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The MTO-MTG project was a complex scientific and industrial project that involved a significant number of specialists in the chemistry
area (scientific researchers, chemists, process analysis engineers, chemical engineers working in math modelling, engineering calculations,
model-based plant design, and others) from several institutions including UPB. The project lasted for a decade and a half (1980-1995)
and was completed with the design, scale-up, construction, started-up (1985), and optimal semi-automatic operation of an industrial
pilot plant (including a complex catalytic fluidized-bed reactor-regenerator system) at the Petrochemical Works Brazi (Ploiesti, Romania).
Several other catalytic processes related to the MTO/MTG have also been tested by using the same pilot plant, such as: I) methanol
conversion to BTX hydrocarbons (aromatics), ii) benzene/ ethylbenzene (EB) alkylation with ethene to get higher aromatics, iii) ethanol
conversion to olefins (EtOH), iv) C4 olefins alkylation with methanol (OA), v) MTG catalyst deactivation kinetics. The present booklet is
aiming at reviewing the large number of published scientific contributions by the key-investigators in the area of kinetic modelling of the
involved catalytic processes, model-based design of the pilot plant built-up at PWB, and its optimal operation.

Abbreviations: BTX: Benzene, Toluene, Xylene; EB: Ethylbenzene; MTG: Methanol to Gasoline; EtOH: Ethanol Conversion to Olefins; MTO:
Methanol to Olefins; FBR: Fluidized-Bed Reactor; OA: C4 Olefins Alkylation with Methanol; IECB: Chemical and Biochemical Institute
Bucharest (part of ICECHIM); PWB: Petrochemical Works Brazi (Ploiesti, Romania); IITPIC: Inst. Technological Engineering and Design for
Chemical Industry; UPB: University Politehnica of Bucharest; MTH methanol to hydrocarbons
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The methanol to olefins (MTO) - methanol to gasoline (MTG) project was a complex scientific and industrial project that involved a
significant number of specialists in the chemistry area (scientific researchers, chemists, process analysis engineers, chemical engineers
working in math modeling, engineering calculations, model-based plant design, and others) from several institutions including UPB. The
project lasted for a decade and a half (1980-1995) and was completed with the design, scale-up, construction, put into operation (1985),
and optimal semi-automatic operation of an industrial pilot plant (including a complex catalytic fluidized-bed reactor-regenerator system)
at the Petrochemical Works Brazi (Ploiesti, Romania) (PWB). Beside the MTO-MTG catalytic processes, several other catalytic processes
in the same area of interest have also been tested by using this pilot-scale (see below Chapter), such as: ) methanol conversion to BTX
hydrocarbons (aromatics), ii) benzene/ethylbenzene (EB) alkylation with ethene to get higher aromatics, iii) ethanol conversion to olefins
(EtOH), iv) C4 olefins alkylation with methanol (OA), v) MTG catalyst deactivation Kinetics.

The basic concept of the whole MTO-MTG project was to capitalize on cheap and low-quality(regenerable) natural resources (e.g.
residual biomass, wood waste, lower cellulosic material, inferior quality coal) by converting them to methanol (via syngas) and then to
hydrocarbons and gasoline.

The present work is aiming to review the large number of published scientific contributions reported by the key-investigators in
kinetic modelling of the involved catalytic processes, model-based design of the industrial pilot plant, and optimal operation of the plant.
The pilot plant includes a complex catalytic system consisting of two fluidized-bed reactors FBR; that is, one FBR to conduct the MTO-MTG
process, and a FBR to regenerate the catalyst of the main reactor; the catalyst has a continuous circulation by pneumatic transport between
the two reactors (Figure 1A). Being one of the key investigator/design engineer/math-model developer in this project, it is a duty of honor
for me to present some of the remarkable results of this large-scale project.
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Figure 1A: Scheme of the industrial pilot plant built-up at Ptrochemical Works Brazi PWB (Ploiesti, Romania) [2], including two FBR: one for
conducting the desired reaction (MTO, MTG, etc.), and one for catalyst regeneration. The catalyst has a continuous circulation, by pneumatic
transport, between the two reactors [1-4].

