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Fig. 1—1 Schematic diagram of the reac-
tion apparatus

1.Reactant 5.Pre-heater g .Reactor

2.Feed 'pump 6. Thermocouple 10.Methanol-
3.Silica gel 7.Fumace dry ice trap
4 N cylinder 8.Catalyst bed 11.Gas meter
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CHs H; C CHza
+ CHs OH— + H20. - (1-2)

AF J—id, Table 1—1biZiRmL 7255 2
M 5% 2T, %Y, KRXOLIicaHT 3,

CHsOH —> CO-+ 2 Hy evveveene (1-3)
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0.05 -

rhenol
0.04 +

0 -cresol 2, 6-xylenol
0.03 |

0.02 F

Partial pressures (pi)

0.01

0 I ] I I 1
0 10 20 30 40 50 60

Time factor, W/F (g-cat. h/mol)

Fig. 1-2 Relations between partial pres-
sures and time factor (W/F)

Reaction conditions; Reaction temp, 3507C,
Reactants, phenol{0.056atm}, methanol
(0.564atm), mitrogen gas (0.38atm).
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WA EIRT 2701213 A F AL RIS # 8 IR
ETHRELBIRL TR s w, Zos,
Fig. 1 =32, 2,6-%> L /—&EE x ¥/ —
WERE E DR E Ta sy P Lz, ZOBICE
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100
Mg

Mn
30

Ca

80 Co

-3
o

@
=}

o
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N
(=1

Zn

Recovery of methanol (mol%;)
(<)
=

™
o

T

10

Yields of 2,6-xylenol (mol %)
Fig. 1—3 Relations between the methylation
of phenol and the decomposition
of methanol

g

products on the MO-Fe, O, catalyst

M of MO-Fe,0, Cu Mg Ca Ba Zn Mn Co Ni®
Phenol converted, mol% 95.3 8.8 68.7 82.5 88.4 24.0 63.9 67.5
Selectivity, %Y

o-Cresol 41.0 75.3 79.3 64.3 43.5 83.9 82.6 53.2

2, 6-Xylenol 59.0 24.7 20.3 35.6 56.5 13.1 17.3 18.6
Methanol converted, mol% 42.3 5.1 23.1 28.7 66.5 2.2 23.8 98.3
Selectivity, 9

Methylation 31.5 22.1 41.9 38.7 21.0 | 100 32.5 6.6

Decomposition 68.5 77.9 58.0 61.3 79.0 - 67.5 93.3

a) Selectivity for benzene, toluene, xylene and carbonization are 12.4, 5.0, 1.0 and 9.8, respectively.

b) Given by {moles of o-cresol or 2,6-xylenol per moles of phenol converted).

¢) Given by (moles of methyl group in products or gaseous products par moles of methanol converted).

Table 1—1b Compositions of gaseous products on the MO-Fe,0Q; catlyst

M of MO-Fe, 0, Cu Mg Ca Ba Zn Mn Co Ni
Carbon dioxide, mol% 17.5 17.6 16.1 17.3 18.2 — 16.9 17.8
Hydrogen, mol% 53.5 49.1 37.4 39.0 64.2 — 51.7 64.4
Methane, mol% 21.7 27.0 37.0 35.3 7.9 — 21.4 12.6
Carbon monoxide, mol % 7.3 6.3 9.5 8.4 9.7 — 10.1 5.2




(6)

RGN AIETL T A Z S —NDGRITEL T\
SEEERL, Tov PAETICAIUL, IhE
ERMOI & 5EERT S, 20D b, BLES-
Eedgk B & CPER{LER-BE b 86 ik & BV TG TE
I TARBFE DD & IR L 72,

100
8 m
°
=
2 75
£ 75|
Sy
=]
.
=1
(=]
S
50 1 1 1 1 1 1 1 ]

o 1 2 3 4 5 6 7 8
Reaction time (hr)

100

75_.\‘
1 L { I 1 1 L
1 2 3 4 5 6 7

Select. for 2,6-xylenol (%)

50

)

8

0
Reaction time (hr)

Fig. 1—4 Relations between activities of
CuO-Fe,0; and ZnO-Fe,O; cat-
alyst

CuO-Fe,O; catalyst (0), Zn0O-Fe O,
catalyst (®).

TGA (wt.%)

L#L, Fig. 1 —4I1RL2 k910, BRL$E-BR
Lk b T o RGHERII G %R 7 REH T
L, B, 2,6-% 1/ — LoERERII ARSI
TLEERAEETH S, JHICHL T, EBILE
SRl Sk ik i o) 35 A 13 BUGRIIATE 3 AT, 1
IFEERENIE LN, Z0RD, ARIEICHY
% it 2 L Cld B b B -ER L S AT T E L v
EEZILND,

DT, ERAL T - AL Sk o M O B A
T, MEEOFRBES LOTEERBRIEIL-2-1
BLU1-2-21z# 072, Tablel — 523~
D MLE ) By AL B R - B bR U O I B O SRR
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Fig. 1—-5 A typical differential thermogravimetric curve

C onditions: Heating rate ; 10°C /min, TGA sens.; 5 mg (full scale),
DTA sens.; 1004V, Atmosphere; air.
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Table 1—22 Free energies of formation )

—~
-
~—

Z OB TORERD bR IR o2 7 vy
e %2 TADLE, DTA(IIZRAICAERL 72&
TEA AU &) AR IL SN T2 2 & BN
LTw3, DTA(I)ZMERmICFEL 2 RFK
HOBBEC L 2D THE, ZDEDID, By
B ZT a3 a3, RFEIIBEC L
S>THRPND, ZOBICEHENSLDTA () HRE
B 7 R WD B T2éh, ERLEEES & B bEk O FE
LR EERRESL, FODTA-TGAHR
RO EZSH, 640 CHHEICERT{LO L W
BbE— 75N, £/2, Table 1—2a, 1

Table 1—2b Molar enthalpies of
formation at 970°%k

the ZnO-Fe, O, catalyst

Composition
Zn0{mol)/Fe»04 (mol)

Surface area (m'/g) 4.0 | 17.313.0 [ 24.2 | 39.2 | 54.0

100/0 | 80720 | 65/35 | 50/50| 30/70| 0/100

Conv. of phenol

{mol %) 4.2 |53.0 |97.8 | 88.4 | 96.4 | 5.2
Yield of 2,6-
xylenol (mol %) 0.5 | 6.5 |60.0 [48.6|45.0| 0.6

MO+F92 03

AGE AGS Process (nonrpmey  Ref.
Oxide Oxide
(keal/mol) (keal /mol) CuO +Fe; 03 =CuFe; 0, (I) +5.05 (10)
CuQ —30.4 MnO —86.8 MgO+Fe: 03 =MgFe, 0, (0.9I) | —4.43 (10)
MgO —136.13 Co0 —51.0 Zn0 ’i‘FEzOg:ZnFezO‘;(N) —2.67 (10)
Ca0 — 144 .4 NiO —51.7 MHO+F8203:MHF8204(O.ZI) —5.0 (11)
BaO —126.3 F9203 —177.1 CoQ +F8203:COFEQO,L(I) —5.89 (10)
7Zn0 —76.05 Fe; 0, — 242 4 NiO +F6203 =NiFeg O,;(I) —1.22 (10)
N-normal spinel M(Fe,)O,
I-inverse spinel Fe{MFe)}Ou
Table 1—3 Results of differential thermogravimetric analysis of the used catalyst
M of MO-Fe; 04 Cu Mg Ca Ba Zn Mn Co Ni
Weights increased, wt% 6.11 0.67 1.93 0.83 0.95 1.70 0.41 2.27
DTA(I), °C 233 237 217 222 222 240 232 334
Weights decreased, wt% 2.0 trace 1.81 0.47 1.18 2.98 0.85 16.25
DTA(II), °C 334 270 326 310 326 375 276 395
DTA(I), °C - 477 495 484 645 560 665% | 530
a} Measured from coprecipitates of hydroxides.
Table 1—4 Surface area of the fresh and used catalysts
M of MO-Fe, O, Cu Mg Ca Ba Zn Mn Co Ni
Fresh catalyst, m'/g 74.7 4.4 25.3 20.9 24.2 38.0 74.3 | 113.4
Used catalyst, m'/g 22.1 5.2 21.8 18.5 17.0 25.1 42 .4 76.9
Table 1—5 Effect of composition of Scheme 1—1 Relation between deteriorationand

regeneration of the Zn0O-Fe; O
catalyst

Deterioration of catalyst

MFe. O, —MO+Fe; 0, +C*
(Fresh catalyst) {Used catalyst)
(1I1) (11) ()

MO+Fe, 0, + C*

* .
C" shows carbonaceous materials
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Table 1—8 Crystalline sizes of Zn0O-Fe;0;
catalyst in several preparations

Catalyst Calcination Crystalline sizes (A)

symbol (°C) ZnFe,0, Zn0  Fe,0s
500 367 547 249

N 600 405 684 467
700 544 628 —

800 609 684 -

500 — 234 346

B 600 398 261 539
700 462 305 619

800 820 627 ,4

500 155 596 _

o 600 124 627 —
700 557 644 -

800 661 684 —

500 340 254 -

b 600 358 313 -
700 634 393 —

800 735 547 —

500 169 208 —

. 600 347 255 —
700 702 460 -

800 772 562 —
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Table 1—17 Pore structure of ZnO-Fe:z0s3
catalyst in several preparations

Catalyst Caleina- Total pore Surface Pore
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Table 1—8 Activation energies and
frequency factors of the
methylation and the

decomposition

P Catalyst E: A1 X107° E, Az X1077
symbol |(kcal/mol}| (h%) (keal/mol)| (h7)
A—5 22.6 0.59 24.7 0.33
B—-5 20.1 0.15 28.6 10.1
C—5 25.4 18.0 27.4 6.8
D—5 22.7 11.0 29.9 38.1
E—5 24.1 5.4 30.5 76.0

