Reaction Kinetics, Mechanisms and Catalysis (2022) 135:847-865
https://doi.org/10.1007/s11144-022-02179-w

™

Check for
updates

Experimental and kinetic study of vacuum residue cracking
over zirconium based catalysts

Aya Abd Al-Karim' - Zaidoon M. Shakor'® - Farooq Al-Sheikh’
William A. Anderson?

Received: 7 December 2021 / Accepted: 30 January 2022 / Published online: 7 February 2022
© Akadémiai Kiad6, Budapest, Hungary 2022

Abstract

In this study, thermal cracking and catalytic cracking over zirconium-based cata-
lysts of the vacuum residue were achieved in the presence of supercritical steam
at 400-450 °C, 20 bar, and 2—4 h. Two different catalysts (ZrFeNi and ZrCoNi)
were prepared using a sol—gel precipitation method and characterized using X-ray
diffraction, EDX-spectrum, scanning electron microscopy, and BET surface area.
The results showed the lowest VR conversion was achieved in the thermal crack-
ing, catalytic cracking using ZrFeNi and catalytic cracking using ZrCoNi were
31.7, 35.3, and 38% while the highest VR conversion was achieved in the thermal
cracking, catalytic cracking using ZrFeNi and catalytic cracking using ZrCoNi were
38.6, 71.1 and 76.3%. A new kinetic model of the eight lumps and 28 reaction steps
were developed to describe the VR cracking while a genetic algorithm optimization
method was used to predict the optimum set of kinetic parameters in which all com-
putations were achieved using MATLAB version 2020a.
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Abbreviations

XRD X-ray powder diffraction

SEM Scanning electron microscopy
BET Brunauer, Emmett, and Teller
ASTM  Atmospheric standard test method
APD Average pore diameter

PID Proportinal integral derivative
CSTR  Continuous stirred tank reactor
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RHC Residue hydrocracking
MAE Mean absolute error
MRE Mean relative error

GA Genetic algorithms
AR Atmospheric residue
VR Vacuum residue

LN Light naphtha

HN Heavy naphtha

Ke Kerosene

LGO Light gas oil

HGO  Heavy gas oil

LVGO Light vacuum gas oil
HVGO Heavy vacuum gas oil

Introduction

Petroleum refining industries have faced several challenges in the past few years.
One of those challenges is an increase in demand for the light fractions and
a decreasing ratio of the exploited light crude oils since crude oil refining yields
10-15% vacuum residue (VR) depending on the crude oil origin. Thermal and cata-
lytic cracking is usually used to upgrade the vacuum residue (VR) and increase the
distillation profit. In cracking, the heavier long-chain hydrocarbons are broken down
into lighter ones by breaking carbon—carbon bonds while the cracking rate and final
products strongly depend on the temperature, pressure, and presence of catalysts
[1]. Fumoto et al. performed catalytic cracking of Canadian oil sand bitumen using
zirconia-alumina-iron oxide catalyst at 450-500 °C in the presence of steam. The
largest yield of light oil at 500 °C temperature and 2 h residence time was approxi-
mately 50 mol% with no coke formation [2]. Gai et al. studied the use of sub- and
supercritical water to provide a unique homogenous acidic-reaction system of bitu-
men cracking in an H, or N, atmosphere using an activated carbon-supported nickel
catalyst [3]. Ahn et al. performed vacuum residue upgrading using subcritical water
and a catalyst and compared the liquid product conversion. The maximum conver-
sion of 55.5 wt% was given at 400 °C, 0.5 g catalyst, 6 h reaction time, and 20 g of
water, and it was found that an accumulation of a mass of 61.2 wt% at 500 °C of
the liquid product was accomplished by conversion of the light product with a low
boiling point [4]. Do et al. used a NiK/CeO, catalyst to investigate the interaction
between a Ni metal, and CeO, support and its effect on the oxidative cracking of
VR. The addition of NiK provided Ni metallic of hydrogenation and produced a lot
of liquid products like diesel which was the highest one with 22.87 wt% without a
catalyst [5]. Nguyen-Huy et al. prepared and tested NiK/CeZr-Al catalysts cracking
of the vacuum residue with steam using a fixed-bed reactor at 500 °C and 1 atm [6].
Yunanto et al. used active alumina oxide (Al,O;) in a pyrolysis process with a sin-
gle-stage under thermal and catalytic cracking of the VR. The process was carried
out at 450 °C and varied reaction times (5-30 min) in the fixed-batch reactor. They
found that in the thermal process, the liquid was produced with the highest saturates
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content, while in the catalytic process liquid was produced with the highest aromat-
ics and olefins contents [7]. Puron et al. prepaid support for hydrocracking catalysts
using Ni, and Mo, impregnated Cr-doped alumina (NiMo/Al,O,), tested catalytic
activity in HDA, HDS, and HDM of the Maya VR in a batch reactor at 425 °C and
compared with NiMo supported. They found that the Cr aided metal dispersion in
the catalyst synthesis and coke dispersion during the reaction. The spent catalyst
showed reductions in the surface area and pore volume while a NiMo/ Al,O; cata-
lyst had a decrease in the average pore diameter (APD) [8]. The previous work con-
cerned with vacuum residue cracking is summarized in Table 1.