Participating Teams and Key-Investigators

The project, funded by the Ministry of Chemistry of Romania (1980-1992), has been a major investment and, due to its high complexity,
involved a significant number of researchers from academic area (IECB, UPB) and design engineers from IITPIC (Table 1). The project
general manager was (now retired) dr. Gavril Musca (IECB), while the scientific part was conducted by the late prof. Dr. ing. Raul Mihail
(UPB). This extremely complex and extended project, involved several partner institutions presented together with the involved key-
investigators in the Table 1, together with their roles. This large project required an important investment cost (tens of millions US$),
justified by the large number of research and design activities, that is: catalyst screening and synthesis (IECB), process check at a lab-/
bench-scale, math (kinetic) modelling of the tested catalytic process (MTO, MTH, MTG, BTX, EB, EtOH, OA) (IECB,UPB), FBR reactor-
regenerator system modelling, and model-based reactor design (IECB,UPB), plant technological design, construction, commissioning
(1985)(IITPIC), optimization, semi-automatic control (IECB,UPB,IITPIC). The industrial pilot plant was built-up at the Petrochemical
Works Brazi PWB (Ploiesti, Romania), taking advantage of the facilities and utilities offered by the petrochemical platform. Due to the
pilot plant high operating flexibility, not only the basic MTO, MTH, MTG, BTX processes have been tested, but also several others catalytic
processes aiming at producing hydrcarbons of high added value, that is EB, EtOH, OA (see below Chapter).
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Table 1: Key-investigators of the involved institutions and their role in the MTO-MTG project.

Institution Key-Investigator Role

- Kinetic modelling of catalytic processes;
statistical treatment of experimental data;
Senior res. eng. Dr. Gheorghe MARIA (currently prof. | - Math modelling of the two FBR to be used in design;
dring. UPB) . .
- FBR design; catalytic process scale-up;

- Catalytic plant technological design, commissioning,
and optimization

Senior res. eng. Dr. Straja SORIN tly living i - Ibidem;
IECB Chemical and Biochemical eniorres. eng. ok ra][leA) (currently living in
Institute Bucharest (part of ICECHIM,

central research institute for chemistry) | Senior res. eng. Dr. Gavril MUSCA (currently retired);

- Kinetic modelling of the catalyst deactivation

Management
Senior res. eng. Dr. Grigore POP (currently retired)

(late) Senior res. eng. Dr. Ecaterina POP; Senior res. - Catalyst synthesis and characterization;
eng. Dr. Tomi PAVEL (currently retired);

- Check catalyst efficiency (process conversion,

Dr. chim. Doina IVANESCU (currently retired); and selectivity, yield), and for stability
many others

Junior res. eng dr. Cristian TSAKIRIS (currently - Development of empirical statistic models of the
lecturer Univ. Ecologica Bucharest). investigated catalytic processes.
UPB, University Politehnica of (late) Prof.dring. Raul MIHAIL Management

Bucharest, Dept. Chemical Engineering

Senior design engineer Dr. Traian STAN (retired),

IITPIC Institute of Technological
Engineering and Design for Chemical
Industry Senior design engineer Dr. Gigi DAMIAN (retired),
and others

Senior design engineer Dr. Lucica CRETOIU (retired), | Mechanical and technological design, utility routes,
electro-installation, etc

Due to its high complexity, the project has been carried out in several stages, over more than a decade, as follows:
i. Catalyst synthesis and screening, catalytic process check at a lab-/bench-scale (See the below chapter);
ii.  Math (kinetic) modelling of the tested catalytic process (MTO, MTH, MTG, BTX, EB, EtOH, FT, OA) (See the below chapter);

iii. FBR (reactor-regenerator system) modelling, and model-based industrial reactor design and optimization (See the below
chapter). The industrial pilot plant from PWB was built-up mainly for producing synthetic gasoline (MTG). It was a major industrial
achievement at both national and international level. At that time (1985), there was a single similar industrial pilot of Mobil Oil (USA)
operated in New Zealand, but of a simpler construction (without continuous recirculation and regeneration of the catalyst).

Catalytic Processes Tested by Iecb at a Lab-Scale and using the Industrial Pilot Plant of Petrochemical Works Brazi
(Ploiesti, Romania). Kinetic modelling.

Being of interest in the novel paradigm of this project, not only the basic catalytic MTO, MTH, MTG, BTX processes have been studied
and scaled-up, but also some other catalytic processes also developed on zeolite catalysts, as follows [1-21].

i. Methanol conversion to olefins (MTO)[5-13].

ii. =~ Methanol conversion to BTX and aromatic hydrocarbons (BTX,MTH)[15].

iii. ~Methanol conversion to gasoline (MTG)[14].

iv.  Benzene or Ethylbenzene Alkylation in Vapour-Phase with ethene on a zeolite catalyst (EB)[17,18].
v.  Ethanol conversion to olefins (EtOH)[16].

vi. C4 olefins alkylation with Methanol (0A)[19].

vii. Kinetic models for zeolitic catalysts deactivation due to their coking [20].

viil. Analysis of the Fischer-Tropsch synthesis (FT) (at a bench-scale only)[21].

