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Thermodynamics analysis

Thermodynamics equilibrium data were obtained by the following five reactions
which involving methanol conversion and further conversion of the generated
formaldehyde during side-chain alkylation of toluene with methanol process:

(a) CH3;0H = CH,0 + H,

(b) CH,O = CO+H,

(c) CH,0 + C;Hg = CgHg + H,O

(d) CH;0H = CO + 2H,

() CH30H + C;Hg = CgHg + H,O + H,

The standard Gibbs free energy change (A,G,%(T)) of the above five reactions was
calculated by the follow thermodynamic formula. The AH®%,; (298.15K), S%;

(298.15K), A, B, C and D were obtained from manual of thermodynamics.'?
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SEM images

Fig. S1 SEM images of CsX, B/CsX, CsX-G, B/Si0,-G and XB-G. G represents grinding in a

mortar for 10 min.

The morphology of the catalysts was studied by SEM. As shown in Fig. S1, the
particle sizes of CsX were about 2 um, and there were no obvious changes of it in
morphologies and particle sizes after impregnating with boric acid. The CsX particles
were slightly broken after grinding in a mortar. However, the particles of the
separated grinding B/SiO, were irregular, and the size of the maximum particle was
about 15 pm, while some small particles were in nanometer scale. And the particles of

B/Si10, and CsX mixed thoroughly after grinding together in a mortar (XB-G).



Table S1 Details of the packing modes of CsX with B/SiO, or SiO,

Catalysts* Packing modes of CsX with B/SiO, or SiO,
B-X 0.2 g B/SiO, was loaded over 1 g CsX, and divided by quartz wool
X-B 0.2 g B/SiO, was loaded under 1 g CsX, and divided by quartz wool
X(-B-X)4 0.2 g CsXx5 and 0.05 g B/SiO,x4 were loaded alternately, and divided by quartz wool
XB-M 0.2 g B/SiO, (20~40 mush) and 1 g CsX (20~40 mush) mixed by granule-stacking
XB-G B/SiO, and CsX (mass ratio 1:5) grinded in mortar for 10 min, then pressed, crushed and sieved to 20-40 mesh
XS-M

0.2 g SiO, (20~40 mush) and 1 g CsX (20~40 mush) mixed by granule-stacking

* X represents CsX, B represents B/SiO,, S represents SiO,, M represents granules mechanical mixing (20~40
mesh), G represents grinding in a mortar for 10 min

Table S2 Preparation process of binary composite catalysts containing cesium oxide modified

CsX and B/Si0,.
Catalysts* preparation process
(4C)B-G 4CsOx/CsX and B,05/SiO, (mass ratio: 5:1) grinded in mortar for 10 min, then pressed,
crushed and sieved to 20-40 mesh
(8C)B-G 8CsOx/CsX and B,0,/Si0, (mass ratio: 5:1) grinded in mortar for 10 min, then pressed,
crushed and sieved to 20-40 mesh
(16C)B-G 16CsOx/CsX and B,05/Si0, (mass ratio: 5:1) grinded in mortar for 10 min, then pressed,

crushed and sieved to 20-40 mesh

* 4C represents 4CsOx/CsX, 8C represents 8CsOx/CsX, 16C represents 16CsOx/CsX, B represents B/SiO,, G
represents grinding in a mortar.

Table S3 Preparation process of ternary composite catalysts containing CsX, cesium oxide

modified CsX and B/SiO,
Catalysts* preparation process
X,(8C)B-G CsX, 8Cs0,/CsX and B/SiO, (mass ratio: 2.5:2.5:1) grinded in mortar for 10 min, then
! pressed, crushed and sieved to 20-40 mesh
X,(8C)B-G CsX, 8CsO,/CsX and B/SiO, (mass ratio: 3.75:1.25:1) grinded in mortar for 10 min, then
’ pressed, crushed and sieved to 20-40 mesh
X,(8C)B-G CsX, 8CsO,/CsX and B/SiO, (mass ratio: 4.375:0.625:1) grinded in mortar for 10 min, then
7 pressed, crushed and sieved to 20-40 mesh
CsX, 16CsO,/CsX and B/SiO, (mass ratio: 3.75:1.25:1) grinded in mortar for 10 min, then
X5(16C)B-G

pressed, crushed and sieved to 20-40 mesh

* X represents CsX, 8C represents 8CsO,/CsX, 16C represents 16CsO,/CsX, B represents B/SiO,, G represents

grinding in a mortar, subscript of X represents the mass ratio of CsX without any modification to cesium oxide
modified CsX.



Table S4 The acid and base amount of CsX, B/CsX, SiO, and B/SiO,*

Catalysts CsX B/CsX SiO, B/SiO,
Acid amount (umol g) 58.9 67.3 — 171.2
Base amount (umol g) 170.0 131.2 — —

*The acid amount and base amount are calculated from the amount of NH; and CO, desorption on different

catalysts in NH;-TPD and CO,-TPD.

