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S1. Reduction procedure and conditioning
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Before performing the kinetic measurements, the CZA share of the catalytic bed was activated at atmospheric pressure with a volume flow
of 300 ml min~! containing 5% of H, and 95% of N,. The system was heated from 373 to 473 K at a heating rate of 20 K h™. This temperature
was hold for one hour, followed by further heating to 513 K at a heating rate of 12 K h'. Finally, the H, concentration in the gas flow was
increased to 50%, maintaining the same total flow rate for an additional hour. Posterior to the catalyst reduction, the operating conditions
300 ml min7%, 503 K, 20% COR and 50 bar, were set to allow the catalyst system to run in. This operating point was maintained and the
concentration of the product gas was monitored until a steady state of the catalyst system could be assumed (between 12 and 20 h time on

stream).

S2. A priori Criteria.

Table S1. Calculated criteria for the verification of assumptions.

Phenomena to be neglected Criteria Equation Calculated Value*
T 0.05
Outer mass transfer Mears? nDa;, = Jelf o 2 0.0182
fi (4] [n]
T )n+1
Inner mass transfer Weisz-Prater? Y= %T <0.15 9.30E-06
ieff i,s
AH, o R E
Outer heat transfer Mears! 188 | Tiers R Ea <0.15 0.0008
AT > RT
AHg | 7 orf Tieae E,
Inner heat transfer Anderson3 18k | Tiery Tiae B <0.75 0.0397
AT, RT
d
Radial Gradients d/D-ratio* 24 < ¢ <48 24
Particle
Non-Isothermal operation Rule of Thumb AT = Tpgr — T 2
uy L
Axial dispersion Bodenstein Number® Bo =——>100 481
ax
Ap/L Zhavoronkov A
Pressure drop P/ 6 SPmax 0 5.0 E-08
Correlation P

*for the worst-case scenario
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S3. Model Discrimination.
For the initial model discrimination, the available experimental data were first simulated using eight different kinetic models from

the open literature’~'%. The sum of the squared errors between the measured and predicted composition of the product gas was
calculated for each model and depicted in Fig. S1. In this figure, the models are named after the first author.
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Figure S1. Total sum of squared errors for the implemented models

After this initial screening, the five models with the lower residual squared sum were parametrized to fit the experimental data.
The model by Delgado Otalvaro et al.'* agreed best with the available experimental data. Hence, the model structure and
respective mechanistic assumptions were chosen for fine-tuning. To enable a direct comparison of the tested models and
parameters, these have been compiled in Table S2. Additionally, the mean relative error between the predictions with the different
models, and the experiments for each species i (RE;) is also given. RE; is calculated by:

No.Exps
100% 1 Z |Yi,out,measured,n — VYioutpredictedn
= 0 .
No.Exps

YViout,measured,n

n=1

The indices of the reaction rates, and rate constants in Table S2 correspond to the following reactions:

CO, +3H, = CH;0H + H,0

2 CH30H = CH3;0CH; + H,0

CO +H,0 = CO, +H,

CO+2H, = CH;0H

nCO + (2n + 1H, = C,Hyp4, + nH,0

vAwN e

Table S2. Compilation of tested reaction kinetic models with the respective specific parameters, and resulting relative error for each species.

Model Rate expressions Model specific parameter RE/%
21.81 /Ty
ki = exp(—6.94) exp[ ( 1)]
CcOo
fu,0fcH,0n 4 77
(fco;fl—?z - sz—ls) [(1 = epea)Pcza éczal ky = exp(—2.07) exp [ R TR ( 1)] 9.7
rn= kl - 3 T
(1 + Kco,fco, + Kco feo + Kn, fu,) ks = exp(—2.75) exp [ (? - 1)] co2
foMmE fu,0 7.1
N.Delgado | r, =k, <fc2H o — 20 (1~ epea)Pasox Earox] - _ (T__ )]
Otalvaro 3 Ks, e Kco = exp(—15.32) exp T 1
Jeo, fu, L Te H2
sz K3 fco [(1 = epea)Pcza €czal Kco, = = exp(—0.57) exp [—— T 1)] 1.5
3 = K3
/ T,
1+ Keo, feo, + Keo feo + /K, fu, Ky, = exp(—19.51) exp [— (TR - 1)] DME
54.5
[r;] = molm=3s~!
co
fomE fu,0 635/1 1
413 - 2 — 2 = .1073 [y [ —
J. Erefia =k, (fCH3OH X, k, =3.41-107° exp R (T 548) 11.3
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fco, fu, ks: not given co2
13 = ks (fcoszo - K— ky=24-107° eXp( ( - )) e
(f2 f fCH OH) TCH,0H 4 T 548 "
H, JCO K T 1
4+ ) (rceyondo ke = 123 - 10-7exp (__(_ _ ) H
* (1 + Ku,o fu,0 + Kco, fco,) T 548
fuc fu,0 3848/1 1
. (fcofl-[2 —5) Ky,0 = 2.67 - 10 3exp (7_%) DME
re = 62.8
* 7 (1 + Kuyo fu,o + Kco, feo,) Ko = 113.10- 434(1 1 )
co, = - P\ \T " 518
[k2] = molpmg (mol)~ lggalt h~'bar~?
[ki] = mOICHsoﬂ(mOIC) gcat h~'bar~3
[ks] - mOIHC(mOIC) gcath 'bar™*
[E.] = k] mol™!
[AH,4s] = k] mol™ 1
[K;] = bar™!
ky = 5.059 - 103 exp )
feo. f2 (1 _ feuson fH20>
B CO, JH, Kfl fCOz fl‘?z ) co
- 36.5