To get the most suitable/effective catalyst, an extended experimental program was conducted for every above mentioned process.
After selection of the most suitable catalyst, every vapor phase mentioned process (MTO, MTG, BTX, EB, EtOH, OA) was tested at the lab-
scale, but also with using the industrial pilot (1985-1992) over long times-on-stream (excepting FT). As a result of the tests carried out
with using the industrial pilot plant of PWB, important results were obtained. Thus, kinetic studies and mathematical models developed
for the studied catalytic processes were published in top journals [1-20]. Also, the kinetic models have constituted the basis for the scale-
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up of the main catalytic processes (MTO, MTG, BTX). Below, some information is provided for the main studied catalytic processes, together
with the modelling results obtained with using the lab-experiments and checks with the pilot plant of PWB.

Methanol to olefins MTO process

For the MTO process, SAP0O-34 has been found to be the best catalyst. The process characteristics are given in the Table 2. As remarked
by Sherwin [22], the MTO / SAPO-34 process is more economic than the process of hydrocarbons pyrolysis to produce ethylene. The
process is moderately exothermic (ca. 20kcal/mol methanol). Consequently;, it is likely to be thermally integrated [23]. A large number of
lab-scale checks lead to elaborate and test an extended kinetic model of the MTO process [5-13]. Such a kinetic model is presented in the
Table 3A. Basically, the reaction pathway assumes formation of ethylene, and of carbene first (via dimethyl ether), followed by a succession
of radicalic/ionic reactions which grow the hydrocarbon chain, followed by their cyclization. Because such an extended kinetic model
[6,7] will be further used for engineering calcultations to design the MTO fluidized-bed reactor and, eventually, to optimize the industrial
FBR, several reduced forms of the kinetic model have been derived by Maria [7,8,10-13]. Some of them are presented in the Table 3A-B. As
proved by Maria [7,8,10-13], the size of the developed kinetic model depends, in fact, on the available experimental information, and on
the utilization scope. For design purposes, a reduced kinetic model [1-4] has been used.

Table 2: Performances of the tested MTO process at both lab- and pilot-scales [5-9]. Obs. The MTO / SAPO-34 process is more economic than the
process of hydrocarbons pyrolysis to produce ethylene [22].

Raw Material Commercial Liquid Methanol

Catalyst and optimal running conditions SAPO-34 zeolite at 435°C, 1.95 h-1; mordenite-zeolite MZ at 370°C, 1.12 h-1;

Temperature 360-440°C (normal pressure; reaction is moderately exothermic, ca. 20 kcal/mole methanol)
LHSV 0.6-241/h

Typical product distribution (%wt.) [9]

More than 98% methanol conversion; 90% total olefins selectivity; 61% ethene selectivity. 36-41 g olefins / 100 g fed methanol; 19-27 g ethene / 100 g
fed methanol

Catalyst Catalyst
Compound Compound

SAPO MZ SAPO MZ
H, 0.43 0.18 CH, 0.3 0.22
CH, 1.35 5 CH,,andC* 1.06 0.28
C,H, 0.17 0.45 o _ 4.28
C,H, 26.65 7.96 co, _ 0.13
C,H, 0.44 3.43 CH,OH 1.47 2.97
C,H, 10.63 10.23 | Dimethyl-Ether | 0.91 0.21
CH,, 0.54 2.82 H,0 54.66 | 55.12

C,Hy 1.39 6.65

Remark: The MTO/SAPO-34 process is more economic than the hydrocarbon pyrolysis process for producing ethene [22].

Table 3A: The reduced kinetic models for the MTO process proposed by Mihail & Maria et al. [6,7].

CH, + GHy = Gyl
GH, + GylTy = G114
CH, + CH, =+ CH,,
CH, + H, = CH,
Gl + H* 2 G HY
+
CyHy + H* & GyH7
GHy + H* 2 GHy
CHy + HF & GHY
GaHs + Gyl = Gy + G, + HY
CgHE + CyHyy = Cylg + CyH, + H*
CsHT + GyHy = Gyl + GylT, + HF
CHlF o CyHy, = CylTy + GyH, + HY
CHY 4 GHy = GHy, + GyH, + T
CHT - GHy, = CHyy + CH, + HY
CH + CHy, = Gy, + CH, + H*
CyH, = C,H, + CH,
Cyl = CyH, + CH,
C,Hyy = CH, -+ CH,
CHyOH = CO + 2H,
( ‘li. = CH, + C
0 + 1

€O + H,0 = €O, + H,
C,H, + H, —2CH,
CH, + Hy = CH,
GHy + Hy = GH,y,

CyH, + H, = C.H
CoHy + H = Gy,

C,H, + H, = C,H,,
CyHyp 4+ Hy = Gty

Reaction . Kinetic parameters (370°C)
2CH,0H & GHy0CH, + H,0 l Ky =2.71
CH,OCH, = 2CH, + H,0 ky = 6.05
CH, + CH,Q1 = C,H, + 11,0 ky = 3.2 x 104
GiH, + CHyOGH, = C,H, + GH 0H | k= 2.89 x 10¢
CH, + CH,0CH, — Gyl + 11,0 Ky = 1.2 % 10%