Table 1—9 First-order rate constants per
unit surface

Catalyst k) X 10° ki X102
symbol {mol/m’h) (mol/m*h)
A—5 1.47 1.60
A—-6 0.51 1.35
A—7 0.44 1.10
A—28 0.16 0.58
B—5 0.67 0.70
B—6 0.62 0.73
B—-7 0.32 0.53
B—8 0.20 0.56
C—5 1.22 1.10
C—6 1.17 1.13
C—7 0.97 1.45
C—8 0.63 1.26
D—5 1.16 1.15
D—6 0.98 1.14
D—7 0.41 1.02
D—8 0.48 1.54
E—56 1.12 1.03
E—6 1.86 1.75
E-—-7 1.29 2.04
E—8 - -
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Fig. 2—2 NMR spectra of reaction products

by the reaction of phenol with var-

ious alcohols

Table 2—1 Products by the reaction
between Phenol and vari-
ous types of alcohol

I

Alcohol Ethanol 1-Propan) 3-Propan

ol - t-Butano%

Conversion of phenol,
mol % 3.1 23.9 12,0 trace

Yields of e-alkylphenol
mol% 26.4 20.2 11.4 trace

Conversion of alcohol,

ol % 100 100 100 100
Selectivity, %
Acetone 100 - 93.1 -
CiH~CO-CH; - - 1.9 -
4-me-3-Pentene-2-one - - 4.8 -
Pentane-3-one - 86.0 - -
Hexane-3-one — 14.0 - -
i so-Butylene - - - 100

Composition of gaseous products,mol %

Carbon dioxide 16.8 18.5 - -
Hydrogen 78.7 77.1 100 -
Carbon monoxide 4.5 4.5 — -
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Table 4-2 Experimental results from reaction of o-cresol with methanol

Temp. Timt\aNfa.ctor Composition of products (mole ratic of component to feed rate)

T (°C) (g—cat-{mljri.ol) Phenol | Cresol | Xylenol |Methanol H.O H» cO COz CH, Nz
325. 0.0 0.000 0.247 0.000 0.742 0.000 0.000 0.000 0.000 0.000 0.010
325. 6.2 0.000 0.230 0.012 0.691 0.019 0.175 0.030 (.044 0.025 0.010
325. 12.4 0.000 0.220 0.023 0.677 0.037 0.212 0.042 0.080 0.027 0.010
325. 24.8 0.000 0.204 0.035 0.631 0.042 0.259 0.046 0.065 ¢.032 0.010
325. 43.3 0.000 0.196 0.045 0.578 0.044 0.292 0.046 0.080 0.030 0.010
325. 43.3 Q.000 0.195 0.048 0.534 0.033 0.330 0.051 0.083 0.035 0.010
325. 61.9 0.000 0.132 0.061 0.527 0.058 0.347 0.052 0.097 0.035 0.010
325. 0.0 0.000 0.371 0.000 Q0.619 0.000 0.000 0.000 0.000 0.000 0.010
325. 12.4 0.000 0.343 0.024 0.580 0.026 0.175 0.033 0.038 0.027 0.010
325. 24.7 0.000 0.350 0.020 0.541 0.036 0.208 0.036 0.050 0.023 0.010
325. 37.1 0.000 0.333 0.033 Q.519 0.039 0.242 0.042 0.060 0.029 0.010
325. 49.5 0.000 0.325 0.044 0.484 Q.045 0.261 0.049 0.066 0.030 0.010
325. 0.0 0.000 0.495 Q0.000 0.485 0.000 0.000 0.000 0.000 0.000 0.01¢
325. 12.4 0.000 0.481 0.014 0.465 0.022 0.2356 0.049 0.053 0.046 0.010
325. 31.0 0.000 0.467 0.027 0.433 0.026 0.211 0.039 0.052 ¢.030 0.010
325. 49.5 0.000 Q.453 0.042 0.389 0.038 0.238 0.041 0.063 0.033 0.010
325. 68.1 0.00C 0.447 0.047 0.383 0.041 0.255 0.043 0.066 0.030 0.010
350. 0.0 0.000 0.247 0.000 0.742 0.000 0.000 0.000 0.000 0.00C 0.010
350. 6.2 0.000 0.215 0.027 0.634 0.031 0.218 0.043 0.056 0.048 0.010
360. 12.4 0.000 0.191 0.047 0.567 0.052 0.299 0.054 0.086 0.060 ¢.010
350. 18.6 0.000 0.185 0.061 0.520 0.044 0.357 0.058 0.102 0.061 0.010
350. 24.7 0.000 0.176 0.066 0.49%9 0.056 0.365 0.058 0.106 0.061 0.010
350. 30.9 0.000 0.162 0.081 0.405 0.050 0.473 0.071 0.142 0.079 0.010
350. 37.1 0.000 0.136 0.104 0.370 0.063 0.585 0.085 0.166 0.024 0.010
350. 49.5 0.000 0.132 0.118 0.323 0.068 0.623 4.087 0.185 0.100 0.010
350. G.0 0.000 0.371 0.000 0.619 0.000 0.000 0.000 0.000 0.000 0.010
350. 6.2 0.000 0.348 0.017 0.560 ¢.026 0.168 0.033 0.047 0.039 0.010
350. 12.4 0.000 0.334 0.030 0.529 0.033 0.211 0.037 0.064 0.041 0.010
350. 24.7 0.000 0.314 0.053 0.451 0.047 0.280 0.045 0.078 0.049 0.010

. 350. 37.1 0.000 G.300 0.068 0.389 0.051 0.352 Q.064 0.100 0.058 0.010
350. 49.5 0.000 0.288 0.077 0.388 0.053 0.372 0.057 0.116 0.063 0.010
350. 61.8 0.000 0.265 0.104 0.290 0.067 0.472 0.070 0.146 0.079 0.010
350. 0.0 0.000 0.495 0.000 0.495 0.000 0.000 0.000 0.000 0.000 0.010
350. 6.2 0.000 0.469 0.019 0.449 0.029 0.160 0.029 0.041 0.047 0.010
350. 12.4 0.000 0.458 0.029 0.418 0.038 0.120 0.035 0.057 0.044 0.010
350. 37.1 0.000 0.428 0.065 0.307 0.057 0.298 0.049 0.091 0.060 0.010
350. 55.7 0.000 0.410 0.081 0.281 0.080 0.358 0.055 0.106 0.068 0.010
350. 74.2 0.00b 0.385 0.106 0.230 0.091 Q.366 0.050 0.124 0.098 0.010
375. 0.0 0.000 0.247 0.000 0.742 0.000 0.000 0.000 0.000 0.000 0.010
375. 6.2 0.000 0.198 0.044 0.547 0.040 0.315 0.057 0.095 0.079 0.010
375. 12.4 0.000 0.172 0.070 0.394 0.050 0.455 0.071 0.140 0.104 0.010
375. 18.6 0.000 0.154 0.086 0.355 0.054 0.547 0.083 0.181 Q.124 0.010
375. 24 .7 0.000 0.142 0.098 0.297 0.059 0.603 0.095 0.185 0.128 0.010
375 0.0 0.000 0.371 0.000 0.619 0.000 0.000 0.000 0.000 0.000 0.010
375. 6.2 0.000 0.333 0.032 0.507 0.039 0.199 ¢.037 0.0569 0.053 0.010
375. 12.4 0.000 Q.313 0.053 0.435 0.050 0.295% 0.048 0.088 0.072 {£.010
375. 24.8 0.000 0.277 0.089 0.317 ¢.068 0.443 0.068 0.140 0.101 0.010
375. 37.1 0.000 0.265 0.100 0.275 0.075 0.489 0.070 0.159 0.107 0.010
375. 49.5 0.000 0.238 0.130 0.141 0.088 0.596 0.081 0.206 0.135 0.01C
375. 0.0 0.000 0.495 0.000 0.495 0.000 ¢.000 0.000 0.000 0.000 0.010
375. 6.2 0.000 0.460 0.032 0.399 0.041 0.192 0.034 0.056 0.065 0.010
375. 12.4 0.000 0.439 0.052 0.336 0.056 0.271 0.048 0.084 0.082 0.010
375. 24.7 0.000 0.412 0.081 0.244 0.071 0.360 0.0556 0.118 0.097 0.010
375. 37.1 0.000 0.393 0.099 0.186 0.079 0.425 0.063 0.140 0.107 0.010
375. 49.5 0.000 0.378 0.111 0.148 0.085 0.452 0.064 0.154 0.112 0.010
375. 61.9 0.000 0.367 0.123 0.104 0.081 0.523 0.071 0.176 0.130 0.010
400. 0.0 0.000 0.371 0.000 0.619 0.000 0.000 0.000 0.000 0.000 0.010
400. 6.2 0.000 0.317 0.047 0.373 0.059 0.329 0.061 0.103 0.121 0.010
400. 12.4 0.000 0.295 0.071 0.227 0.070 0.471 0.077 0.174 0.161 0.010
400. 18.5 0.000 0.279 0.084 0.265 0.069 0.481 0.077 0.168 0.140 0.010
400. 24.8 0.000 0.266 0.095 0.179 0.075 0.559 0.084 0.199 0.170 0.010
400. 0.0 0.000 0.495 0.000 0.495 0.000 0.000 0.000 0.000 0.000 g.010
400. 12.4 0.000 0.428 0.063 0.188 0.078 0.376 0.066 0.133 0.151 0.010
400. 24.7 0.000 0.398 0.084 0.107 0.087 0.466 0.076 0.169 0.169 0.010
4006. 37.1 0.000 0.381 0.099 0.064 0.093 0.538 0.078 0.193 0.183 0.010
400, | 49.5 0.000 0.369 0.108 0.048 0.095 0.547 0.078 0.198 0.180 0.010
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Table 4-3 Experimental results from reaction of phenol with methanol