In this research, we expand on these studies by manufacturing, characterizing,
and using two zirconium-based catalysts in steam catalytic cracking of the vacuum
residue cracking and developing a new kinetic model to describe this catalytic crack-
ing over ZrFeNi catalyst. Experimental data were obtained from runs carried out in
a batch reactor at three different temperatures (400, 425, and 450 °C), reaction times
(2, 3, and 4 h), and catalyst weights (0.5, 1, and 1.5 g).

Materials and methods

A real vacuum residue from a vacuum distillation unit was supplied by the domestic
Al-Doura petroleum refinery, Baghdad, Iraq while all chemicals [iron oxide (Fe,O;,
98%), zirconium nitrate (Zr(NO;),, 99%), nickel nitrate (Ni(NOs),, 98.5%), cobalt
nitrate (Ni(NO3),, 98%), and distilled water (H,O, 100%)] were purchased from
local suppliers. Table S1 shows the properties of the vacuum residue while Table S2
shows distillation data of the feed. Two different catalysts were manufactured: The
first one was composed of a mixture of nickel nitrate and zirconium nitrate with
iron oxide, while the second was composed of a mixture of zirconium nitrate, nickel
nitrate, and cobalt nitrate. The mixture was dissolved in distilled water and heated
for 1 h at 60 °C. After heating, ammonia solution was added to the solution to adjust
the pH to 10 with continuous heating for 30 min. Slurries were evaporated using a
rotary evaporator while the solid phase appeared in the bottom of the evaporation
vessel. The mixture was then cooled to separate the solid phase using a filter paper,
dried at 25+ 1 °C for 24 h, and finally calcined at 600 °C for 4 h. The crystalline con-
struction of the two catalysts was analyzed by X-ray diffraction (LabX XRD-6000,
Shimadzu Corporation) at 25+ 1 °C using a powder diffractometer between 10° and
90° in a step of 0.02 with the Cu Ka radiation. The morphological structure of the
synthesized catalyst samples was obtained using scanning electron microscopy. The
surface area and pore size of the catalysts were estimated using a surface area ana-
lyzer (Vega3 Tescan) by N, adsorption/desorption at 25 °C which is also known as
Brunauer—-Emmett-Teller (BET) method. The cracking was performed in a 200 ml
stainless steel batch autoclave equipped with a 2000-W heater and a PID controller
to control the temperature. Required amounts of the vacuum residue, water, and cata-
lyst were placed into the autoclave reactor and then closed well using eight stainless-
steel 304 bolts. The temperature was linearly adjusted to increase from 25+ 1 °C
to the desired one using a PID controller. The time required to reach the reaction
temperature was within the range of 105-132 min depending on the desired reaction
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temperature. The reaction time started when the reaction temperature was achieved
for the first time by the controller while the reactor pressure increased directly with
the reaction temperature, increasing slightly during the reaction duration. At the end
of the reaction duration, the heater was turned off and the reactor was left to cool
again to 25+ 1 °C. Then, water was separated from the reaction mixture by grav-
ity while the catalyst was separated using a mesh. Vacuum distillation (VDS3000,
Kohlar company) was used to fractionate the cracking products depending on the
boiling point range and to determine the range of the petroleum products boiling
points that could be completely or partially vaporized at 450 °C (maximum liquid
temperature). The sample was distilled at a controlled reduced pressure of 10 mmHg
under conditions that were designed to provide approximately one notional plate
fractionation. Initial and final boiling points were measured to find the distillation
curve relating the volume percent distilled and atmospheric equivalent boiling point
temperatures. Then, the produced distillation curves ASTM D1160 (Vacuum distil-
lation) were converted to ASTM D86 (atmospheric distillation) using Aspen Hysys
software. Therefore, the light cuts were calculated using a typical crude oil cut point
presents in Table 2. Also, curves of the true boiling point (TBP) of 15 experiments
are presented in Figs. S1-15 in the supplementary material.