1
| ke =5.05 x 10¢

i ky = 5.05 x 104

| kg =1.2 x 10°
kg = 2.36 x 10°
kyp = 0.111, Ky = 0.0302
kyy = 0.388, Ky, = 0,105

Kyp = 0.813, Kyy = 0.221

| gy = 1.32 x 1072

| kyp =1.32 x 1073

| kge = 8.3 x 1072
ky =5=10""
kyg =5 % 1074
kg =5 x 107
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Table 3B: Various proposed reduced kinetic models for the MTO process, as followings: (up) Maria and Muntean [8]; (down) Maria [7,10-13].
Notations: A= oxygenates without water, B= carbene, C= olefins, P= paraffins plus aromatics and other products.

| Kinetic Parameters
FReagtion
| Model 1 | Model 2
2CH,0H e CHyOCH, 4 H,0 ! 105 L1447
CH,0CH, — 2CH, + H0 | 7.08 | 14.05
CH, + CH,OH — C,H, + H,0 = | -

. €H, + CH,0CH, — C,H, + CH,0H 2.9 ‘ 7.56
©H, + CH,0CH, = G,H, + H,0 0.8 | 4.04
CH, -+ GyH,y — Gy, 1.02 0.50
CH, + G, = CH, 1.6 0,93
CH, + CgHy — CH, 0.47 0,52
CH, + H, — CH, .62 | 3.14
C,H, + CHy = CyH, + G,H, 2.05 | 5.8
CIHL | CiHig o Cylly + CyHy | s0.03 -
CyH,y + CHy — CH, + %‘H, 32.18 26.51
CH, + CH,, = CH, + CH, - -
CyHy + CyHy — CyHy -+ Cyily 60.24 | 92,93
CiHy + GiHy — CHy, + GH, - =
Cyblyp + CyHyy — GiH,, o CiH, 5.46 259.9
CyHy — C,H, + CH, | - | -
CHyp — GH, 4 CH, | . | =
Gy, — C,F, + CH, | 4.27 —
CH,O0H — CO + 2H, [ 0.51 0.44
C.H, — CH, + C - | 018 | oo

[
| Linear Model | Nonlinear Model Nonlinear Model
HReaction Clasical Zeolite Classical Zeolite SAPO Zeolite
370°C [6] 370°C [8] 400°C [22]

M A—=R 2.08 ! 5.2 5.65

2A+B~C =

@ C+B=P k;B=1.51 ‘ K, fky=1.28 Ky /ky=6.06

) A=C 3.02 = -

(5) A= P = l = =

(B)A+B=P = = =

I I

Methanol to BTX (aromatic hydrocarbons), and MTH process

The MTH/BTX process has been successfully developed on a zeolite catalyst, with satisfactory performances displayed in the Table
4. The process was also tested at an industrial scale by using the pilot built-up at PWB. The process is more exothermic than the MTO.
The reaction pathway is similar to the MTO in the in the preliminary stages. But, once high olefins are formated, they suffer successive
cyclizations and dehydrogenations leading to BTX and higher eromatics Ar10+. An extended kinetic model was proposed by Mihail et
al.[14,15] including 53 elementary/lumped reactions.

Table 4: Performances of the tested methanol conversion to MTH (including BTX and aromatics) process at both lab- and pilot-scales [15]. Obs.
Methanol conversion over 95%; yields of 12 g ethylene / 100 g of fed methanol, 6 g propylene / 100 g fed methanol, 10 g BTX /100 g fed methanol.

Raw Material Commercial Liquid Methanol
Catalyst and optimal running conditions Zeolite
Temperature 380-400°C (normal pressure; moderate exothermic reaction)
LHSV 0.7-1.3 1/h (100% fed methanol; sometimes mixed with water)

Typical product distribution (%wt.) [15]. For 390°C, 1 h-1, 100% fed methanol.