1 7
(1 + Kco feo + Keo, fco, + Ku, sz)

k, = 7.380-10% e
fomE fu,0 «= =

k, = 1.602 - 103 exp(
exp

fcH,oH (1 X ) co2
B r,fCn,0m Kco = 3.934-1076 ( ) 10.6
Z.Niei2 |27 (1+ R o)’ Rl s
CH3;O0H CH30HfCH . KCO = 1.858-10" -6 exp( 2T ) H2
feo fi, <1 - W) 6476 6.7
Ta = ks fs JCO JH, . KHz = 0.6716 exp (— W)
1+ K + K + K, 54689 DME
( co feo co, fco, H, fHZ) Kei,on = 3480 - 10° _6 exp( ) 100
RT
[r;] = mlg~'h™*
k, = 1.69 - 108 ( 69787)
2 = 1. exp RT
= 20437
2 PDME PH,0 3 = 12028 exp (_ RT ) co
Penson — g - 18203 361
= k, = 40.498 exp (— RT ) :
(1 + /Kcu,on Penzon + Knjyo pHZO) 16243
Pco, PH, Kcuzon = 0.9535 exp( RT ) €02
P. PCOPH20 ™ Kegy 26452 107
Ratamana | 73 = k3 2 Ky o = 6.992 exp( )
layall (1+ Kco pco + Ku,o Pu,0 + Kco, Peo, + VK, PH,) : R 20528 H2
PcH;0H = .1077
(Pco pﬁz _ #) KCO 449 -10 exp( RT ) 6.7
=k p 3 Keo, = 1.092 - 1077 ex (ﬁ
(1+ Kcopco + v Ku, pu, + Kcn,on PcH,0H) €0, — & P\TRT DME
30961 100
Ky, = 0.2487 exp( RT )
[K;] = bar™!
ky fen,onfu,o0 Equation for temperature dependency of the co
1= 3\ /COJH, ™ rate or adsorption constants is not given. 25.8
§ (1 + Ku,o0fu,0) feo. Keq, fit d
Fomefio 2 Parameter estimates:
=k, (fCZHSOH - K—) co2
R P e‘}z ki at 503 = 2.55 - 1073 mol kg s~ bar™? 13.2
. co,/H _
beluagto | 73 = ks (fCOszo - Jeo, z) Eq, = 3.8K]/mol L
eqs k3t 523k = 8.13 mol kgga s~ bar H2
Ty = ka ( feofi, — fen,on ) k3:not given (3 at equilibrium) 6.4
(1 + Ky,0fH,0)? > Keq, /o, Ky ae 523k = 6.43 - 107" mol kg s™'bar 2
Eq4 = 171.8 kJ/mol DME
Ky,0 = 19 bar™! 99.5
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0
= . 1 ——
k,=51-10 exp( R T)
k, =86- 106exp( 2) o
632'1‘ 26.8
4 _
1,1 1.2 ky=15-10 exp( RT) Cco2
T2 = ka Cciy,on ~ Kar CoME CH,0 0 107 12.4
C.P. = ka O2cL3 o, 04 02 ks, =26-10%exp|——=—=
Renk? T3 = K3 Cco CH o - Ry Cl—l2 Cco, 1;37;3
Ty = kycy, o — kas CCH OH ky=14-10"% exp (— ﬁ) 7”2
44 '
ks =1.1-10" exp (— —)
T DME
[E,] = K mol 100
[K;] = [k;] =mlg™ s~ mI"! mol'™"
4414
ki =0.00107 exp (T
6938
k, = 2.82-10° exp (— T)
11398
Pcoz Pu, (1 - —IIJ{H203PCH3OH> ks =1.22-107 exp (— — )
1 Ph, Pco, 2068 co
n=h 3 a, = 0.499 ex 26.6
1+amIZ +a, /pu, + a ! ' P ’
P, 14/ PH, 2 PH,0 14928
_ L 10-11
Y.l PcH 0H<1 —%> o eXp( T ) ;(3)421
bvatitski : K Péu,on as = 3453.38 :
yatnitskii | r, =k, Pho s 7738
8 1+ Kcnyon Penson + g Kcn,on = 2.20-10 exp( ) H2
e 626 7.3
Peoz (1 — K, M) Kit,o = 0.051 exp (—) '
Pu, Pco, T
T3 = —ks B0 DME
L+ a pu, T 1VPH t @2PHy0 [a;] = bar™°, [a,] = bar™! 98.5
las] = —
[k;] = molg™!s™! bar2
k] = molpyg g~ h™! bar™?!
g
[k3] = molg™!s™!bar™?!
[Kcn,oul = bar™, [Ky,o] = bar
80.64 /1 1
k, =144 exp <— = (T - m)) ©
foME sz k3 not given (73 in equilibrium) 35.7
1y =k; (fCH30H - ) k, =191-10"° ( 113 (1 1 )>
. =191 exp| ———|(=—
f f R \T 548 co2
co, /u,
AT | 13=ks (fcosz - ) . -15.92 1 9.9
heuayo’ fCH o:l ks = 204107 exp R (T_ m)
(Model 1) 7y = ky (fco sz 2 ) H2
_ 7.3
-k ch sz [Eq] = keal mol™* .
5| feofid, — Ks [k2] = molpyg(moly,) geai h™'bar 2 DME
[ks] = molCHsoH(molHZ)_lg;}t h~'bar~3 127.2
_1 _ _ _
[ks] = molyc(moly,) gear h™'bar™*
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S4. Selectivity