Kinetic model

The kinetic modeling describes dynamic composition changes of the cracking prod-
ucts with a subsequent formation of gas and coke as a result of the catalytic cracking
[24-26]. Singh et al. developed a five-lumps kinetic model using ten reactions of
vacuum residue thermal cracking where two residue feedstocks were of Indian and
Mithe middle East origin estimated from Indian refineries. The reaction pathways
included gasoline, LPG, gas, and vacuum gas oil lumps [9]. Martinez and Ancheyta
investigated a five-lump kinetic model of heavy oil hydrocracking in a CSTR reactor
over a temperature range 380—420 °C and found that the lighter lumps are more sen-
sitive to the temperature change, while heavier lumps are hydrocracked more easily
and the mean absolute error of the developed kinetic model was less than 5% [27].

Tal?le 2 Typical crude oil cut Cut IBP (°C) EP (°C)

points (ASTM D86)
Off gas - 32
Light naphtha 32 88
Heavy naphtha 88 193
Kerosene 193 271
Light gas oil 271 321
Heavy gas oil 321 425
Light vacuum gas oil 425 510
Heavy vacuum gas oil 510 564
Vacuum residue 565 -
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Gao et al. developed an eight-lumps kinetic model that had 20 reactions and one cat-
alyst deactivation term for vacuum residue catalytic cracking, which were CP, CN,
CA, HCO, LPG, dry gas, light oil, and coke. The experimental data were obtained
using a fixed bed reactor in a pilot plant at four different temperatures 460, 480,
500, and 520 °C and their model demonstrated high simulation accuracy with the
predicted yields being in close agreement with the experimental results [28]. Manek
and Haydary developed a kinetic model of tR hydrocracking based on the datasets
estimated from a commercial residue hydrocracking unit (RHC). The temperature
and pressure were in the range 401-412 °C and 18-20 MPa, while the kinetic model
included six fractions (gas, naphtha, kerosene, gas oil, vacuum distillate, and vac-
uum residue) and eight reaction steps [13]. Cabrales-Navarro and Pereira-Almao
used a Ni/K catalyst in catalytic steam cracking of the VR at 435-445 °C and 300
psig. Their lumped kinetic model was evaluated including asphaltenes genera-
tion while heavy vacuum gas oil (HVGO) and light vacuum gas oil (LGVO) frac-
tions were determined to be much more reactive under the catalytic steam crack-
ing operating condition [17]. Kaminski and Husein used three different schemes of
the five-lump model based on gas, coke, asphaltene, maltene, and distillate fraction
in thermal cracking of VR and AR. The process was carried out in a batch reac-
tor at 400420 °C and 3-5 kPa while the kinetic parameters were estimated from
the benchmarking between experimental and predicted results. They found that the
composition difference between atmospheric residue (AR) and vacuum residue (VR)
in terms of asphaltene, and hydrogen donor nature and the content most likely led to
rapid catalyst deactivation and a loss of the selective cracking mechanism experi-
enced during AR cracking [19]. Table 3 shows a summary of the previous work
concerned with kinetic modeling of VR cracking. In this study, the first-order devel-
oped simplified kinetic model [9, 12, 17, 19, 31] is presented in Fig. 1 while Table 4
was used containing eight lumps [light naphtha (LN), heavy naphtha (HN), light
gas oil (LGN), heavy gas oil (HGO), light vacuum gas oil (LVGO), heavy vacuum
gas oil (HVGO), and vacuum residue (VR)] and 28 reactions using some reason-
able assumptions [18]: (1) Uniform concentration and temperature, (2) Power-law
kinetic model and (3) Neglecting the pressure effects and gaseous products due to
the smaller weights compared to other liquids products. The reaction rate equations
of each lump represented in Egs. 1-8:

