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S.1. Characterization results
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Figure S1. (A) X-ray diffraction pattern (B) TGA profile (C) N, physisorption isotherm for MIL-
100(Cr)



S.2. In-situ titration with 2,6 DTBP over MIL-100(Cr)
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Figure S2. DME formation rate as a function of time during in-situ titration with 2,6 DTBP.
Reaction conditions: 493 K, 26 Pa 2,6 DTBP, 0.4 kPa methanol, 0.013 mol methanol (mol Cr)-!
sl



S.3. Assessment of transport limitations

Table S1. Summary of criteria used for assessing internal and external mass and heat transfer, as
well as the formation of hot spots. All values are estimated at a temperature of 493 K and contact

time of 5.28 s.

Criterion Upper limit Highest value
Internal mass transfer Weisz-Prater! -7,0.R? . 0.0018
—
De fCAS
External mass transfer Mears? -7 ,p,RN 045 1.54 x 10
—<O.
KCCAS
Internal heat transfer Anderson? |AH |74l p RE,, 075 1.09 x 10
— <o
kosT°R,
External heat transfer Mears*? |AH | |7 41p,RE,, 045 1.52 x 10-10
— <.
2
hT“R g
3 1ah6 T E_AT -6
Hot spot formation Balakotaiah Th_ Zallad (7)1, < 0368 2.84 %10
T, RTf Tf
Radial temperature Mears? E, AT, k(Tf)D§ 0.0056

gradient

Nomenclature:

"4 . observed reaction rate mol/(s * g)

Pe : catalyst particle density, 9/m’

R : particle radius, m

Desr. effective diffusion coefficient, m®/s

C

<
RTy Tr kel Coo(Tp)

4s : reactant concentration at the surface of the pellet mol/ m’




Pb : catalyst bulk density, 9/m’

n : reaction order
K. . external mass transfer coefficient

K. . external mass transfer coefficient

AHp . heat of reaction J/mol

Eq . activation energy, J/mol

Kefr - effective catalyst thermal conductivity, W/(m * K)

T . catalyst surface temperature, K

Ry ideal gas constant,//(mol * K)

h - heat transfer coefficient, kW/(m*  K)
k(Tp) . rate constant, S !

Tt - furnace temperature, K

AToq ; adiabatic temperature rise, K

Dt tube diameter, m
Cpv - volumetric specific heat capacity of the gas mixture, J/ (m® « K)

Tg : characteristic heat generation times, S

Th : characteristic heat removal times, S



S.4. Derivation of plausible methanol dehydration rate expressions

S.4.1 Kinetically-relevant methoxy formation in the dissociative scheme
K

M
CH;0H+H" o CH,0H}
kMe
CH,0H} - CHY +H,0
+ KMME +
CHY + CH;0H & DME-H
1/KDME
DME-HY & DME+HT

Assuming the formation of surface methoxy groups through the dehydration of methanol
monomers is the rate determining step, and all the other steps are quasi-equilibrated, the rate
expression can be written as:
Tomg Ky [CH30H ;]

L] [L]

(S1a)

where Kue is the rate constant for the dehydration of methanol monomers. The total number of

active sites (L) can be expressed as follows:

[L]=[H*]+[CH;0H}]| +[CH} ]+ [DME-H™] (S1b)

The concentration of surface intermediates can be expressed as:

[CH;0H ]| = Ky [CH;0H][H ] (S1c)
[DME - H* | = K s[DME][H * ] (S1d)
K,y [DME][H™*
[cH}]=—= 7] (S1e)
K yyelCH;0H]
where Km Kume and 1/Kome are equilibrium constants for the formation of methanol monomers, the

formation of surface methoxies, and the desorption of DME.