Catalyst performances: [15] More than 95% methanol conversion;

Maximum yields of: 12 g ethylene / 100 g fed methanol; 6 g propylene / 100 g fed methanol; 10 g BTX / 100 g fed methanol

Compound rwt Cempound it Compound Wt

C‘H4 0.41 cis C4H! . D Toluene 0.43
CJH. 0.15 H2 0.02 Ethyl-Benzene 1.13
CH, 7.84 co 0.09 p-Xylene 6.37
C’H‘ .88 COI Q.50 m=Xylene Q.75
CaHn 5.09 DimethylEther 1.19 o=Xylene 0.28
I-C4Hso 3.77 CH)DH 7.17 Ethyl-Toluene 2.02
n-C‘HIO 0,846 qu 91.54 Trimethyl- 1.00

Benzene

1+;—C‘H’ 0.8%9 ALLf Cs-:T 2. 45 Durene 0.33
i-EsH:= 2.15 Benzene 0.19 Ar 10+ 1.14

Methanol to gasoline MTG

The MTG process characteristics are presented in the Table 5 [14]. The process was also tested at the industrial scale by using the
pilot plant built-up at PWB. Various zeolitic catalysts have been tested to get the most stable one. One of them, has been proved to be very
effective, that is a bifunctional synthetic modified mordenite zeolite containing divalent ions, and having a Si02/AI203 ratio higher than 20
(see details in [14]). An extended kinetic model of the process was proposed by Mihail et al. [14], and used (in a reduced form) to design
the industrial fluidized bed reactor at PWB.
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Table 5: Performances of the methanol conversion to gasoline MTG [14].

Raw Material Commercial Liquid Methanol
Catalyst and optimal running conditions Zeolit
Temperature 345-425°C (normal pressure; moderate exothermic reaction)
LHSV 0.5-2 1/h (50%-100% fed methanol; the used inert is water)

Typical product distribution: (%wt.) [14] for 405°C, 1.75 h-1, 100% fed methanol, sometimes mixed with water.

More than 98% methanol conversion; maximum yields of: 15-20 g aromatics / 100 g fed methanol; 30 g paraffins / 100 g fed methanol; 5 g olefins /

100 g fed methanol

;] T Lt 7 ¥ ik [ e e 3 &

| c b 10. E H
| d 10O & =&
H_-: F.‘.‘ - T d e i
- 2 &
- : = 1\ 1 1 Xl g i s Ba

- I

- . C k Tri=-methyl - o)
2 & 4 B

.- ; o ben s enes
38 | g Durene jer Z.00

Benzene or Ethylbenzene (EB) alkylation with ethene to get higher aromatics

The EB process characteristics are presented in the Table 6 [17-18]. The process was also tested at the industrial scale by using the
pilot built-up at PWB. The used zeolitic catalyst has been proved as being very stable (for several hours’ time-on-stream). The lumped
kinetic model proposed by Maria [17-18] even if of very simple form (3 reactions, from which 2 reversible) has been proved to accurately
fit the experimental data recorded at 4000C, and for the 1/1.5 benzene/ethylene initial molar ratio (normal pressure).

Table 6: Performances of the tested ethylbenzene EB alkylation with ethene [17-18]. (DEB= di-ethylbenzene).

Raw Material Commercial Ethyl-benzene from 0Oil Refinery and Commercial Ethylene
Catalyst and optimal running conditions Zeolite
Temperature 350°C (normal pressure, low exothermic reaction)
LHSV 1-1.5 1/h (0.6-0.8 moles fed ethylene / mole de EB)

Typical product distribution (%wt.) [14] for 350°C, 1 h'%, 0.73 moles fed ethylene / mole de EB

15-20% EB conversion; 20-30% ethylene conversion; 60% selectivity in EB and p-DEB; 45% selectivity of ethylene in p-DEB.

Compound wt Compound Hwt Compound YWt

Alif. Cg-C, 0.%91 Fseudocumene 0.03 A CuHo 013
Benzene 1.89 p DEER 7. 25 1 CHy 0.02
Taluene 0.564 m DEB 3.71 i CuHy O.11
Ethyl Benzene 70.B8 o DEE 0.05 i CgHyz 0.08
p=Xylene 0.56 CoH, 11.12 cis CoHy 0.02
m=Xylene 0.10 CaHyg 0.71 n CgH, 2 0. 0%
o-Xylene 0.07 CyHg 0.33 Ha 0.01
Ethyl-toluene 1.03 1 CuHy, Q.32

C4 olefins alkylation with methanol (0OA)

The OA process is aiming at converting the C4 fraction of olefins to iso-C5 olefins by alkylation with methanol on a zeolite catalyst
[19]. The iso-C5 olefinic fraction is knew as being of high importance as a raw-material for the petrochemical processing industry, and a
valuable component of the gasoline. Its non-conventional production by using the olefinic C4 fraction and methanol is attractive from two
reasons:

i. The C4 fraction is thus used in a more efficient way.

ii. ~ The process involves the methanol, i.e. a non-petrochemical raw-material, possible to be obtained from cheap and possibly
renevable raw materials (residual biomass/wood waste, lower cellulosic material, inferior quality coal). The OA process characteristics
are presented in the Table 7. The process was also tested at the industrial scale by using the pilot built-up at PWB. The used zeolitic
modified ZSM-12 and ZSM-5 catalysts have been proved to be very stable and effective.
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Table 7: Performances of the tested C4 olefins alkylation with Methanol, OA [19].