ALNT _ K, [VR] + K, [HVGO] + K, [LVGO)] + K;[HGO] + K,[LGO] + K, [Ke] + K, [HN]
dt
(1)
% = Kys[VR] + K,, [HVGO] + K ,[LVGO] + K4[HGO] + K5[LGO] + K, [Ke] - K, [HN]  (2)
d[f] = Ky [VR] + K 5 [HVGO] + K3 [LVGO] + Ko [HGO] + K¢[LGO] — K, [Ke] — K,[Ke] (3)
d[LdfO] = Kys[VR] + K o[HVGO] + K 4[LVGO] + K 1o[HGO] — K,[LGO] - K,[LGO] — K ,[LGO]

“
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Fig. 1 Eight-lump kinetic model of the VR cracking

d[HGO
L o 1_ Ky6[VR] + Koy [HVGO] + K5 [LVGO] — K;[HGO] — K¢ [HGO] - Ky [HGO] - K |, [HGO]
®)
@ = Ky7[VR] + Ky [HVGO] - K} [LVGO] = K [LVGO] — K 35[LVGO] — K, [LVGO] - K 5[LVGO] ()
7d[HZtGO] = Ky[VR] - K;s[HVGO] - K;[HVGO] — K3 [HVGO] - K [HVGO] - K, [HVGO] - K, [HVGO]  (7)
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Table 4 Predicted kinetic parameters

Reaction Kinetic param- Rate constant
eter
Ao E (J/mol K)
Heavy naphtha — Light naphtha K, 5.65x10* 271,795
Kerosene — Light naphtha K, 3.23x10° 263,815
Kerosene — Heavy naphtha K, 3.92x 108 151,625
Light gas oil — Light naphtha K, 8.95x10* 289,917
Light gas oil - Heavy naphtha K; 1.05x 108 298,014
Light gas oil — Kerosene Ks 3.84 45,121
Heavy gas oil — Light naphtha K, 423x10° 282,718
Heavy gas oil — Heavy naphtha Ky 5.95%107 290,029
Heavy gas oil — Kerosene K, 1.23x10* 298,313
Heavy gas oil — Light gas oil Ko 3.73%x 10’ 159,535
Lightvaccum gas oil — Light naphtha Ky 1.98x 10* 286,901
Light vacuum gas oil — Heavy naphtha K, 1.48 39,517
Light vacuum gas oil — Kerosene K3 1.66x 107 289,828
Light vacuum gas oil — Light gas oil K4 479x10° 155,871
Light vacuum gas oil — Heavy gas oil Kis 3.64 35,645
Heavy vacuum gas oil — Light naphtha Kie 319 267,809
Heavy vacuum gas oil — Heavy naphtha K, 7.02x10° 297,038
Heavy vacuum gas oil — Kerosene Kis 1.02x10° 274,023
Heavy vacuum gas oil — Light gas oil Ko 3.06x 10° 130,896
Heavy vacuum gas oil — Heavy gas oil Ky 4.65x 10" 251,554
Heavy vacuum gas oil — Light vacuum gas oil Ky, 1.91x10"7 283,187
Vacuum residue — Light naphtha Ky, 4.06x107° 24,032
Vacuum residue — Heavy naphtha Ky 221x10* 110,863
Vacuum residue — Kerosene Ky, 1.89x 107 22,901
Vacuum residue — Light gas oil Kys 1.58E 49,339
Vacuum residue — Heavy gas oil Ky 13.3 63,904
Vacuum residue — Light vacuum gas oil K, 0.238 27,420
Vacuum residue — Heavy vacuum gas oil Ko 5.99x10* 103,075
d[VR]
0 = =K, [VR] = K5[VR] = K5, [VR] = Ky5[VR] — K5 [VR] — K, [VR] — K55 [VR]
®)
K=Ae RT ©)