Table S5 Reaction behaviors of side-chain alkylation of toluene with methanol over the composite
catalyst systems containing CsX and B/SiO,

Catalysts SiO, B/SiO, CsX B-X X-B X(-B-X); XB-M XB-G XS-M B/CsX

Reaction Index:

Cr (%) 0.02 0.14 2.11 227 229 2.82 2.75 235 2.18 2.64

Cu (%) 0.64 2.49 43.08 4544  46.10 38.65 3052 2655  46.14  39.78
Ysrign (M0l%) 0.00 0.00 1231 1220 1244 1573 1491 1277 1182  14.66
Ycoscor (Mol%) 0.30 0.38 2524 2266 2351 13.98 6.54 501 2505  16.83
ST/EB (mol/mol) — — 1.32 1.32 1.33 1.96 3.79 7.57 1.33 2.03

Sst+ep/are (MO1%) 0.00 0.00 95.81 89.45 90.22 92.43 89.99 89.89 90.20 92.10
YsreeptYcoico 0.30 0.38 37.55 34.86 35.95 29.71 21.45 17.77 36.86 31.49

Ysren/Ycoscoz 0.00 0.00 0.49 0.54 0.53 1.13 2.28 2.55 0.47 0.87

Carbon-containing products distribution (mol%):

co 2246 1723 60.50 5449  55.64 39.31 2389 2148 5827 4588
CO, 33.88 4.63 1.95 1.23 1.16 1.07 0.60 0.60 127 0.93
CH, 6.85 1.01 0.67 1.04 0.95 0.83 1.12 0.85 0.83 0.66
C-Cs 0.00 27.80 0.15 1.92 2.25 227 2.58 2.64 1.87 2.01
Dimethyl ether 17.43 8.96 4.94 7.78 6.67 7.36 9.69 11.76  6.63 6.23
benzene 0.00 0.53 0.04 0.11 0.11 0.12 0.11 0.10 0.11 0.13
ethylbenzene 0.00 0.00 13.11 1291 12.89 15.35 11.67  6.57 1203 1345
Xylene 0.00 13.86 0.13 1.27 1.10 1.20 1.74 222 1.12 0.71
styrene 0.00 0.00 1735 17.09  17.17 30.09 4424 4976  16.06  27.34
Cye 1937  26.04 1.16 2.16 2.05 241 437 4.00 1.82 2.66
Total 100 100 100 100 100 100 100 100 100 100

a Cy*: aromatics with nine or more carbon atoms;
Reaction conditions: 430 °C, TOS=50 min, toluene and methanol (molar ratio was 6:1) was fed at a total flow rate

of 0.4 mmol/min with 10 mL/min helium.



Table S6 Reaction behaviors of side-chain alkylation of toluene with methanol over the binary

composite catalysts and ternary composite catalysts

8CsOx/  8CsOx/ (40)B- (8C)B  (160)B  X,(8C) Xs(8C) Xy(8C)  Xi(16

Catalysts CsX
CsX B/CsX G -G -G B-G B-G B-G  C)B-G
Reaction Index:
Cr (%) 2.11 5.15 8.43 5.04 8.30 9.31 6.94 432 3.15 6.07
Cy (%) 43.08 98.52 96.40 4473  80.60 99.37 63.33 4224 3177 56.16

Ysr:zp (Mol%) 1231 2992 4680 2792 4612  51.74 3945 2424 1691 = 34.26
Y co+con (mol%) 2524 6390  42.89 9.80  27.94  41.01 18.51 10.95 7.62 16.90
ST/EB (mol/mol) 1.32 0.06 0.33 1.97 0.65 0.06 1.81 3.65 5.23 0.99
Ssriep/ar (Mol%) 95,81 96.16  92.93 91.89  93.02  93.51 94.21 9332  89.93 94.27
YsrestYcorco 3755 9383  89.69 3772 7406 9275 5796 3519 2454 5116

Ysrien/Ycosco 0.49 0.47 1.09 2.85 1.65 1.26 2.13 2.21 2.22 2.03

Carbon-containing products distribution (mol%):

co 60.50 5845 3518 2222 2818 2999 2601 2626 2515  29.32
CO, 1.95 8.09 10.11 1.09 6.92 11.58 3.97 122 0.81 1.35
CH, 0.67 0.74 0.55 0.48 1.17 1.43 0.51 0.82 0.81 0.47
C-Cs 0.15 0.14 0.86 2.05 1.22 0.78 1.09 2.11 2.86 1.84
dimethyl ether 4.94 0.17 0.14 1.89 0.21 0.15 0.64 453 6.28 1.03
benzene 0.04 0.06 0.12 0.15 0.09 0.10 0.10 0.10 0.12 0.10
ethylbenzene 13.11 2940 3717 2233 3512 49.46 22.77 13.08 9.24 31.22
xylene 0.13 0.07 0.23 0.38 0.29 0.26 0.32 0.95 1.46 0.62
styrene 17.35 1.76 1224 4407 2282 2.97 41.10 4777 4838  30.99
Cote 1.16 1.11 3.41 5.33 3.96 3.29 3.51 3.31 4.87 3.07
Total 100 100 100 100 100 100 100 100 100 100

2 Cy™: aromatics with nine or more carbon atoms;
Reaction conditions: 430 °C, TOS=50 min, toluene and methanol (molar ratio was 6:1) was fed at a total flow rate
of 0.4 mmol/min with 10 mL/min helium.
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