Raw Material C4 fraction from Catalytic Cracking, and Commercial Liquid Methanol
Catalyst and optimal running conditions ZSM-12 zeolite, and modified ZSM-5
Temperature 300-375°C (normal pressure, low exothermic reaction)
LHSV 1-4 1/h (0.5-2.5 moles methanol / mole fed butene)

Typical product distribution (%wt.) [19] for 340°C, 2 h'’, 1 mole methanol / mole butene fed ratio;

More than 80% methanol conversion; selectivity of 16-24 g isoamylenes / 100 g reacted butene; yield of 5 g isoamylenes / 100 g fed butene, and fed
CH, from methanol.

Compound Wt Compound Wt Compound et

CH)C.‘IH &.84 n C‘H:O 57«03 C!H' 0, 5%
q 5. 73 .11

qu 11.64 1 C‘Hﬂ 5.7 n C‘HMl

5 1 q - . 4%

DimethylEther O0.16 i E:_.Hll 2.88 E:TH“ 0.435

H:t 0.01 TranE—C‘H' 11.99 Toluenea 0,05

C‘H‘ 0.02 l:|,|..-—I:.H. 7.68 p=Xvlene 0. 48b

L - - _ = _—

C:H.u 0.52 n ESH:.z 2.58 m—Xvlena Q.03

':SHB Q.37 ZMethylButenel ©0.34 o=XKylene Q.01

CH, 1.78 ZMethyl Butene2 ©.87 | Aromatics c; 0.27
- =

i C‘H:“:> P 1 CEHID C.07

Kinetic Model for the Mto, Mtg catalysts deactivation by coking, and its regeneration by burning with air

The zeolitic catalysts used in the MTO/MTG processes suffer an inherent coking due to formation of high hydrocarbons in the catalyst
pores at larget contact times and for lower amounts of water vapors to inhibit this undesirable process that diminishes the catalyst activity
[2,4,20]. Based on lab-scale experimental studies carried-out by IECB, simple kinetic models for the MTO, MTG catalysts deactivation by
coking, and for their regeneration (by burning the coke in the regenerator) have been proposed [2,4,20]. The kinetic models were tested
also at the pilot plant scale [4, 20]. For the catalyst coking the integral empirical model is of the form [4]:

) 2
Ceoke = Ceoke,0 +a+bet +cot
where t: contact time in the reactor; [a,b,c]: empirical correlation coefficients depending on the recirculation rate.

The coke balance in the regenerator is [4] (where ¢

oxy is the oxygen molar fraction in the regenerator):

Dear (Ceoke.inters = Ceoke out ) = Tourn Mear k = 019107 exp(-18989/T,,, 5!

Tburn = kC coke our (u.'\'_'l.'

Kinetic model for the Fischer-Tropsch synthesis (FT)

With the same aim of evaluating alternative ways to produce gasoline, and hydrocarbons, the classical FT sythesis was investigated at
a lab-scale, by using a silica-iron catalyst. Based on own experiments, and on the experiments of Bub et al. [24] conducted at 10-30 atm,,
and 220-230°C, a complex kinetic model of power-law type was derived. Some ot their features are presented in the Table 8. The process
was tested at a bench-scale only [21], because the PWB pilot plant can not support pressures higher than 2 atm.

Table 8: Kinetic model for the Fischer-Tropsch synthesis (FT) (tested at a bench-scale only)[21].

cat. + CO —» cat. — CO (1
cat. — CO + cat, —» cat. — C +cat. — O 2)
2cat. + Hy —>» 2cat. — H (3)
cat. — O + 2cat. — H — cat. + cal. — H,O 4
cat. — H;O — cat. + H,O (5)
cat. — CO + cat. — O —» 2cat. + COy (6)

cat, — C 4 meat. — H —» n-cat. + cat. — CHa (M
cat, — CH, + cat. — H —» 2cat. + CH, (omologi) (8)

HCO‘ + (2" + l) H’ — C.H‘.ﬂ + .II'H.O'
nCO + 2nH; — CaHza + nHLO

CO + H,0 —» CO, + H,

nCO +{2ﬂ + l_ﬂ)H, g [CﬂH,u+1] + HHSO

coe @ @ © o -



From Residual Biomass and Inferior Quality Coal to rhe Synthesis of Methanol and then to
Hydrocarbons and Gasoline - A Romanian Project of High Success