Substituting Eq. S1b - e into Eq. S1a gives the resulting rate expression for DME formation:

TpmE kyeKulCH;0H]

[H"] Kpye[DME]
14 Ky, [CH,0H] + —o
KymelCH30H]

(51
+ K pyp[DME]



S.4.2 Kinetically-relevant methoxy formation in the dissociative scheme with water monomers

and water dimers as inhibitory species
K

M
CH;0H+H" o CH,0H}
kMe
CH;0H} —» CHY +H,0
KMMe
CHY + CH,0H & DME-H?
1/KDME
DME-H* & DME+HY

KWl
H,0+ H" & H,0*
¥ e +
H,0 + Hy0% & H,0-H,0

Assuming the formation of surface methoxies through the dehydration of methanol monomers is

the rate determining step, and all other steps are quasi-equilibrated, the rate expression can be

written as:

"pME ke [CH;0H 3]
[L] [L]

k

(S2a)

where “Me is the rate constant for the dehydration of methanol monomers. The total number of
active sites (L) can be expressed as following:

[L]=[H*]+[CH;0H} |+ [CH} ]+ [DME-H*] + [H;0 ] + [H,0 - H,0] * (52b)

Concentrations of surface intermediates can be expressed as:

[CH;0H } | = Ky[CH,0H][H ] (S52¢)
[DME - H* | = Ky s[DME][H * ] (S2d)
Kpug[DME][H ™ ]
+71 _
[cH3] = Ko CH;0H] ($2¢)
[H50* ] = Ky [H,0][H ] (s2/)
[Hza‘H30+] = Kyy1 Ky [H,0]7[H ] (S29)

where K M, Kyme 1/Kpup K w1, and Kw2 are the equilibrium constants for the formation of methanol

monomers, the formation of surface methoxies, the desorption of DME, and the formation of water
monomers and water dimers.



Substituting Eq. S2b - g into Eq. S2a gives the resulting rate expression for DME formation:
TpME kK y[CH;0H]
- (521)

[H+] K pys[DME] ,
1+K,[CH;0H] + W + K pyp[DME] + K1 [H,0] + Ky K0 [H,0]

S.4.3 Kinetically-relevant dehydration of methanol dimers in the associative scheme
K

M
CH;,0H+H" & CH,0H}
K

D
CH,0H? + CH,0H & CH;0H - CH,0H }
kDME
CH;0H-CH;0H3 - DME-H™ + H,0

1/K,
DME-HY o DME+ H'

Assume the decomposition of methanol dimers is rate determining, and all other steps are quasi-
equilibrated, the rate expression can be written as:

Tour _ Kpue [CH;0H - CH,0H 3]
[L] [Z]

k

(S3a)

where “DME is the rate constant for decomposition of the methanol dimer. The total number of
active sites (L) can be expressed as following:

[L] = [H "] +[CH;0H |+ [CH;0H - CH,0H; | + [DME-H"]  (53b)

Concentrations of surface intermediates can be expressed as:

[CH;0H } | = Kyy[CH,0H][H ] (S30)

[CH30H - CH30H 3 | = K K, [CH;0H]*[H *] (53d)

[DME-H*]|=K,[DME][H "] (53e)

where Km Kb and 1/K1 are the equilibrium constants for the formation of methanol monomers,

methanol dimers, and the desorption of DME.
The rate expression can be written as:

2
TpmE kpueKu KD[CHon]

= a (S3f)
[H*] 1+ K,[CH;0H] + K, Kp[CH;0H]* + K [DME]



S.4.4 Kinetically-relevant dehydration of methanol dimers in the associative scheme with water
monomers and water dimers as inhibitory species.

M
CH;0H+H* o CH;0HF
K

D
CH,0H? + CH,0H & CH;0H - CH,0H }
kDME
CH,0H-CH;0H; - DME-H"' + H,0
1/K,
DME-HY o DME+ HY
KWl
H0+ H" o H,0*

+ Kz +
H,0 + H,0% & H,0-H,0

Assuming the decomposition of methanol dimers is rate determining, and all other steps are
quasi-equilibrated, the rate expression can be written as:

Tome _ Koue [CH;0H - CH,0H § ]
[L] [L]
k

(S4a)

where "“DME is the rate constant for decomposition of the methanol dimer. The total number of
active sites (L) can be expressed as following:

[L]=[HF]+ [CH3OH ;] + [CH30H - CH,0H ;] +[DME -H*] +[H;0]" + [H,0 - H;0]*
(S4b)

Concentrations of surface intermediates can be expressed as:

[CH;0H } | = Kyy[CH,0H][H ] (S40)

[CH30H - CH30H 3| = K K, [CH;0H]*[H *] (54d)

[DME-H*]=K,[DME][H "] (S4e)

[H30 "] =Ky, [H,0][H*] (54f)

[H,0-H;07%] = Ky Ky [H,0)°[H ] (S49)

where K Kp 17Ky, Ky, and Kwz are the equilibrium constants for the formation of methanol

monomers, methanol dimers, the desorption of DME, the formation of water monomers, and the
formation of water dimers.