Here A, is the pre-exponential factor, E is activation energy (J/mol), R is the univer-
sal gas constant (8.314 J/mol K) and T is the absolute temperature (K). The mean
relative error (MAE) and mean absolute error (MRE) were used to evaluate a sensi-
tivity analysis on the developed kinetic model using Eqs. 10 and 11 [13, 28]:
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M
_ 1 exp _ _pred
MAE = (o 2 2 (10)
=11=
| Yo ypred
MRE = .
ot 2 2| Ty (b
_]—1 i=1 1,

Here N, M,yiejp, and yijred are the components number, dataset number, experimental
weight fraction values, and predicted weight fraction values. The percentage VR
conversion and percentage yield in the weight fraction for cracking products were
calculated using Eqs. 12 and 13.

. Weight VR feed — Weight VR Out
% VR conversion (Wt) = - x 100 (12)
Weight VR feed
Weight of desired product
% Desired product yield (Wt) = < elgWe(i)ghtei;;;fezlo e ) x 100 (13)

Average molecular weights were used to convert the reactant and products
weights to moles and vice and were calculated as follows [28, 32]:

N v CMW,
MW = Lo, GMW, =L
Zi=1 Ci
Here MW is the average molecular weight of the lump, g/mol and Ci is the concen-
tration of the lump i, mol/g. The reaction stoichiometry for a specific reaction was

calculated by dividing the average molecular weights of reactants by the average
molecular weight of the products.

(14)

MW,

l

V. =
oM

15)

Here v;; the stoichiometric coefficient. A genetic algorithm optimization method was
used to predict an optimum set of the kinetic parameters where all computations
were achieved using MATLAB version 2020a.

Results and discussion

Catalyst characterization

The crystalline construction of the two catalysts was analyzed by X-ray diffrac-

tion at 25+ 1 °C using a powder diffractometer between 10° and 90° in a step of
0.02 with the Cu K, radiation. Fig. 2A and B show the X-ray diffraction (XRD)
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Fig.2 A XRD-pattern of ZrFeNi catalyst. B XRD-pattern of ZrCoNi catalyst

patterns of both calcined ZrFeNi and ZrCoNi powder, where the peaks observed at
20=30.7°, 35.8°, 50.9°, 60.2°, and 62.8° are the metastable tetragonal ZrO, while
the peak observed at 20=28.2° is monoclinic zirconia. For the calcined catalyst,
peaks at 20=37.4° and 43.4°, corresponding to Ni can be observed. These can be
assigned to (111) and (200) of the lattice plane of the cubic Ni. For the reduced sam-
ple, Ni disappears completely and two small peaks corresponding to metallic nickel
at 20=44.6° and 51.8°. A morphological structure of the synthetic catalysts sam-
ples was obtained by utilizing scanning electron microscopy. A scanning electron
microscopy (SEM) image of the two synthetic catalysts can be seen in Fig. 3A and B
in which one of the catalyst crystals had a flat shape and a wavy edge while the other
was a round shape and a wavy edge. Fig. 1A and B of the ZrFeNi and ZrCoNi cata-
lysts in the Supplementary Material show the appearance of the other elements (O,
Al, C, and S) in different percentages with catalysts while the active metals distribu-
tion was very well for both catalysts. The zirconium concentration in the ZrCoNi
catalyst (29.2 wt%) was higher than that in the ZrFeNi catalyst (19.7 wt%). A range
of the surface area of the typical catalyst was from 15 to 40 m%g. Increasing the
number of the base active sites leads to an increase in the surface area of the cat-
alyst. The ZrFeNi catalyst had a larger surface area than that of the ZrCoNi one

WD: 17.37 mm VEGA3 TESCAN|
[ Det: SE 10 um
kx  Date(midly): 04/22/19 Performance In nanospace

Fig.3 A SEM image of ZrFeNi catalyst. B SEM image of ZrCoNi catalyst
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because the Zr concentration in the ZrCoNi catalyst (29.2%) was higher than that in
the ZrFeNi one (19.7%). Also, ZrO metal oxide has a smaller surface area (25 mz/g)
than other metal oxides. The BET surface area of the ZrFeNi and ZrCoNi catalysts
were 47.1 and 26.0 m%/g, respectively.

