11 indicates an
acceptable agreement between the experimental and
model-fitted values over the range of the operating
conditions used in this study. The objective function
parameters were obtained with root mean square 1.94%
and 1.71% for ethylene and propylene yields, respec-
tively.
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Fig. 11. Comparison between the experimental data and model-
predicted data for ethylene and propylene yields at different
temperatures (566, 580, 600, 620, 634 °C), zinc contents (0.18,
0.4, 0.72, 1.04, 1.26 mg) and water flows in the feed (2.6, 6.4,
12, 17.6, 21.4 cc/min).
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5. CONCLUSIONS

In this study, a CCD was employed to investigate the
effects of water, zinc loading, and temperature with regard
to ethylene and propylene yields. It was detected that there
was an optimum point for the initial ethylene and
propylene yields by specified values of Zn loading and
steam ratio of the feed. The RSM showed that the
significant second-order equation with an appropriate
R? (>0.95) was fitted for the ethylene and propylene
yields as the function of independent factors. It was
concluded that the RSM can determine the optimal set
temperature 633.6 °C, steam ratio 1.86 and Zn loading
0.96 wt% to obtain the best result for the initial yields of
propylene and ethylene.
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Vee ja tsingi moju vedelgaasi kataliiiitilisele krakkimisele kergete olefiinide tootmisel,
kasutades vastuspinnametoodikat

Bijan Barghi, Allan Niidu ja Ramin Karimzadeh

Veeldatud naftagaasi kataliiiitilise krakkimise optimeerimine on kerge olefiini tootmise iiks pShiprobleeme. Uurimaks
tsingi, vee ja temperatuuri moju ZSM-5 joudlusele, rakendati vastuspinnametoodikat, kasutades viie taseme ning kolme
teguri keskset komposiitkonstruktsiooni. Tulemused néitasid, et algse propiileeni ja etiileeni saagise optimumi saavuta-
miseks tuleb tdsta ZSM-5 tsinkmetalliga impregneerimise temperatuuri (566—634 °C) ja tsingi kontsentratsiooni (0,23—
1,57 wt%) ning vee/LPG suhet (vahemikus 0,32-2,68), mis on vastavalt 22,34 wt% ja 28,20 wt%. Katseandmed sobitati
rahuldavalt ruutmudelitega, kasutades to6tingimuste vahemikus mitmekordset regressioonanaliiiisi. Vastuspinname-
toodika abil médrati optimaalsed tsingiga impregneerimise tingimused: tsingi massiosa (0,96 wt%), vee/vedelgaasi suhe
(1,86) ja temperatuur (633,6 °C). Etiileeni ja propiileeni saagiste vastuste F-védartused olid ruutmudelis vastavalt 15,08
ja 54,93. Seega olid leitud mudelid sobivad.