Temp. Tinw%vl;ei?c:tor Composition of products (mole ratio of component Lo feed rate)

t (°C) (g—cut-h/rﬂnol) Phenol | Cresol | Xylenol [Methanol H=0 Hea CcoO CQO» CH, N2
325. 0.0 0.100 0.000 0.000 0.700 C.000 $.000 0.000 0.000 0.000 0.200
325. 25.0 0.085 0.015 0.001 0.643 6.019 0.058 0.014 0.012 0.015 0.200
325. 40.0 0.076 0.023 0.001 0.612 0.024 0.087 0.019 0.023 3.021 0.200
325. 55.0 0.063 0.033 $.003 0.563 0.033 0.140 0.028 0.038 0.031 0.200
325. 60.0 0.068 0.029 0.002 0.583 0.031 0.117 0.024 0.031 0.028 0.200
325. 70.0 0.063 0.034 0.003 0.567 0.031 0.135 0.028 0.033 0.029 0.200
325. 0.0 0.200 0.000 0.000 0.600 0.000 0.000 0.000 0.00G 0.000 0.200
325. 20.0 0.192 0.008 0.000 0.568 0,010 0.025 0.007 0.007 0.009 0.200
325. 38.0 0.184 0.016 0.000 0.542 0.020 0.051 0.013 0.013 0.016 0.200
325. 50.0 0.179 0.021 0.000 0.527 0.024 0.063 0.015 0.017 0.019 G. 200
325. G5.0 0.173 0.0286 0.001 0.515 0.029 0.075 0.017 0.020 0.021 0.200
325. 0.0 0.300 0.000 0.000 0.500 0.000 0.000 0.000 0.000 0.000 0.200
325. 25.0 0.290 0.010 0.000 0.474 0.012 0.018 0.005 0.005 0.007 0.200
325. 35.0 0.284 0.016 0.000 0.441 0.015 0.046 0.012 0.016 0.015 0.200
325. 50.0 0.283 0.017 0.000 0.447 0.018 0.041 0.011 0.012 0.013 0.200
325. 65.0 0.278 0.022 0.000 0.423 0.026 0.074 0.017 0.017 0.020 0.200
325. 80,0 0.275 0.025 0.000 0.425 0.028 0.067 0.015 0.016 0.019 0.200
350. 0.0 0.100 0.000 0.000 0.700 0.000 0.000 0.000 0.000 0.000 0.200
350. 5.0 0.089 0.011 0.000 0.656 0.017 0.039 0.010 0.008 0.014 0.200
350. i0.0 0.078 0.021 0.001 0.620 0.028 0.072 0.016 0.018 0.023 0.200
350. 20.0 0.062 0.034 0.004 0.554 0.040 0.145 0.028 0.039 0.037 0.200
350. 30.0 0.046 0.047 0.008 0.483 0.047 0.224 0.039 0.065 0.050 0.200
350. 40.0 0.029 0.057 0.014 0.400 0.052 0.316 0.049 0.100 0.066 0.200
350. 50.0 0.026 0.060 0.014 0.404 0.052 0.314 0.046 0.099 0.063 0.200
350. 50.0 G.020 0.062 0.019 0.351 0.053 0.369 0.055 0.121 0.075 0.200
350. G.0 0.200 0.000 0.000 0.600 0.000 0.000 0.000 0.000 0.000 0.200
350. 15.0 0.173 0.027 0.000 0.530 0.032 0.042 0.012 0.013 0.017 0.200
350. 25.0 0.164 0.034 0.002 0.475 0.042 ¢.103 0.023 0.030 0.034 0.200
350. 40.0 0.145 0.051 $.004 0.416 0.055 0.160 0.031 0.049 0.045 0.200
350. 50.0 0.135 0.059 0.006 0.386 0.064 0.187 {.035 0.058 0.0b62 0.200
350. 55.0 0.131 0.062 0.007 0.372 0.068 0.201 0.036 0.062 0.053 0.200
350. G5.0 0.118 0.073 0,009 0.332 0.076 0.235 0.041 0.075 0.060 0.200
350. 0.0 0.300 0.000 0.000 0.500 G.000 0.000 0.000 0.000 0.000 0.200
350. 20.0 0.273 0.026 0.001 0.407 0.035 0.069 0.018 0.020 0.0238 0.200
350. 25.0 0.273 0.027 0.000 0.415 0.032 0.064 0.016 0.018 0.023 0.200
350. 35.0 0.258 G.040 0.002 0.365 0.047 0.111 0.021 0.034 0.037 0.200
350. 40.0 0.256 0.042 0.002 0.370 0.049 0.101 0.021 0.030 0.032 0.200
350. 50.0 0.252 0.045 0.003 0.349 0.052 0.117 0.024 0.037 0.038 0.200
350. GO.0 0.226 0.068 0.006 0.300 0.076 0.154 0.028 0.048 0.044 0.200
375. 0.0 0.100 0.000 0.000 0.700 0.000 0.000 0.000 0.000 0.000 0.200
375. 5.0 0.Q073 0.025 0.001 0.581 0.037 0.106 0.023 (0.029 0.037 0.200
375. 10.0 0.051 0.043 0.008 0.475 0.049 0.208 0.038 0.069 0.063 0.200
375. 15.0 0.044 (.049 0.007 0.462 0.051 0.223 0.039 0.074 0.062 0.200
375. 15.0 0.040 0.049 0.010 0.425 0.057 0.269 0.045 0.087 0.073 0.200
375. 20.0 0.032 0.057 0.011 0.406 0.057 0.289 0.048 0.096 0.073 0.200
375. G.0 0.200 0.000 0.000 0.600 0.000 0.000 0.000 0.000 0.000 0.200
375. 5.0 0.176 0.023 0.001 0.506 0.034 0.072 0.018 0.021 0.031 0.200
375. 10.0 0.154 0.043 0.003 0.421 0.058 0.145 0.030 0.045 0.054 0.200
375. 20.0 0.131 0.064 0.006 0.348 0.075 0.212 0.040 0.068 0.068 0.200
375. 30.0 0.109 0.080 0.011 0.268 0.091 0.287 0.048 0.097 0.086 0.200
375. 40.0 0.110 0.082 0.009 0.279 0.086 0.274 0.043 0.096 0.083 0.200
375. 40.0 0.084 0.099 0.017 0.215 0.114 0.343 0.051 0.110 0.091 0.200
375. 0.0 0.300 0.000 0.000 0.500 0.000 0.000 0.000 0.000 0.000 0.200
375. 5.0 0.281 0.019 0.001 0.432 0.029 0.047 0.013 0.013 0.022 Q.200
375. 10.0 0.263 0.036 0.001 0.355 0.047 0.111 0.027 0.036 0.045 0.200
375. 20.0 0.243 0.083 0.004 0.304 0.069 0.153 0.030 0.048 0.057 0.200
375. 30.0 0.226 G.070 0.004 0.245 0.081 0.202 0.037 0.068 0.072 0.200
375. 40.0 0.217 0.077 0.006 0.212 0.083 0.225 0.040 0.082 0.077 0.200
375. 50.0 0.212 0.080 0.008 0.216 0.097 0.227 0.040 0.074 0.07% 0.200
400. 0.0 0.200 0.000 0.000 0.600 0.000 0.000 0.000 0.000 0.000 0.200
400. 5.0 0.160 0.037 Q.003 0.397 0.063 0.159 0.036 0.052 0.072 0.200
400. 10.0 0.130 0.064 0.0086 0.280 0.084 0.265 0.050 0.093 0.101 0.200
400. 20.0 0.110 0.080 0.010 0.182 0.105 0.359 0.059 0.127 0.132 0.200
400. 30.0 0.105 0.086 0.009 0.1G62 0.105 0.387 0.060 0.137 0.136 0.200
400. 30.0 0.093 0.093 0.014 0.146 0.123 ¢.377 0.057 0.136 0.139 0.200
400. G.0 0.300 0.000 0.000 0.500 0.000 0.000 0.000 0.000 0.000 0.200
400. 5.0 0.263 0.035 0.002 0.327 0.054 0.133 0.030 0.045 0.060 0.200
400. 10.0 0.248 0.048 0.004 0.287 0.068 0.1656 0.033 0.056 0.068 0.200
400. 20.0 0.219 0.074 0.007 0.160 0.104 0.260 0.047 0.094 0.111 0.200
400. 30.0 0.212 0.082 0.007 0.132 0.1058 0.283 0.048 0.107 0.117 0.200
400. 40.0 0.199 0.093 0.008 0.141 0.150 0.220 0.042 0.084 0.124 0.200
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Table 4-4 -Reaction rate equations
r11=KiP Pn/(1+KePe+KcPc+K<Px)? (mol/g-cat-h}

re=KoPcPm/(1+KePp+KePe+ KePx)?  ( " )
r3=KsP’n ( " )
ri=K3P%y ( " )
15 =KsPumPw ( " )

Ki=1.18x10*exp(-14700/RT) (mol/g-cat-h-atm?

K:=5.52x10%exp(-20600/RT) (

Kz =2.26x10"%exp(-36200/RT) ( "

K:=8.16x10"% exp(-45100/RT)
(

)

)

)

)
Ks=8.06x10%exp(-18800/RT) " )
)

)

)

Kp=5.72x10"" exp{ 20000/RT) (—
Ke=2.14X10 ' exp(2380/RT) (—
Kx=3.06 %10 ®exp(17400/RT) (—

L7 EIALRBICDWTE, EIETEOMIE
Bl ow TN E R, ZThicLD 7/ —
NFERlTo-7v > — Il iﬁ]ﬁﬁj:@?ﬁé%ﬁ&iﬁﬁéﬁ z
fREERSE S 5, F L THRES L7 m | i
?/~w#@%t,imth%wﬁ%ﬁ/ﬁ7
T DA LR BEEL TTAE AR
2 rahic kA ERL, BERT A &) KT
Hb,

T ORIEHERED L, TILX AL DN T
%%m% Rideal-Eley ##E0FIG & LT, mm

B EERIGEEE L UGEER P RET S 2
EHTE D,

A Z =R OV, Langmuir-
Hinshelwood Bfic & 2 a5, HaEBLIUEREK
rEEL EEEREROB, S, b oL bERE
BRI EATLLNEEET LI LIILT,

Pk 9 L T#EE N EER o md
5, ROF S HFIECREEL DR, &

4, HifER 2 L T Runge-Kutta-Gill #Ei

L0 EE L 2 B oA & SRR AR -
Y LA b RBEE L & W E R R oK
B, KT, FOEESAICE oY, PRI
BT WEIC - 7EER IR TS, SIS,

o e b OO RS L ZELO Arrhenius 7 H 3
DEGIED L b O Rl s D RER & L TE
L7,

SOkt L TEL N EREERE FDEE
$ & Table 4-4 (27T, $72, fFLNT THRE
K e L TRkt E L ERfE & DLl s

Figs. 4-3, 4-4 (03T, EBED N7V X 2 5B
Frug, HEHErEREO—FUXIZITRIFEE L
L5,

20 40 60 30 100
W/F, (g-cat-h/mol)
Fig. 4—3la) Result of reaction between

o-cresol and methanol

0 20
W/F, (g-cat-h/mol)