Fi = 3,79 % 10% exp {-w,z;nrjprj’u -"c_.‘c'))'ﬂ
ry = 2,41 exp (—54/RT) PHOMPES.«

ry = 5,90 104 exp (—90/RT) piz ™ pl 46

bid _ — m pn
rs = 1,57 10 exp (—35,8/RT) " p oS #! réo = —keexp(—E[RT)Py Pco

Fg = 1,23 10% exp (—99,1/RT) pHP'”pgg’

= —koexp(— E/RT)PY Plo

i

rg =242 exp (— 49,41137”,&: ch.u Fig

»

ra= LI9X104 exp (~93.2RT) 0P 03 py g = KoeXp(—E[RT) PR, PCo

Statistic model to characterize the Ethanol conversion to olefins (EtOH) process

Conversion of EtOH to ethylene and higher hydrocarbons on a zeolitic catalyst (ZSM, HZSM5, Al,0,/silica(Akzo), and others [16]) has
experimentally been investigated by IECB [16]. Based on the recorded kinetic data, a simple statistical model was derived, linking the

variables of interest, that is:
11 =yield in ethylene (g ethylene/g fed ethanol);
12 =yield in aromatics (g aromatics A7-A10/g fed ethanol);
13 =yield in gasoline (g fraction C5+/g fed ethanol);

with the control variables: temperature (T), LHSV, ethanol concentration in the fed (C%mol.). To inhibit the catalyst deactivation, the
fed ethanol vapours are diluted with water vapours. The obtained results are presented in the Table 9 [16].

Table 9: Performances of the tested Ethanol conversion to olefins (EtOH)[16]. See details in [16].

n = By + By-C + B:T + B(LHSV) + B,-C* + e
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+ By T-(LHSV) ‘i‘
g
Rasd Rana =
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—1,0921072 1,143 %1072 1,264 107 L
g: —1.870 1.013 1.658 11 = yield in ethylene (g ethylene / g fed ethanol)
By 3, 712107 1,174>107% | —B,698x 1078 3
By 7,830 <107 | —1,156x107% | —1,275 %1075
B, 2,731 %1070 | —1, 8241070 | —3,218% 1072
B, 39741078 | —3.078x 107 | —4,566 %107
B, 7.802%10°% | —2,101 %10™* | —9,391 %1072 3250
By 2,409 %107% | —1,490%107* | —1,054x107® ?_)
3001 =
& 350
=
s g
g & .
3350 3 375
2 -
&
s D
H 400gs o 7
LHSV (H™)
n 0
LHSY (M) 12 = yield in aromatics (g aromatics A7-A10/ gfed
3 = vield in gasoline (g fraction C5+ / g fed ethanol) ethanol)

Mathematical Modelling and Optimal Design of the Fluid-Bed Catalytic Reactor-Regenerator System

The developed kinetic models of the above investigated catalytic processes allowed to design the fluid-bed catalytic reactors of the
industrial pilot plant of PWB. Also, the elaborated kinetic models for catalyst deactivation (by coking), and its regeneration (by coke
burning with air) allowed to design the fluid-bed regenerator. The reactor and the regenerator are connected, thus allowing the continuous
circulation of the catalyst (of ca. 0.06-1mm avg. size) between these two main units of the industrial pilot plant of PWB. From a constructive
point of view, the industrial pilot plant of PWB (Figure 1A) consists of two catalytic fluid bed reactors (see the main characteristics of the
reactor-regenerator system in the Table 10) The catalyst (ZSM5, mordenite or other modified silicates) is introduced as below-millimeter
particles into the reactor where it is entrained by the gaseous reactant (methanol/water vapors, etc.) introduced at the bottom of the
reactor. Catalyst elutriation is prevented by the cyclone disposed at the top. The heat of reaction is removed through the cooling tubes
immersed in the catalytic bed. The regeneration of the coked catalyst is accomplished by its continuous transport to a fluidized bed
regenerator (working similarly to the main reactor), where coke is removed being burned with air. The regenerated catalyst is pumped
back to the reactor by the same pneumatic transport with inert nitrogen. The reaction-regeneration process continues until the catalyst is
exhausted. The stationary operation of the two catalytic reactors is maintained by a sophisticated computer assisted control system using
simple statistical math models of the process [1-4].
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Figure 1B: The industrial pilot plant for th
and

« Reactor outlet
Ty [ * Flue gases
Reactor Regenerator
| rfa)
" ca P
Feedstock ] ook ! Alr
T e
Catalyst 8
Steam

e MTO process, including two inter-connected FBR offered by UOP/Hydro comp., Germany (2005),
Chinese Dalian Institute of Chemical Physics (2015) [23].

Table 10: The main characteristics of the industrial pilot plant for the MTO/MTG process from Petrochemical Works Brazi (Ploiesti, Romania, PWB).