Analysis of thermal cracking

Results of the 15 experiments are summarized in Tables 5 and 6 which present the
yield of all lumps and operating conditions applied in each experiment. Results of
the thermal cracking at the reaction temperatures 400—425 °C with the same oper-
ating conditions were presented in Experiments 1 and 2 showing that the VR is
mainly converted to HGO, LVGO, and HVGO and indicating that no strong VR
cracking occurred without a catalyst. Also, long-chain hydrocarbons were cracked
easier than short-chain ones while increasing the cracking temperature from 400 to
425 °C increased VR conversion from 25.8 to 28.2%.

Effect of operating variables on cracking yield
Catalyst weight effect

Experiments 3, 4, and 5 present a cracking yield using different catalyst amounts
(0.5, 1, and 1.5 g) with the same operating conditions (ZrFeNi catalyst, 10 wt
steam%, 400 °C reaction temperature, and 2 h reaction time). Using a catalyst in
cracking produces different amounts of lighter fractions which denotes that using
a catalyst decreases the activation energy of the cracking reactions. Increasing the
catalyst weight from 0.5 to 1 g increases the VR conversion from 30.3 to 32.6%. The
further increase in the catalyst weight to 1.5 g increases VR conversion to 37.9%.
Also by comparing Experiments 1 and 3, the presence of the catalyst is seen to have
a significant effect on the VR conversion increase.

Reaction temperature effect

Experiments 5, 6, and 7 present the cracking yield at different reaction temperatures
(400, 425, and 450 °C) with the same operating conditions (ZrFeNi catalyst, 10 wt
steam%, 1.5 g catalyst weight, and 2 h reaction time). Increasing the reaction tem-
perature from 400 to 425 °C increased the VR conversion from 37.9 to 46.3%, and
increasing the reaction temperature to 450 °C increased VR conversion to 51.4%.
Higher reaction temperatures accounted for the higher VR and asphaltene conver-
sions at the expense of the small increase in light and heavy naphtha yields.

Reaction time effect
Experiments 5, 8, and 9 present the cracking yield of different reaction times (2, 3,

and 4 h) with the same operating conditions (ZrFeNi catalyst, 10 wt steam%, 400 °C,
and 1.5 g catalyst weight). Increasing the reaction time from 2-3 h increased the
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Table 6 Operating conditions of the experiments

No. of experi- Temperature ~Water Vol% Catalyst weight (gm) Time (h) VR Source
ment °0)

1 400 10 0 2 Basra

2 425 10 0 2 Basra

3 400 10 0.5 FeNiZr 2 Basra

4 400 10 1 FeNiZr 2 Basra

5 400 10 1.5 FeNiZr 2 Basra

6 425 10 1.5 FeNiZr 2 Basra

7 450 10 1.5 FeNiZr 2 Basra

8 400 10 1.5 FeNiZr 3 Basra

9 400 10 1.5 FeNiZr 4 Basra

10 400 15 1.5 FeNiZr 2 Basra

11 400 20 1.5 FeNiZr 2 Basra

12 400 10 1.5 FeNiZr 2 Baghdad
13 400 10 1.5 CoNiZr 2 Basra

14 425 10 1.5 CoNiZr 2 Basra

15 450 10 1.5 CoNiZr 2 Basra

VR conversion from 37.9 to 41.6%, and further increasing the reaction time to 4 h
increased VR conversion to 45.8%.