Fig. 4—3(b)

40 60 80 100

Result of reaction between
o-cresol and methanol



0.4

t=

325C

Fig. 4—4(a)

100
W/F, (g-cat-h/mol)

Result of reaction between
phenol and methanol

[w]
1

0 20

40 60 80 100

W/F,  (g-cat-h/mol)

Fig- 4—4(b)

Result of reaction between
phenol and methanol

(39)

07 T T T T
W/F,=30.0 g-cat-h/mol
0.6k Initial composition J
' Phonol  0.20 mol fraction Y4
Methanol 0.60 motl fraction
0.5+ Nitrogen .20 mol fraction B
Lol !
o
-
w” 0.3 1
G
> 0.2k S alb |
- ¥ al
0.1F 1
0 1 1 1 1
300 350 400

Temperature t (T)

Fig. 4—5 Temperature dependence on
the selectivity of methanol
for alkylation

4.2 RICHEGDIER

a) BEOFHR

EBERSLFIBICTD X AT SN
FTFL R, MRS T A F GG R E A
T95, THXNLRIE~ND 2 F 2 — )L DB
I DWTREIL L ZRNEE Fig. 4-5 1277,
ZOr b LIRS D E A Y S = NDGR %
b Ehhhrd, £, FERETET LY
ARG DRI AE 2 5 2 5IREOH 5

ZEh s,
b ) FHEE DR
EEERI L, WTADIEBETL A /=LA

BELELCTLETAXFALREITE T 59,
AF 7= NDGEL B> TnB,

"ol eEEREZERL T, 2,6-% 1/
—NVOBRFNEICB LIZTWEENELTEL
THANTAR , 72 /=AY /=L EDEIGT,
FEHERE I Fo =1.0mol/h, SR W/F, =
90.0g-cat-h/mol & L7286 325 — 400 C I3
T ARERR S Fig. 4-8 12T, I OMNOERE
b, 7=/ IVORIEE Yoo 25550.2  (KHEE
UML), RIBEEt A7375 ~ 400°C T 2,6- ¥ &
VIV BN ED RIS A Z b b
L L%ad s, ZOMDRIEFEEPELT U,
CORBLENT 0T, REELREULETH
%,



(40)

W/F,=90.0 g-cat-h/mol

f=
o
w

(mol/h)

0.02

One path yield of 2, 6-xylenol

Fig. 4—8 Effect of initial composition of
phenol for one path yield of 2, 6-
xylenol

¢ ) KRR

EBRAERIC DN, MG E EBR DT F
E—Eh LN T RIGEEZ KHTHD L, W
N RIS > THED, FBEOEMIEFEICEEH
BRI BITERREIC L D 2 b7, 20k
I A BBMEIG AT ) RIGEE TIE, 20ORETS
MmogRpSkEpMELL S, £2C, A5/ —
N EKEDRIE (BUGRS) PIRERIGTH Lk
ZHHELT, 5 UdEIBHRICKEME TR
JE5 2 RESY, BT HIEE#EP LT
FICOWTREET L Ta T2,

IR 7 = J— Ve 2% ) —LnE LS
104 L, BEfER W/F.=90.0g-cat-h/mol
ELTKRDHNBEIE ywo s 2 b 2246 D KIS
B RIGEDEEFEC L D RDTAL, 20
FERAE Fig. 4-7 IR T, WMIERT L BB B I
70 BRI ROGIRE & R 6 = &
bbb, LipLahs, UEWICKEMZ Tnwi
B BXRT, GHETDL AT/ —NDEd %%
LI EIFET BN, LW -T, TEICH
2o, RIBE X X5 /—NOGfRaE L Dbk

| W/F,=90.0 g-cat-h/mol
Ypo-¥Ymo=1:4

(kcal/mol)
[))

Qverall heat of reactions

Ywo (—)

Fig. 4—7 Change of overall heat of reactions
with initial water concentraction

HlerEE L TG RG22 RET LTSS,
5. % ¢ ®

70 2 THNT BB Erc DB FUGHE
7w, TEFEERWICHT L TR 7,
EREN e PGB LT, T/ =k X% )
—EDRIEBLFo-7 1 =)Ll X F /=
O RN % 325 ~400C DIREHEIZ DWW TiT- 72,
ORI, L, KIGE 20D T X IALEIG (K
B 1,2) £ 320D X5/ — VARG (BUG 3,4,
5) PLRAEERIETHE &Lz, THAxnik
Hiid 7 = /=& 0-7 vV — LR E T
Rideal-Eley 8T8 21, X 5 /=G BRIIGIZ
Langmuir-Hinshelwood B TEZ - Twa L d
ELTHBEER RS, B IEER
ok BEMEE & EBEE o—EIZ, ITITRETH
-7z,

RGBSR L, BiRICT B E A5 /—ND
SIRFEEIC D, TAXMELEA~D AT —
WDBEFEICHBKREL 5 2 2IEH 5 2 i
otz RGHEERNZEAL2FEMRS5,2,6
-X UL /BRI EERNICT 5 EHFITDn
TRET L7z, &2, RIghicRkEmz sz 2ic
£ o TR OB E A7 (T2 HEZFEIC
N EREF L 72,

—iis, EOFEER FORBEIC L > TR -
20, HHLTWAGAICLERELTAL0T
hb, ZZTEHELNZ Zn0-Fe, O MLz DT
DFOGEERIZ, FEEOEEEL 2R 25
ARLBALDLNEEZ LIS,



De
o

! Feed rate of reactants

. Reaction rate constant

I Reaction rate

: Gas constant(=1.9872)

Nomenclature

2 0-Clesol

! Diameter of particle(catalyst) {mm)

(mol/h)
(mol/g-cat-h-atm?)

or Equilibrium constant of adsorption (—)
. Methanol
> Phenol

or Partial pressure (atm)

(mol/g-cat-h}

. Selectivity of methanol for alkylation {(—)
* Temperature ¢
. Absolute temperature ("K)
. Weight of catalyst (g)
! Contact time (Time factor) (g-cat-h/mol}
1 2,6-Xylenol

: Mole ratio of component to feed rate (—)
. Conversion of methanol for alkylation {(—)

- Conversion of methanol for decomposition

(—

(cal/mol *deg)

Yme

Ypo

Ywo

]

(41)

 Initial mole ratio of methanol to feed rate

(—)

. Initial mole ratio of phenol to feed rate

(=)

" Initial mole ratio of water to feed rate (—)

(Subscripts )
. Alkylation
. 0-Cresol
. Decomposition of methanol
. Methanol
. Phenol
. Water
. 2,6-Xylenol

U Initial value

1,2,3,4,5 . Number of reactions

Literature cited

1) T.Kotanigawa, M. Yamamoto, K. Shimokawa and

Y. Yoshida; Bull. Chem. Soc. Japan, 44, 1961
(1971)
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Table 5—1 -Position of thermocouple in the reaction system
Reactor Test 1 Test 2 Test 3 Test 4 Test 5
Reactor I Reactor 1T Reactor 1T Reactor 1I Reactor Il
Thermocouple number 6 —2.0
and its longitudinal 1 15.9| 1 —11.5| 1 14.4 | 4 —1.2 4 2.35
depth 1* (em) 2 3 .11 2 10.5| 2 36.6| 5 3.8 |5 2. 55
3 60.3| 3 32.5| 3 58.81 6 8.8 6 7. 60
4 82.6| 4 54.51 4 1.1 7 13.8 | 7 12. 55
5 111.7 | 5 80.5| 5 110.2 | 8 18.8 | 8 17. 50
Thermocouple number a 5.45 | a 9. 30
and its radius b 2.45 | b 7. 00
direction r* {cm) c 0.55 | ¢ 2. 40
d 3.55 | d 0. 00
e 6.55 | e 4. 60

+ [ : Longitudinal position of catalyst bed
(Minus shows the bed over catalyst bed)
#+ r: Radial position of catalyst bed
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Fig. 5—3 Sampling method of the catalyst
after the test reaction.
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Table 3—2 Raw materials

No. Compositign Depsity at
(mole fraction) 20. 5°C (g/ml)
Methanol 0. 833

1 Phenol 0. 167 0. 889
H,0O 0
Methanol 0. 750

2 Phenol 0. 150 0. 895
H-0 0. 100
Methanol 0. 733

3 Phenol 0. 147 0. 898

H; 0 0.120
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Table 5—3 The conditions for tests

Test No. 1 2 3 4 5
Reactor (No., mm¢T.D.} I, 54 I, 54 I, 54 I, 119 m, 185
Catalyst A—3 A—3 A—23 A—3 A—23
Weight of cat. (g) 2300 2200 2300 2300 5810
Bulk density (g/cc) 1. 37 1.97 1. 38 1. 32 1. 26
Length of cat.bed (cm) 86. 0 57. 4 86. 0 15. 7 17. 0
Raw material No. 1,3 1 2 2 2
Feed rate {ml/min) 20 20 20 20 50
Reaction temp. (°C) 370 370 380 400 410
W/F (g—cat-h/mol) 23 85 86 35 87
Reaction time (h) 23.5 100 100 8 7
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Table 5—7 Results of the test 4

Reaction time (h) 3 4 5 6 7 8
Composition of feed
Feed rate (mol/h) 27. 367 27. 367 29. 339 28. 733 28. 101 28. 101
Phenol " 4. 105 4.105 4.'401 4. 310 4,215 4. 215
Methanol " 20. 5286 20. 526 22. 005 21. 551 21. 076 21. 076
Ho O " 2. 736 2.736 2.933 2. 873 2. 809 2. 809
Liquid product (mol/h) 8. 443 6. 7855 6. 890 7. 856 8. 0768 8. 634
Gas produet ( 1/h } 898. 1 1062. 5 891.5 1056. 4 977. 3 932. 1
H20 {mol/h) 2. 309 2. 8187 2. 8905 3. 5586 3. 3272 3. 3824
Methanol Ui 2.403 0. 2084 0. 0984 0.1290 0. 4985 0. 9643
Benzene I 0. 054 0. 0748 0. 0930 0.1127 0. 0873 0. 0694
Toluene " 0. 044 0. 0862 0. 1190 0.1248 0. 0947 0. 0689
Xylene I 0 0. 0231 0. 0293 0. 0291 0.0308 0. 0192
Phenol " 1.139 0. 8976 0. 9867 1. 0843 1. 0005 0. 8052
0-Cresol " 1. 702 1. 7631 1, 7610 1. 9439 2.0912 2. 2733
2,6-Xylenol " 0. 792 0. 9233 0. 9123 0. 8935 0. 9463 1. 0510
Composition of gaseous products
Hz (mol/h) 21. 7380 25. 0130 20. 7030 24. 5880 23.0710 22. 2330
CO i 2. 6924 3. 4417 2.7127 2. 7004 2. 0305 1.9137
CHa " 3. 7650 5. 4798 4. 9989 6. 1656 5. 4041 5. 0017
COy " 8. 5696 9.5212 8. 0435 9. 7517 9. 4692 8. 9055