Industrial pilot with two catalytic reactors in
fluidized-bed (FBR)

A FBR (reactor), and a FBR regenerator (for catalyst regeneration). The continuous circulation of the
catalyst between the reactor and the regenerator is accomplished by pneumatic transport with inert
nitrogen.

Reactor (fluidized-bed vapour phase catalytic
reaction)

0.5m in diameter and 7m in height

Regenerator (fluidized-bed combustion of the
coke deposited on the microscopic catalyst)

0.3m in diameter and 7m in height

LHSV; catalyst avg. size

0.4-2 1/h (for the MTG); 0.06-1 mm

temperature range

280-450°C (reactor), and 480-560°C (regenerator)

Pressure 1-2 atm.
The pilot is equipped with gas-chromatograph analyzers and process computers connected “on-
Observations line” and “off-line”. Approx. 50 process parameters are continuously recorded through appropriate

equipment. A specific software is used for data treatment, with including data acquisition, numerical
filtering, statistical calculations, mass and thermal balances, and kinetic evaluations..

MTO, BTX, MTG, EB, EtOH, OA, catalyst deactivation

Tested catalytic processes

The industrial pilot plant, with the characteristics listed in Table 10, was put into operation at PWB on 1985. At that time, only one
similar pilot plant of the MOBIL OIL comp. USA, was operated in New Zealand, but of a simpler construction, that is without continuous
recirculation and regeneration of the catalyst). For this outstanding achievement at both national and international level, that is

i. MTO-MTG process investigation, its development/scale-up

ii.  Industrial pilot plant design and building at PWB, and

iii. Testing various catalytic processes at the pilot-plant scale, the MTO-MTG team was awarded the “Nicolae Teclu” Prize of the

Romanian Academy on 1985 (Figure 2).

! ACADEMIA REPUBLICH SOCIALISTE ROMANIA
PREMIUL NICOLAE TECLU

TOV.  MARIA GHECHGHE, G.MUSCA, GR, POP, ECATERINA #OP, DOINA IVANESCU, N, IONESCU,
ILEANA-JANETA I05IF, M, RAUL, 8.5TRAJA, 1, OLARU, I GHECRGHE, LUCIA CREJOIU, L, BELDEANU,
GF.MICCLAE, RODICA HOERU

PENTRU _ Laorarea "Catalizator g! procos pesitu conservares metarclolul ln olefise’

2 molembrie 1985

DAT IN 3'..:'.:RE$(|:K‘\-_“-’"_".' .
gk

wl

PRESEDINTE, , SECRETAR, __

Pral, George o,
membra corespndert

L Radu Volnea

A LR VI I TF SO L Y W T SN | I AL PRI [ S ST T Y YT

Figure 2: “Nicolae Teclu” Prize of the Romanian Academy awarded on 1985 to the MTO-MTG team for the successfully realization of the industrial
pilot plant used to test the MTO-MTG, and other catalytic processes at Petrochemical Works Brazi (Ploiesti, Romania).
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Conclusions

The realized industrial pilot plant by the MTO-MTG team was put into operation at PWB on 1985. For this outstanding achievement
at both national and international level, the MTO-MTG team was awarded the “Nicolae Teclu” Prize of the Romanian Academy in 1985
(Figure 2). Most important, the realized industrial pilot-plant at PWB was used not only for testing the feasibility of conducting the MTO-
MTG process at an industrial scale, but also for testing lot of novel and important catalytic processes at a large-scale. It is to underline that,
on 1985, when the industrial pilot plant of PWB was put into operation, in the world, only one similar pilot plant (of the MOBIL OIL comp.
USA) was operated in New Zealand but presenting different characteristics (without continuous recirculation of the catalyst). Because
the MTO-MTG processes have been proved as being profitable at a large scale, similar industrial plants were later built-up, such as those
offered by UOP/Hydro comp. (2005), and by the Chinese Dalian Institute of Chemical Physics [23] (see their constructive scheme in the
Figure 1B).

Based on the remarcable results obtained by the Romanian MTO-MTG team, a large number of papers have been published in top
scientific journals, being received with a high interest by the international scientific community. Thus, these papers reported more than
500 citations (Googleschoolar). For instance, only the Ref Mihail et al. [14] reported more than 45 citations. Also, some important MTO-
MTG project realizations have been included in esteemed reviewing books, as those presented in the Figure 3.
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Figure 3: The most important MTO-MTG Romanian project realizations have been included in esteemed publications, such as: (left) realization of
the industrial pilot plant used to test the MTO-MTG, and other catalytic processes at PWB (Ploiesti, Romania) [2,4]; (right) some effective catalysts
(SAPO-34) for developing the MTO [9] and OA [19] processes.
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