Steam percentage effect

Experiments 5, 10, and 11 present the cracking yield of different steam loading (10,
15, and 20 wt%) with the same operating conditions (ZrFeNi catalyst, 400 °C, 1.5 g
catalyst weight, and 2 h reaction time). Increasing the steam loading from 10 to
15 wt% decreased the VR conversion from 37.9 to 32.9% and further increasing the
steam loading to 20 wt% increased VR conversion to 35.2%. It can be recognized
that there was an unexpected effect of steam percentage on VR, therefore the 10%
steam was taken as the optimum steam ratio.

VR feed type effect

The catalytic cracking yield for two feedstock was compared with the same oper-
ating conditions (ZrFeNi catalyst, 400 °C, 1.5 g catalyst weight, and 2 h reaction
time). Experiment 12 represents the cracking yield of the VR from the refinery
located in East Baghdad, Iraq. As compared with Experiment 5, it can be recognized
that the yield of lighter fractions was much greater than that in the case of using the
Basra crude oil from the refinery located in Basra, Iraq instead of VR produced from
vacuum distillation of light crude oil in East Baghdad, Iraq. This result is due to the
lighter fractions of the Basra crude oil being greater than those of the VR of the East
Baghdad heavy crude oil.
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Catalyst type effect

Experiments 13, 14, and 15 present the cracking yield at different reaction tempera-
tures (400, 425, and 450 °C) with the same operating conditions (ZrCoNi catalyst,
10 wt steam%, 1.5 g catalyst weight, and 2 h reaction time). Increasing the reaction
temperature from 400 to 425 °C increased the VR conversion from 28.6 to 36.3%
and further increasing the reaction temperature to 450 °C increased VR conversion
to 40.6%. By comparing the cracking yield for the ZrCoNi catalyst with the cracking
yield of the ZrFeNi catalyst, illustrated in Experiment 5, 6, and 7, it can be recog-
nized that both catalysts are effective for catalytic cracking but the ZrFeNi catalyst
is stronger than ZrCoNi one under the steam catalytic cracking operations used here.

Optimum operating conditions

The VR conversion and lighter products yield of the fifteen experiments are summa-
rized in Figs. 4 and 5. It can be recognized that the lowest VR conversion (25.8 wt%)
was achieved at 400 °C while the maximum VR conversion (51.4 wt%) was achieved
at 450 °C, 2 h, and Wec=1.5 g. At maximum VR conversion, the weight percent
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317
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% VR conversion

Experimnet No.

Fig.4 VR conversation concerning experiments number. Experiments 1 and 2 were at 400425 °C.
Experiments 3, 4, and 5 were at 10 wt steam%, 400 °C reaction temperature, and 2 h reaction time using
different ZrFeNi catalyst amounts (0.5, 1, and 1.5 g). Experiments 5, 6, and 7 present the cracking yield
at different reaction temperatures (400, 425, and 450 °C) with the same operating conditions (ZrFeNi
catalyst, 10 wt steam%, 1.5 g catalyst weight, and 2 h reaction time). Experiments 5, 8, and 9 present the
cracking yield of different reaction times (2, 3, and 4 h) with the same operating conditions (ZrFeNi cata-
lyst, 10 wt steam%, 400 °C, and 1.5 g catalyst weight). Experiments 5, 10, and 11 present the cracking
yield of different steam loading (10, 15, and 20 wt%) with the same operating conditions (ZrFeNi cata-
lyst, 400 °C, 1.5 g catalyst weight, and 2 h reaction time). Experiment 12 represents the catalytic crack-
ing yield for two feedstock was compared with the same operating conditions (ZrFeNi catalyst, 400 °C,
1.5 g catalyst weight, and 2 h reaction time). Experiments 13, 14, and 15 present the cracking yield at
different reaction temperatures (400, 425, and 450 °C) with the same operating conditions (ZrCoNi cata-
lyst, 10 wt steam%, 1.5 g catalyst weight, and 2 h reaction time)
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W Light Naphtha W Heavy Naphtha Kerosene Light Gas oil
M Heavy Gas oil M Light Vacuum Gas oil B Heavy Vacuum Gas oil B Vacuum Residue
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Fig.5 Desired products yield concerning experiments number. Experiments 1 and 2 were at 400425 °C.
Experiments 3, 4, and 5 were at 10 wt steam%, 400 °C reaction temperature, and 2 h reaction time using
different ZrFeNi catalyst amounts (0.5, 1, and 1.5 g). Experiments 5, 6, and 7 present the cracking yield
at different reaction temperatures (400, 425, and 450 °C) with the same operating conditions (ZrFeNi
catalyst, 10 wt steam%, 1.5 g catalyst weight, and 2 h reaction time). Experiments 5, 8, and 9 present the
cracking yield of different reaction times (2, 3, and 4 h) with the same operating conditions (ZrFeNi cata-
lyst, 10 wt steam%, 400 °C, and 1.5 g catalyst weight). Experiments 5, 10, and 11 present the cracking
yield of different steam loading (10, 15, and 20 wt%) with the same operating conditions (ZrFeNi cata-
lyst, 400 °C, 1.5 g catalyst weight, and 2 h reaction time). Experiment 12 represents the catalytic crack-
ing yield for two feedstock was compared with the same operating conditions (ZrFeNi catalyst, 400 °C,
1.5 g catalyst weight, and 2 h reaction time). Experiments 13, 14, and 15 present the cracking yield at
different reaction temperatures (400, 425, and 450 °C) with the same operating conditions (ZrCoNi cata-
lyst, 10 wt steam%, 1.5 g catalyst weight, and 2 h reaction time)