Please do not adjust margins

ARTICLE

The selectivity towards DME is displayed here in Figs. S2 and S3 complementary to Figs. 1, 2 and 4 of the manuscript.
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Figure S2. DME selectivity determined experimentally and

plotted as a function of the temperature (T) and the CZA-to-

y-Al,O3 ratio (p) for CORs of a) 20% b) 40% c) 60% d) 80%.
Experimental conditions summarized in Table 1.

1 2 3 5
CZA-!cn—AIZO3 ratio jui/ -

1 2 3 5
CZA-to-AIZOJ ratio p /-

Figure S3. Selectivity of methanol and DME at specific
conditions: a) 533 K, 20% COR, b) 533 K, 80% COR, c) 492 K,
20% COR d) 492 K, 80% COR

S5. Mole percentage profiles including CO and CO;

The concentration profiles of CO and CO; are shown here for the sake of completeness.

15 15
Line type Line type
— 20% COR .y — 503K
——80% COR 10} i --533K
2 e -~
o . (=) -~ .
— Line color — - Line color
= —co, > 1 |—©¢%
—COo —CO
—H,0 —H,0
— MeOH — MeOH
0 0.2 0.4 0.6 0.8 T | —DpwME 0 0.2 0.4 0.6 0.8 1 |—DpME
z/Lbed/- zlLbed!—

Figure S4. Mole percentage profiles of CO, CO,, water, methanol

Figure S5. Mole percentage profiles of CO, CO,, water, methanol

and DME at T=533 K, pu=2.
(—) Solid lines: 20% COR, (---) Dashed lines: 80% COR

and DME at u=2 and COR=20%.
(—) Solid lines: T=503 K, (---) Dashed lines: T=533 K
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Line type Line type
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= : :
- Line color Line color
> 5 —Co, — CO2
T == —— | [—co —co
== | TO — A0
0 e — MeOH — MeOH
0 0.2 04 0.6 0.8 1 | —DdME — DME
z/L, /-
bed

Figure S6. Mole percentage profiles of CO, CO,, water, methanol
and DME at p=2 and COR=80%.

Figure S7. Mole percentage profiles of CO, CO,, water, methanol
and DME at T=533 K, COR=20%.