Table 5—8 Temperature in the reaction system (Test 4)
Reaction time  (h) 1 2 3 4 5 6 7 8
Temperature in the bed (°C)
Thermocouple No.
4 —a 333 370 398 402 405 399 387 384
b 325 364 394 400 403 398 386 383
c 327 365 394 400 403 398 385 381
d 338 373 398 400 402 395 384 380
e 353 385 398 395 396 380 373 371
5—a 324 350 383 405 410 414 410 405
b 319 345 376 406 415 420 415 411
¢ 320 347 376 404 413 417 411 407
d 331 358 383 400 405 404 398 394
e 341 370 386 387 399 379 372 370
6—a 321 348 383 401 407 406 400 400
b 319 345 380 404 410 410 406 405
[¢ 320 345 380 404 410 410 406 405
d 327 354 381 398 402 400 394 393
e 336 365 382 383 387 376 370 369
7—a 319 348 388 393 396 393 386 386
b 316 342 379 398 401 400 394 393
c 317 343 377 397 401 400 393 392
d 3256 352 379 390 392 387 380 379
e 330 359 375 371 372 361 356 354
8—a 315 345 377 375 377 371 364 363
b 319 352 370 362 363 350 346 345
C 315 345 372 382 385 380 373 371
d 317 350 370 375 377 370 362 361
e 314 343 372 382 385 380 373 370
Table 5—9 Results of the test 5
Reaction time {(h) 1 2 3 4 5 6 7
Composition of feed
Feed rate {mol/h) 67.313 67. 313 67. 313 67. 313 67. 313 66, 812 66, 812
Phenol i 10. 097 10. 097 10. 097 10. 097 10. 097 10. 022 10. 022
Methanol y 50.484  50.484  50.484 50484  50.484  50.109  50.109
HzO W 6. 731 6. 731 6. 731 6. 731 6. 731 6. 681 6. 681
Liquid product (mol/h) 35. 375 23. 096 17. 710 13. 642 16. 682 17. 071 16. 944
Gas product ( 1/h ) 1633. 8 2144. 5 2334. 5 2338. 0 2300. 5 2283. 0 2289.0
Hz0 (mol/h) 8. 3890 6. 720 7. 2550 9. 0860 7. 2310 8. 1120 8. 1310
Methanol ] 17. 7450 6. 6590 1. 2700 0. 2640 0.1990 0. 2480 0. 2640
Benzene " 0 0. 1440 0. 1720 0. 2730 0. 2710 0. 2430 0. 2540
Toluene " 0.1210 0. 1280  ©0.1950  0.3210  0.3340  0.2930 0. 2830
Xylene I ¢] 0. 0440 0. 0510 0. 0790 0. 0820 0. 0720 0. 0680
Phenol I 3. 6170 1. 8180 1. 2080 1. 5400 1. 5480 1, 4410 1. 4920
0-Cresol n 4. 0080 5.1710 4, 8640 4, 5700 4. 5070 4, 2840 4. 2460
2,6-Xylencl 1 1. 4950 2. 4130 2. 6950 2. 5090 2.5110 2. 3780 2. 2060
Composition of gaseous products
Ho (mol/h) 44,3740 56. 6470 59. 750 59, 1580 58. 1820 57. 5470 57. 4390
cO " 4. 1750 5. 2430 6. 480 6. 2410 6. 0560 5. 8630 6. 1710
CH4 i 4.5320 7. 6550 10. 1820 11. 3030 11. 2570 11. 1080 11. 3730
CO2 A 1 13. 7410 18, 1650 19. 0290 18. 9220 18. 5950 18. 8570 18. 6370




Table 5—10. Temperature in the reaction system ( Test 5)

(51)

Reaction time  (hJ 1 2 3 4 5 6 7
Temperature in the bed (°C)
Thermocouple No.
4 —a 377 383 387 380 379 379 381
b 373 383 389 380 375 377 380
¢ 358 373 385 371 363 365 370
d 357 373 385 371 363 365 370
e 356 370 379 369 360 363 367
5—a 373 381 391 391 391 391 373
b 370 381 395 401 400 400 402
C 360 370 391 401 400 400 402
d 359 369 386 400 399 398 400
e 357 367 379 388 387 386 389
6—a 367 379 385 396 399 400 401
b 357 375 403 412 415 415 417
c 345 361 385 414 419 420 420
d 345 359 388 413 417 417 418
e 344 355 375 395 401 401 403
7—a 370 382 397 398 400 400 401
b 355 375 400 401 410 412 413
c 338 358 397 413 416 417 418
d 337 351 390 408 413 415 415
e 340 351 376 398 403 404 405
8 —a 380 388 401 401 403 403 405
b 345 355 387 399 403 403 405
c 342 363 398 410 413 413 414
d 340 355 391 407 412 413 414
e 360 377 399 403 405 405 406
Table §—11 Properties of the used catalysts
Test No. Catalyst ;f(\)fssl;ght Reduction c?eaprgsoir‘iiol’l aS;é";face
No. (%) (°c) (wt%) (0] (wt%) (m*/g)
1 253 0.64 338 1.62 21.0
2 251 1.00 346 0.62 15.4
Test 1 3 — 251 0.95 336 0.44 16.2
4 251 0.97 341 0.44 16.5
5 252 0.93 336 0.44 17.0
1 257 0.51 331 4,65 25.9
2 255 0.72 339 3.05 22.1
Test 2 3 0.0 253 0.67 345 1.99 21.1
4 252 0.93 334 1.11 20.2
5 257 0.53 329 1.20 21.0
1 25h4 0.91 346 2.67 18.5
2 254 1.07 354 2.39 14 .5
Test 3 3 1. 42 255 1.10 355 1.41 14.5
4 257 1.24 356 1.17 12.7
5 258 1.26 360 0.89 11.5
1 o 251 0.79 341 0.94 18.9
2 253 1.09 331 0.19 13.8
Test 4 3 5. 66 258 1.30 336 Trace 13.1
4 258 1.18 331 — 12.7
) 257 1.12 334 — 13.3
1 246 0.81 349 0.57 21.4
2 249 1.18 350 0.07 14.9
Test 5 3 4, 99 251 1.45 338 12.9
4 251 1.87 340 — 11.6
5 253 1.74 — — 10.8
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Table 6—1 Properties of catalyst

Composition Zn0-ZnFez204 + MnO
(0.5 wt%)
Particle sizes 0.9~1.4mm
Surface area 26.6 m?/g
True density 5.594 g/ml
Apparent density 3.66 g/ml
Total pore volume 0.094 ml/g
Mean pore radius 0.00707 um
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Fig. 6—1 Experimental apparatus
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Table 6—2 Experimental results

Exp. no. 1 2 3 4 5 6
Particle dia.
l_jp o 0. 965 0. 965 1. 350 1. 350 1. 350 1. 350
Void f{%CﬁO“ 0.511 0.511 0. 509 0. 509 0. 509 0. 509
Length of
heater L(m) 0. 273 0. 273 0. 273 0,273 0.273 0.273
Amount of
electricity 64. 54 31. 76 60. 00 35. 79 70. 30 32. 867
Q(watt)
r/R 1 r/R t r/R t r/R t r/R t r/R t
L1403 325 .1403 185 . 1153 336 .1153 225 .1442 355 .1442 200
. 3269 230 .3269 132 .3461 209 . 3461 148 .3653 224 .3653 125
L4615 182 . 4615 103 . 4461 187 . 4461 124 . 4423 182 .4423 104
. 6346 138 .6346 79 .6153 130 .6153 85 .4807 160 . 4807 90
. 8076 75 . 8076 46 . 8076 75 . B076 50 . 7500 104 . 7500 60
. 9230 46 .9230 30 . 8653 53 . 8653 35 . 9230 50 .9230 32
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Table 6—3 Reaction rate equations corrected
for the simulation

r1 = KiPpPm/(1 + KpPp + KePe + KuPx)?  (mol/g-cat+h
= KoPePm/(1 + Kobp + KePe + KD )2 ( "

r3 = Ksp? { "

ry = K.',an ( "

r5 = KsPmDy (

K1 = 1.46X10%exp(—14700/RT) 2

K2 = 4.52X10%xp( —20600/RT) (

K3 = 1.87X10%exp(—36200/RT) (

K: = 7.05x10%exp(—45100/RT) (

K5 = 2.90%10%xp(—18800/RT) ( I
(
(
(

)

)

)

)

” )
{mol/g-cat-h-atm?)