of cracking products were 0.2% LN, 0.8% HN, 3.6% Ke, 3.6% LGO, 15.5% HGO,
16.4% LVGO, 11.2% HVGO, and 48.6% VR. Also, the VR is mainly converted to
HGO, LVGO.

Analysis of kinetic modeling

Kinetic modeling was used to represent the steam catalytic cracking results of the
vacuum residue while the new developed kinetic model contained eight lumps that
undergo seven different reactions (light naphtha, heavy naphtha, kerosene, light gas
oil, heavy gas oil, light vacuum gas oil, heavy vacuum gas oil, and vacuum residue)
and 28 reactions. Equations (1-8) were solved using the 4th order Runge—Kutta inte-
gration method to determine the model results while the genetic algorithm optimiza-
tion method was used to estimate optimum kinetic parameters. The predicted kinetic
parameters are presented in Table 4. Activation energies did not show a clear pat-
tern and these agree very well with results explored by Félix et al. [33]. All numeri-
cal integration and stochastic optimization programs were written using ode45 and
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genetic algorithm (GA) commands through MATLAB version 2020a. Seven differ-
ent experiments (5—11) were used in an acceptable prediction of the reaction kinetic
parameters because they covered all the model variables (steam percent, reaction
temperature, reaction time, and catalyst weight) as presented in Table 6. Fig. 6 pre-
sents a comparison between experimental and predicted weight percent of crack-
ing products and showed that the kinetic model represents the experimental data in
a moderately acceptable manner. The mean relative error and mean absolute error
were 22.67, and 0.02258, and somewhat moderate because the input data represents
a wide range of operating variables.

Conclusions

The main subject of this research was applying a multi-active metal catalyst in crack-
ing of the vacuum residue and studying the effect of cracking operating conditions
on the yield of lighter products. X-ray diffraction confirmed a crystalline structure
of the synthesized catalyst under 100 °C and therefore it can be considered as com-
pletely crystalline with high purity of the framework structure according to its crys-
tallinity degree. SEM images of synthesized catalysts proved the desired catalysts
morphology with segregation. VR hydrocracking was performed with/without a
presence of manufactured catalysis, but VR conversions of the catalytic cracking are
stronger than those of thermal cracking, denoting that both prepared catalysts were
active for hydrocracking reactions and the ZrFeNi catalyst was slightly stronger than
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Fig. 6 Comparison between experimental and predicted weight percent of cracking products
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the ZrCoNi one. The temperature was the most effective variable for increasing VR
conversion, but increasing cracking temperature also increased heavier fractions.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s11144-022-02179-w.
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