(—) Solid lines: T=503 K, (---) Dashed lines: T=533 K

(—) Solid lines: p=1, (---) Dashed lines: u=2

$6. Overview of selected studies conducted at different CZA-to-y-Al,O; ratios

Table S3. Overview of selected studies conducted at different CZA-to-y-Al,O3 ratios

Study - named after
first author

Catalyst system and properties

Feed, conditions, reactor,* catalyst
particle size

Optimal catalyst bed
composition**

R. Pelaez et al.1°

- CZA: CHEMPACK
Sger: 76.6 ng'l
Pore volume: 0.257 cm3g™?

-y-Al,O3: BASF
SBETZ 239.9 ng'l
Pore volume: 0.545 cm3g™!

CO/COy/H,

250-270 °C, 30 bar,

0.067-0.244 kgh/Nm?

100-250 um

CZA/y-Al,03: 70/30, 85/15, 92.5/7.5%

CZA/y-Al,03: 92.5/7.5%
regarding CO conversion and
DME yield

N. Delgado Otalvaro
etal.l

Commercial CZA/y-Al,O3

CO/CO,/Hy/Inert
220-260 °C, 50 bar,
200-700 Nml/min,

65.5% CZA,
34.5 % y-Al,03 (v.) without
dilution. Regarding

K. L. Ngetall®

- CZA
- y-Al;03: Norton Chemicals Co.

250-500 pm conversion of COx and DME
(model-based optimization) yield

CO/COz/Hz/He,

250 °C, 50 bar,

27500 h?,

Gradientless, internal-recycle-type
reactor, stacked catalysts,
250-500 pum,

CZA/y-Al,03: 1/0, 1/0.5,1/1, 1/2

CZA/y-Al;,03: 1/2 regarding
DME yield***

C. Peinado et al.%®

-CZA: Katalco 51-8

- y-Al,03: Alfa Aesar bimodal
Sger: 220-280 ng'l

CO/CO,/H,,

270-290 °C, 25-50 bar,
5000-7500 h'l,

250-300 pm,

CZA/y-Al,05: 90/10, 50/50, 10/90

CZA/y-Al,03: 50/50 regarding
DME productivity

J. W. Bae et al./

- CZA: prod. in-house
Cu0/Zn0O/Al,05=50/40/10

- y-Al,03: prod. in-house
SBETZ 437.8 ng'l

CO/CO,/H: 41/21/38 v. %,
250 °C, 40 bar,

11000 h

Pellet form hybrid catalyst
CZA/v-AI203: 1, 3, 5

CZA/y-Al,0s: 1
Regarding the DME
selectivity

CZA/V-A|203Z 5
Regarding the CO conversion

J. Abu-Dahrieh et
al.1®

-CZA: prod. in-house
Cu0/Zn0/Al,03=60/30/10
Sger: 56.9 ng'l

pore size: 1.05 nm

CO/CO,/Hy/Ar: 31/4/62/3 v. %,
200-260 °C, 20 bar,

2400 mlgth?,

250-425 pm,

CZA/y-AlOs: 1

and

CZA/HZSM-5: 3
regarding the DME yield
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admixed catalyst,

- NH4ZSM-5, CZA/y-Al,0s5: 1, 2,3
HZSM-5 and
y-Al,03

y-Al;0s: prod. in-house,
Sper: 117 ng'l,
Pore size = 1.035 nm

A. Ateka et al.?®

Comparison of different commercial
and in-hose made catalyst systems

- Cu0-Zn0-Zr02,
Cu0O-Zn0O-MnO, and

Cu0/Zn0O/Al,0; CO/COy/H,,
275 °C, 30 bar, CZA/SAPO-18: 2
CZA: Sger: 24 m%g?, 3.7 g h (molc)?, regarding yield and
Pore volume: 0.081 cm3g™? 125-500 um, selectivity of DME for CO,
Cu dispersion: 5.2% Bifunctional catalysts free feeds (H,/CO=3)

CZA/SAPO-18:1, 2,5, 10
- SAPO-18 and y-Al;,03

SAPO-18: Sger: 480 m2g™?,
Pore volume: 0.39 cm3g™!
Total acidity: 0.42 mmolnys/geat

* The reactor type is a fixed bed tubular reactor, with mechanically mixed catalyst bed unless otherwise stated
** percentages and ratios in weight, unless otherwise stated

*** n this study the mass of CZA was held constant while the mass of y-Al,O3 was increased to achieve a higher y-Al,0s-to-CZA
ratio. Hence, the y-Al,O3-to-CZA ratio leading to the highest performance was the case at which the total catalyst mass was also
the highest.
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