" )

" )
" )

)

Ky =5.7210 7exp(20000/RT)
Ke =2.14X10 exp(2380/RT)

Kx = 3.06X10 %exp(17400/RT)

Table 6—4 Conditions and physical properties
for the simulation

Test noa. 2 3 4 5
Time (h) 92 99 8 7
Dr  (m) 0.054 0.054 0.119 0.186
S (m?) 0.00184  0.00194 0.0111 0.0272
W (kg) 2.20 2.30 2.30 5.81
Z  (m) 0.574 0.845 0.157 0.170
Fo(mol/h) 26.0 26.7 28.1 66.8
o {C) 351 355 370 375
Composition of feed (mol ratio to feed rate)

Phenol 0.167 0.150 0.150 0.150
Methanol  0.833 0.750 0.750 0.750
Water _— 0.100 0.100 0.100

Effective diffusivity, E=0.0638 (m®/h)
Effective thermal conductivity,
ke = 0.356(kcal/m-h-deg)

Overall heat transfer coefficient
ho = 20.0(kcal/m? -h-deg)

— a3 rDRHORIEEEDN % Table6—3)2, %
B & FEEAE S Tableb—4iomd, 272, FHIGE
DIMELE A IZEMTE L 52D T, FREN
DRBEIZ2WTHEL THELITo 2, A2
£ 3i2Eqs 615,16, 1710 k- T, &84 & 5(3
Eqs.6—6~131c k » T E 24T - 77,

TR DB TIC D T OREBIERE & 5t
T & DK FFigs. 6—5~10 073, f& M-
B LM ENR S FMO5AT % Figs. 6 —5~

BICoRL, Al d & 5o BITAREEFWDEES
A% Figs.6—9, 100209, Gl f & SFEEIE
AL DBLEEHRENT, B(C—HLTwad, =D
&b, MERRORESTE, 2okl
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Table 6—5 Results of simulations

Test no. 2 3 4 5
Time (h) 92 99 8 7

Composition of product{mole ratio to feed rate)
(upper; experiment, lower ; simulation)

0.0377 0.0364 0.0287 0.0223
Phenol 0.0451 0.0379 0.0400 0. 0417
Crosol 0.106  0.0899 0.0809 0.0636
O-ireso 0. 0940 0.0855 0.0825 0. 0808
0.0231 0.0180 0.0374 0.0330
2.6-Xylenol o' 0576 0.0266 0.0275 0. 0275
0.238  0.104 0.0343 0.0040
Methanol o757 0135 0.0716 0. 0432
Water 0.103 0.119 0.120 0. 122
a 0.0651 0.0755 0.0797 0.0816
I 0.590 0.779 0.791 0. 860
z 0.777 0.871 0.928 (.953
0 0.0777 0.0659 0.0681 0.0924
0.0860 0. 0663 0 0719 0.0738
co, 0.210 0.259 0.317 0. 279
2 0.260 0.288 0 313 0 328
ch 0.135 0.166 0.178 0. 170
4 0.176 0.124 0.156 0.171
T T T T T T T
L 3, [c .
DE; 0.0007)
g 400 |- \70 —
§ o
5 . -
é L ‘o .
5]
= L i
7, ]
350 L = e
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Longitudinal depth, z (m)

Fo/S=13.07 kg-mol/m?-h
Composition of feed
Phenol 0.1667 mole fraction
Methancl 0.833 mole fraction
05=1.300 kg/m?®
E=0.0638 m%h
ke=0.356 kcal/m-h-deg
he=20.0 kcal/m*-h-deg
te=3507C
tw=2350C

Fig. 6—11 Effect of diameter of re-
actor tube on temperature
profile in the bed

(simulation)
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Table 6—6 Result of simulation on
adiabatic reactor

Conditions and physical properties

Dr=0.186m

S =0.0272m?
W =5.81kg

on = 1257.8kg/m?
Z =0.170m

Fo = 66.8 mol/h
t9 =375 T

E =0.0638 m?/h
ke = 0.356 kcal/m-h-deg

Composition (mole ratio to feed rate)

z (m) 0  0.05 0.10 0.17

t (C) 375 377 376 375

Phenol 0.143 0.0723 0.0526 0.0403
o- Cresol —— 0.0631 0.0757 0.0813
2,6-Xylenol —— 0.00802 0.0152 0.0218
Methanol 0.717 0.318 0.210 0.142
Water 0.140 0.103 0.0929 0.0848
Hz —— 0.594 0.759  0.867
co ——  0.0427 0.0518 0.0565
02 —— 0.196 0.251 0.287
CHa — 0.0804 0.0977 0.107

me R L KM e wER A RS E ¥ 555
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FOCEERZME LT, B i e £ 5 /IR
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5, RINEE £375°C, 0L EEr P2 (4 b
EOICER TR R0 (NS EL, FD
fhon setb® R B 5 EREERIC L CRIHE 21T - 72,
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6—5, Fig.6—8) X ik TA 2 &, MiEE ML
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ARG L 52, 6-%2 L S — AR T a A E
TELT 285a 0 LR EERERGT 2170 201z,
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2 ¥ BTV, RIGHEM L RKIBEROREEIZ DV TR
L7z,

T, ¥Iabv—y g BELBERNEE
R4 5 7o, AEETCIRIG D ERIBVRE L &
Wi L, M o8l 2 Kbz, /2, il
B ek 2 W% L 7z,

2 l—irg XOFET, WMETER S ¥—
FREEZT, %@%%fﬁﬁﬁ%ﬁfiﬁ% Runge-
Kutta-GilliElc k> T Fik o k- Tor- 72,
ZFOER, BTG I8 Al o T FHEER
FIIHIRSE R L 2R B R S B —HLz, K
W & RO MERIC DN L FoEmE A B
SEMTEL I EDbDo L,

2 hiz, MEEANOBESFmICE ST RIEE
FEOREEMBNRINFICL USRS I 2 b —
Ytk THEEL 2, KEWMZ T WEEE 5
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Nomenclature

Cp © Specific heat (kcal/kg-deg; kcal/kg-mol-deg)

Dp :-Diameter of Particle (catalyst) {mm)

Dr : Diameter of reactor tube (m)

E : Effective diffusivity of {luid in catalyst bed
{(m?/h)

(kg-mol/h)
ho : Overall heat transfer coefficiekt of reactor
{kcal/m?-h-deg)
{kcal/kg-mol )
k : Number of radial segment in catalyst bed
{kg-mol/kg-cat -h-atm?}

Fo : Feed rate of reactant

AH : Heat of reaction

K : Reaction rate constant
K : Equilibrium constant of adscrption (—)
(kcal/m-h-deg)
ks : Thermal conductivity of solid particle
(keal/m+h-deg)
L : Length of heater (m)

ke : Effective thermal conductivity



Mo

. Gas constant (= 1.9872)

. Reaction rate

. Sectional area of reactor tube

. Temperature

. Absolute temperature

! Average temperature

. Temperature at outside of wall

. Weight of catalyst

! Mole ratio of i-component to feed rate
. Longitudinal depth

. Length of catalyst bed

. Parameter defined by Eq. 6—13

! Voide fraction of catalyst bed
. Bulk density of catalyst bdd

. Density of fluid at the reactor inlet

! Average molecular weight of feed {(—)
. Modulus defined by Eq. 6—14 (=)
: Number

. Partial pressure {atm)
. Calorific value of heater (kcal/m-h)
> Amount of electricity {watt)
> Radial distance from center (m)
> Radius of catalyst bed {m)

(keal/kg-mol -deg)
(kg-mol /kg-cat-h)

(m?)
(c)
("K)
()
()
(ke)
(—)

(m)

(m)

(—)
(kg/m®)
(kg/m?®)

e

S M og 3 o ow

1)

2)

(67)

{ Subscripts}
: Bulk
1 0-Cresol
. Effective value; reaction
> Fluid
: i-Component
. Number of reaction
. Methanol
! Overall
. Phenol ; particle; at constant pressure
. Solid
. Thermal
. Tube of reactor
. Water ; outside of wall
. 2,6-Xylenol

> At the reactor inlet; with motionless fluid
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Compound A% | AGY, | MWL
(gas) keal /mol | keal/mol
C 12.011
(0P 31.999
n-H, 2.016
N; 28.013
(610] —26.416 | —32.808 28.011
CQO:; —93.969 | —94.052 44,010
H,0 —57.798 | —54.636 18.015
CH, —17.889 | —12.140 16.043
CHs0H —48.08 | —38.69 32.04
CeHsOH —21.71 | — 6.260 94.11
0-CsH;CH;0OH —36.90 | —13.17 108.14
2,6-CeH3(CH;3),0H | —38.68 | —12.89 | 122.17
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Entropy for ideal gas state $° cal/deg-mol