The rate expression can be written as:



2
TpmE kpueKu KD[CH30H]

= (54f)
[H*] 1+ Ky[CH;0H]+ Ky, Kp[CH;0H]* + K,[DME] + Ky, [H,0] + Ky, Kyy,[H,0]

S.4.5 Kinetically-relevant dehydration of methanol dimers with methanol monomers, methanol
dimers and methanol-water dimers as MASIs.
Ky
CH;,0H+H* o CH;0HF
K

D
CH,0H} + CH,0H & CH,0H - CH,0H }
kDME
CH,0H-CH;0H; - DME-H"' + H,0

1/K,
DME-HY & DME+ HT

KWl
H,0+ H" & H,0"
+ KMWI +
CH,0H} + H,0 & CH,0H-H,0
K

MwW?2
H,0" + CH0H & CH;0H-H,0"

Assuming the decomposition of methanol dimers is rate determining, including water monomers
and water-methanol dimers as possible inhibitory species, and assuming all other steps are quasi-
equilibrated, the rate expression can be written as:

TomE Kpme [CH;0H - CH;0H § ]
[L] [L]

(S5a)
where Kome is the rate constant for the decomposition of a methanol dimer to DME.

[L]
=[H*]+ [CH;0H ] + [CH;0H - CH;0H 5| + [DME - H* | + [CH;0H - H;0 " | +
(55b)

Concentrations of surface intermediates can be expressed as:

[CH30H ;| = Kyy[CH,0H][H ] (S5¢)
[CH30H - CHy0H } | = K ;K\, [CH;0H]*[H * ] (55d)

[DME-H*]| =K [DME][H*] (S5e)
[0 ] = Ky [H20] [ "] (S50

[CH30H - H30 +] = (Kuw2Kw1 + Kyw1Ky) [CH30H][H,0][H +] (559)



The rate expression can be written as:

2
"pmE kpme Ky KD[CH30H]

[H*] 1+ K, [CH,0H] + K, Kp[CH3OH]? + K 1[H,0] + K [CH,0H][H,0] + K, [DME])

where K = (Knw2Kw1 + Kyw1Ki) (85h)

Assuming that methanol monomers, methanol dimers, and water-methanol dimers are abundant
intermediates, Eq. S5h can be simplified to:

2
TpmE kDMEKDKM[CH30H]

[H*]  Ky[CH;0H] + K K, [CH,0H]? + K'[CH0H][H,0]

(S50)



S.5. Dependence of DME formation rate on DME and water partial pressure

OWithout cofeed
B'With 0.17 kPa DME cofeed
BEWith 0.25 kPa water cofeed
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Figure S3. Reaction rates measured at 493 K with 1) 0.4 kPa methanol, 2) 0.4 kPa methanol and
0.17 kPa DME cofeed, and 3) 0.4 kPa methanol and 0.25 kPa water cofeed. 7.3 - 7.6 x 104 mol
methanol (mol Cr)! s-!.



S.6. Evolution of Brensted acid site intensity after flowing 0.1 — 2 kPa methanol
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Figure S4. In-situ infrared spectra in the presence of 0.1 - 2 kPa methanol at 493 K compared to
the reference spectrum collected prior to the introduction of methanol.



S.7. Parity Plots
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S.8. Dependence of DME formation rates on contact time
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Figure S6. DME formation rates at 0.4 kPa methanol partial pressure and 0, 0.5, and 2.5 kPa water
co-feed at 493 K. 5.7 X 103 - 1.4 X 10! mol methanol (mol Cr)! s-I.
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S.9. Evolution of methanol monomer coverage after dosing 1 £L. methanol
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Figure S7. Accumulation of methanol monomers (C-O stretch of hydrogen-bonded methanol at
990 cm')” on the surface as a function of time.
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