Table A-2
Compound Temperature, T, °K
(gas) 298.16 300 400 500 600 700 800 900 1000
C 37.76 37.79 39.22 1 40.32 41.23 41.99 42.66 43.26 43.79
(OF 49.00 49.03 51.10 52.72 54.09 55.31 56.36 57.31 58.20
n-H, 31.21 31.28 33.25 34.80 36.09 37.16 38.10 38.93 39.70
N» 45.77 45.82 47.83 49.38 50.69 51.79 52.80 53.68 54.52
(010] 47.18 47.23 49.35 50.93 52.25 53.37 54.37 55.28 56.12 )
CO; 51.08 51.12 53.82 56.12 58.10 59.89 61.50 62,98 64.34
H:0 45.08 45.12 47 .47 49.31 50.86 52.22 53.44 54.54 55.57
CHa 44.50 44 .55 47.18 49.50 51.65 53.68 55.62 57.46 59.20
CH;0H 57.29 57.36 60.61 63.55 66.32 68.90 71.37 73.66 75.86
CeHsOH 74.48 74.64 82.86 90.76 98.27 105.3 111.9 118.1 123.9
0-C¢H,CH:0H 79.28 79.48 89.82 99.55 108.7 117.3 125.3 132.8 139.9
2,6-CsH3(CH,).0H 105.0 105.2 ] 116.5 127.5 137.7 147.5 156.5 165.1 173.1
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Table A-3 Heat content (enthalpy) function for ideal gas state (H*—H{)/T, cal/deg-mol
Compound Temperature, T, °K
(gas) 298.16 300 400 500 600 700 800 900 1000
C 5.227 5.227 5.165 5.127 5.100 5.081 5.067 5.067 5.048
02 6.931 6.931 6.981 7.048 7.132 7.225 7.318 7.412 7,498
n=-Hj 5.944 5.944 6.195 6.377 5.458 65.525 6.604 6.685 6.714
N2 6.950 6.950 6.955 6.969 §.996 7.036 7.086 7.141 7.204
coO 6.950 6.950 6.960 6.979 7.015 7.065 7.125 7.189 7.256
COa 7.507 7.514 7.988 8.446 8.872 9.259 9.661 9.931 10.22
H-0 7.935 7.935 7.976 8.040 8.124 8.222 8.329 8.449 3.573
CHas 8.081 8.086 8.308 $8.731 9.249 9.816 10.40 10.98 11.56
CH,;0H 9.159 9.167 9.718 10.42 11.21 12.01 12.81 13.57 14.29
CeHsOH 15.13 15.20 18.58 21.98 25.18 28.12 30.81 33.24 35.44
0-CsH:CH;0H 19.42 19.49 23.66 27.687 31.42 34.88 38.03 40.92 43.54
2,6-CsHs(CHs),0H | 22.56 22.64 27.0 31.5 35.6 39.6 43.2 46.4 49.4
Table A—4 Gibbs’s free energy function for ideal gas state —(GL-H})/T, cal/deg-mol
Compound Temperature, T, °K
(gas) 298.16 300 400 500 600 700 800 900 1000
C 32.53 32.56 34.06 35.19 36.13 36.91 37.59 38.20 38.74
02 42.07 42.10 . 44.12 45.67 46.96 48.09 49.04 49.90 20.70
n-Hs, 25.27 25.32 27.06 28.42 29.63 30.64 31.50 32.25 32.99
N2z 38.82 38.87 40.88 42 .41 43.69 44,75 45.71 46.54 47.32
(610 40.23 40.28 42,39 43.95 45.24 46.31 47 .25 48.09 48.86
CO, 43.57 43.61 45,83 47.67 49.23 50.63 51.84 53.05 54.12
H.0 37.15 37.19 39.49 41.27 42.74 44,00 45.11 46.09 47 .00
CH. 36.42 36.46 38.87 40.77 42,40 43.86 45.22 46.48 47.64
CHsOH 48.13 48.19 +50.89 53.13 55.11 56.89 58.56 60.09 61.57
CeHsOH 59.35 59.52 64‘.28 68.78 73.09 77.18 81.09 84.86 88.46
0-CsHsCH30OH 59.86 59.99 66.16 71.88 77.28 82.42 87.27 91.88 96.36
QZ,S—CsHa(CHs)zOH 82.44 82.56 £89.50 96.00 102.1 107.9 113.3 118.7 123.7
Table A-5 Tunction for heat of reaction H%t, kcal/mol
Compound Temperawre, T, °K
(gas) 298.16 300 400 500 600 700 800 900 1000
C 1.558 1.568 2,066 2.564 3.060 3.957 4.054 4.351 5.048
(0P 2.067 2.079 2.797 3.524 4.279 5.058 5.854 6.671 7.498
n-Haz 1.772 1.783 2.478 3.189 3.845 4.568 5.283 6.017 6.714
N2 2.072 2.085 2.782 3.485 4,198 4.925 5.669 6.427 7.204
cQ —25.13 —25.12 —24.42 —23.71 —22.99 —22.25 —21.50 —20.73 —19.94
CO2 —91.65 —91.63 —90.69 —89.66 —88.56 —87.40 —86.16 —84.95 —83.67
H,0 —54.99 —54.98 —54.17 —53.34 —52.48 —51.60 } —50.69 —49.75 |.—48.79
CH;, —14.09 —14.07 —13.18 —12.13 —10.93 — 9.629 | — 8.180| — 6.618| — 4.940
CH30H —43.25 —43.23 —42.09 —40.77 —35.2b —37.57 —35.73 —33.77 —31.69
CeHsOH —13.83 —13.78 —10.91 = 7.350| — 3.232| 4+ 1.344| + 6.308| +11.58 +17.10
0-CsH,CH,0H —26.99 —26.93 —23.32 —18.95 —13.93 — B.364 | — 2.356| + 4.048| +10.76
2,6-CsHa(CH;3).0H | —26.74 —26.68 —22.67 | —17.72 —12.11 - 5.750| + 1.090| + 8.2901 +15.93
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Table A-6 TFunction for free energy of reaction —( G}/T)r, cal/deg-mol

Compound Temperature, T, °K
(gas) 298.16 300 400 500 600 700 800 900 1000
C 32.53 32.56 34.06 35.19 36.13 36.91 37.59 38.20 38.74
Qs 42.07 42.10 44.12 45 .67 46.96 48.09 49.04 49.90 50.70
n-Ho. 25.27 25.32 27.06 28.42 29.63 30.64 31.50 32.25 32.99
N. 38.82 38.87 40.88 42.41 43.69 44.75 45.71 46.54 47.32
CO 131.4 130.9 110.4 98.35 90.57 85.17 81.25 78.31 76.06
CO: 358.5 356.6 280.5 235.4 205.7 184.8 169.2 157.4 148.0
H.0 229.5 228 .4 182.9 156.0 138.3 125.9 116.8 109.8 104.4
CH, 91.76 91.46 80.12 73.77 69.90 67.43 65.85 64.81 64.14
CHs;0H 202.3 201.5 165.8 145.1 131.7 122.6 116.0 111.2 107.6
CsHsOH 120.9 120.7 110.1 105.5 103.7 103.4 104.0 105.2 106.8
0-CsH4CH;OH 169.8 169.3 148.1 137.4 131.9 129.2 128.2 128.3 12¢.1
2,6—C6H3(CH3)2O'H 194.7 194.1 173.2 162.9 157.9 155.7 155.1 155.9 157.2
Table A—7 Logarithm for equilibrium constant of reaction logis Kir, ——
Compound Temperature, T, °K
(gas) 298.16 | 300 400 500 600 700 800 900 1000
C 7.1094 7.1159 7.4438 7.6907 7.8962 8.0666 8.2152 8.3486 8,4666
(01 9.1943 9.2009 9.6424 9.9811 10.263 10.510 10.717 10.905 11.080
n-H» 5.5227 5.5336 5.9139 6.2111 6.4756 65.6963 6.8843 7.0482 7.2099
N» 8.4841 8.4950 8.9343 9.2687 9.5484 9.7801 9.9899 10.171 10.341
CcoO 28.729 28.618 24.125 21.494 19.794 18.613 17.757 17.115 16.622
CO: 78.339 77.926 61.312 51.455 44,956 40.377 36.977 34.392 32.346
H.0 50.162 49.913 39.969 34.090 30.233 27.524 25.528 24.001 22.807
CHq 20.054 19.988 17.510 16.122 15.276 14.737 14.3%0 14.164 14.017
CH,OH 44,221 44,028 36.244 31.709 28.792 26.788 25,359 24.298 23.505
CeHsOH 26.414 26.368 24.068 23.048 22..654 22.593 22.732 22.999 23.341
0-CsH.,CH;0H 37.110 36.991 32.369 30.037 28.829 28.247 28.027 28.040 28.223
2,6-CeHs(CHz).0H 42.550 42426 37.847 35.610 34.505 34.031 33.905 34.069 34.349 .

Table A—8 FEquation for heat capacity, Table A—9 Reactions
CL=A+BT+CT?, for ideal No.
gas state, 298.16~1000 °K 1. CoHsOH+CH,0H e 0_C o H CHSOH +H,0
C, cal/deg-mol 5 0-CoH,CHsOH+CHy0H —>2,6-CeHs(CHa),OH
Cpupoumd A | BXI10° | Cx10° L0
C 15.017 | —0.1453 | +1.055 3. CH;0H —~  CO+2H,
0, 16.137 | +3.036 | —0.7951 4. CO+H,0 —  CO.+H.
n-H, +7.012 | —0.3709 | +0.6061 & CO-3H, . CH.4H.0
N, 16.819 | +0.01236 | +1.048 6 CH.OH e 1C0.+YCHAH,
co 16.641 | +0.6709 | +0.6701  CHLOH 4 HaO e COL43H.O0
CO, +5.048 | +14.94 | —7.306
H.0 17481 | +1.373 | +1.022
CH, +3.159 | +17.88 | —3.737
CH;0H +2.858 | +27.16 | —8.683
CollsOH —0.3746 | +98.78 | —42.56
0-CoH,CHsOH | +3.810 | +108.39 | —44.07
2,6-CoHa(CHy)zOH | +1.281 | +131.21 | —55.50




Table A-10 Equilibrium constant of reaction logie Kbz, —

Temperawre, T, °K
Reaction

298.16 300 400 500 600 700 800 900 1000
1 16.636 16.507 12.025 9.3703 7.6164 6.3888 5.4642 | 4,7439 4.1847
2 11.380 11.320 9.2031 7.9543 7.1167 6.5193 6.0461 [5.7323 5.4283
3 —4.4466 | —4.3425 | —0.,29067 2.2073 3.9535 5.2171 6.1663 |65:9134 7.5377 i
4 4.9702 4.9283 3.1312 2.0814 1.4041 0.93633 0.57669 | V.32418 0.12610
5 24.918 24.682 15.612 | 10.085 5.2884 3.5589 1.5085 —0.093490 [ —1.4275
6 10.498 10.463 9.0809 8.2906 7.7996 7.4653 7.2088 | 7.0282 5.8864 -
7 0.5241 0.5858 2.8407 4.2893 5.3578 6.1539 6.7429 | 7.2376 7.6637 ‘

Table A-11 Heat of reaction AHY, kcal/mol
Temperawre, T, °K
Reaction

298.16 300 400 500 G600 700 800 900 1000
1 —24.90 | —24.90 —24.48 —24.16 —23.93 —23.74 —23.63 —23.51 —23.44
2 —11.50 | —11.49 | —11.43 | —11.34 | —11.41 | —11.42 | —11.52 | —11.74 | —11.93
3 21.67 21.68 21.63 23.44 24.01 24.45 24.80 25.07 25.17
4 — 9.755 | — 9.755 | — 9.628| — 9.425 | — 9.212 | — 8.979| — 8.673 | — B8.447 | — 8.222
5 —49.27 —49.29 —50.36 —51.33 —52.07 —b2.68 —53.22 —b3.69 —53.92
6 — 7.848 | — 7.837 | — 7.367) — 6,936 — 6.630 | — 6.377| — 6.157 | — 5.997 | — 5.901
7 11.91 11.93 13.00 14.02 14.80 15.47 16.12 16.62 16.95 -

Bl b —Bko#HEMAE L LI LT Table A-12 Relations for thermodynamic
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f : Formation or function
Nomenclature
P . At constant pressure
A . A constant in the equation for heat capacity P * Products
=A+BTH+CT* R . Reactants
B n " s . Standard
C " I 0 © At ]l atm (upper) or at 0 °K (under)
C? . Heat capacity at constant pressure
(cal /deg-mal }
G° . Gibbs’s free energy (cal /mol )
AGYs | Standard free energy of formation R R
Literature cited
(keal /mol )
—(GY/T) : Function for free energy of reaction 1} Nihon-Kagaku-Kai( Chemical Society of Japan);
f P
(cal /deg-mol) “Kagaku-Benran, Kiso-Hen II", Maruzen, Tokyo
—(G°—H3)/T : Gibbs’s free energy function (1966).
(cal/deg-mol ) 2) Kagaku-Kogaku-Kyokai (Society of Chemical
%1 . Function for heat of reaction (kcal /mol ) Engineers, Japan); “Bussei-Josu”, Vol. 3, 128,
AH]s © Standard heat of formation (kcal /mol) Maruzen, Tokyo (1965).
AH% . Heat of reaction (keal /mol ) 3) R.LL. Andon; J. Gem. Soc., 5246(1960).
(H°—HS)}/T : Heat content function or 4) J.L. Flanklin; Ind. Eng. Chem., 41, 1070(1949).
Enthalpy function {cal /deg+moal ) 5) J.W. Anderson, G.H. Beyer, K. M. Watson;

fr 1 Function for equilibrium constant of Natl. Pelroleum News, Tech. Sec., 36, R476

reaction {—) (July 5, 1944): O.A. Hougen, K. M. Watson,
K2  Equilibrium constant of reaction (—) R. A. Ragatz; “Chemical Process Principles”,
M.W. : Molecular weight (—) Part I, P. 758, John Wiley & Sons, New York
R . Gas constant(=1.9872) (cal /deg+mol ) (1947). ‘
s°? : Entropy {cal/deg-mol ) 6) D.R.Stull, F.D. Mayfield; Ind. Eng. Chem.,35,
T . Absolute temperature (°K) 639(1943) : K. Satou; “Bussei-Josu-Suisan-Hou",
(Subseripts ) Maruzen, Tokyo(1954).
C . Compound 7)  API Reserch Project 44, " Selected values of

E : Element properties of hydrocarbons and related compounds”.
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Studies on Synthesis of Alkylphenols

Yuji YosHIDA, Takeshi KOTANIGAWA,
Mitsuyoshi YAMAMOTO, Katsuyoshi SHIMOKAWA,
Minoru TomiTA, and Tomio ADACHI.

Synopsis

For vapor phase alkylation of phenol in which alchols are used as the alkylating agent, the
solid acidic catalysts, silica alumina or alumina, have been used. By the strong dehydration activ-
ity of such catalysts, alkyl phenyl ethers are produced and undergoing rearrangement are ring-alky-
lated. Because of this, it becomes difficult to obtain the alkylphenol which is the primary target,
at a high yield.

Recently, a thermal resistant resin known as PPO (Poly Phenylene Oxide) resin was introduced.
Synthetic method of 2, 6-xylenol which is its monomer has therefore been attracting attention and
considerable works along this line are being done.

Xylenol has 6 isomers, and such substances have closely similar physicochemical properties.
It is extremely difficult to isolate and purify 2, 6-xylenol from the mixed isomers. Because of this,
it has become necessary to develop a catalyst which will selectively alkylate the ortho position of
phenol to produce 2, 6-xylenol at a high vield.

In the present work, it has been intended to develop a new catalyst which would have a high
selectivity to alkylate the ortho position of phenol, and from a such point of view, the alkylation of
phenol on this catalyst was studied. The present work has two primary targets. From the 1st
chapter to the 4th, basic studies on the selective alkylation at the ortho position were carried out
using the present catalyst. Next from the 5th chapter to the 6th, reaction tests and simulations
were carried out to obtain basic data necessary for industrialization of the present process using a
pilot plant. The out line of this is given as follows.

Chapter 1

Things leading to the uncovering of a series of catalyst groups (MFezOs, M=DMg, Ca, Ba, Cu,
Mn, Zn, Co, Ni) which showed a superior selectivity for alkylation of the ortho position of phenol
are given together with the hows and wherefores of the selection of zinc oxide-ferric oxide cataly-
st.

The zinc oxide-ferric oxide catalyst (ZnO-ZnFe;0y) of the same composition were prepared in
5 different modes, and their respective surface area and pore distribution were measured. The rela-
tions between the pore structure and reactivity of the catalysts were analyzed through the catalytic
activity tests by phenol and methanol. As a result, it was determined that these 5 types of catalysts
had two types of pore, that is, approximately 20A and approximately 80A and more. The former
are micropores which were produced by decomposed gases, such as carbon dioxide and/or water
vapor in the case of calcination of the catalysts. The latter are macropores which were produced
by voids between particles. Further, the preparative methods of the catalyst were estimated by
the selective factor which was determired from the active tests of methylation of phenol and de-
composition of methanol. As a result, the selective factor showed a rapid decrease with the rise in
calcination temperature. When the calcination temperature was the same, a tendency for the selec-
tive factor to increase with the decrease of macropore diameter was observed. Based on the above,
with practical reaction conditions in mind, it was concluded that the coprecipitation-extrusion
method was the best preparation among them.

Next, for the investigation on the deterioration of the catalyst, the used catalysts were analy-
zed by means of differential thermal gravimetry and the measurement of surface area. The cata-
lyst was slightly reduced during the reaction and a remarkable decrease of the surface area was




(80)

observed. It was also found from the results of the active tests that the reaction rate constant per
unit surface area showed a constant value without dependence on the reduction. Based on this, it
was concluded that the deterioration of the catalyst was caused to the decrease of the surface area
and that the surface area was remarkably decreased by the reduction.

Chapter 2

Alkylation was carried out with C1~Ca alcohols. In all reactions with each alcohol, it was
found that the alkyl groups corresponding to the alcohols were substituted at the ortho position of
phenol. Further, the pathways of the decomposition of the alcohols were alsc investigated. Based
on this, it was found that the present catalyst has a strong dehydrogenation activity and a weak
dehydration activity.

Chapter 3

The mechanism of the alkylation which proceeds selectively at the ortho position of phenol and
the mechanism of the decomposition of methanol were investigated.

When anisole was contacted with the present catalyst at 300°C to 400°C, the reaction failed to
proceed. It is clear from the above that the reaction does not proceed via anisole as key inter-
mediate. Next, the IR spectrum of phenol adsorbed on the catalyst was measured. It was found
that the adsorbed phenol was assigned to an adsorption species of phenoxide type. Further, the
number of acidic and basic sites were measured from the adsorbed pyridine and phenol. As a result,
it was considered that phenol adsorbed disociatively on the dual site formed by neighboring acidic
site and basic site.

Based on the above findings, the following speculation was made. That is, phenol disociatively
adsorbs as phenoxide anion and proton on the acidic site and basic site on the catalyst, and alcohol
adsorbs onto the proton. As the alkyl cation formed on the proton is closest at the ortho position
of phenol, the alkylation occurs selectively at the ortho position. ‘

Chapter 4

For the industrialization of the present process, the data of reaction rate were analyzed with
the applied chemical kinetics. As the basic reaction tests on the present catalyst, phenol and metha-
nol, and o<resol and methanol were reacted in temperature ranges of 325°C to 400°C. It was found
from the tests that the decomposition of methanol became remarkable at high temperature, and it
was also found that there is a temperature where the selectivity for the alkylation showed maxi-
mum value.

It was taken that the alkylation occurs by the Rideal-Eley mechanism via disociative adsorption
of phenol or o-cresol, and that the decomposition of methanol occurs by the Langmuir-Hinshelwood
mechanism. Based on the above mechanisms, the rate equations of the reactions were obtained by
analyzing the data of the reaction tests. The values calculated by the rate equations and the experi-
mental values showed an approximately good agreement. Further, the reaction conditions to give
maximum to the one path vields of 2, 6-xylenol and an idea for lowering the overall heat of reac-
tions were studied by numerical analysis.

Chapter 5

The experiments to obtain the basic data for scale-up of the present process were carried out
by using a pilot plant which had 3 types of tubular reactor with inner diameters of 54, 119, 186 mm.
These experiments were contained as follows, long term tests of 100 hours, measurements of the
thermal distribution and the activity distribution in the catalyst bed, and a method to control the
overall heat of reactions by adding small amounts of water to the raw materials.

In the long term tests, the conversion of phenol and the yields of 2,6-xylenol gradually decreased
as the reaction time proceeds. During 100 hours, the conversion of phenol decreased from 92%
to 77%, the’ decomposition of methanol decreased from 70% to 54% and the yields of 2, 6-xylenol
decreased from 32% to 12%. However, the selectivity for the methylation at the ortho position of
phenol was excellently high and the substituted phenols at the meta and para positions were not
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always produced.

In the reaction tests of the raw materials not added with water, the hot spot characteristic of
exothermic reaction appeared to thé thermal distribution in the catalyst bed. IHowever, in the re-
action tests of the raw materials added with water, the hot spot disappeared and a flat thermal dis-
tribution was observed. Thus, if water was added to the raw materials, it seemed possible to carry
out the present process even with a large scale adiabatic reactor.

Using the raw materials without adding water, the carbonaceous deposit were remarkable
near the entrance in the catalyst bed, but decreased with the longitudinal depth of the catalyst bed.
And the catalytic activity tended to increase with the longitudinal depth. These phenomena may
be due to the hot spot appearing near the entrance in the catalyst bed. On the other hand, using
the raw materials adding water, the reduction of the catalyst increased and the activity and spe-
cific surface area of the catalyst decreased with the longitudinal depth.

Furthermore, the temperature-control in the reactor, the initial deactivation of the catalyst and
the selection of the reactor type are discussed.

Chapter 6

A simiulation on the fixed bed tublar reactor was carried out, and basic investigations for in-
dustrialization of the present process were studied. First, in order to study the heat transfer in the
catalyst bed, the specific heat and the thermal conductivity of the catalyst pellets were measured.
Next, assuming the catalyst bed as a homogeneous system and solving the simaltaneous partial
differential equations on the catalyst bed by numerical analysis, the reactor was simulated.

The calculated results by the simulation were compared with the results of the reaction tests in
the pilot plant. It was shown that the thermal distribution in the catalyst bed showed a good
agreement. With regard to the composition of the reaction products, it was found that the trends
could be identified.

In addition, the influence of the reactor size on the thermal distribution in the catalyst bed and
the reaction in the adiabatic reactor were observed. As a result, it was shown that when the raw
materials without water were reacted, it is necessary to select the heat exchange type reactor. And
it was found that by adding water to the raw materials, it becomes possible to run the present pro-
cess with the adiabatic reactor.

From the findings described above, when the present process is placed on a designing and de-
velpoment stage, it would be effective to study the system by the such simulation method.
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