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Tongji University Master of Science Abstract

ABSTRACT

M-cresol and p-cresol are important intermediates in chemical industry, which
play an important role in many fields, such as agricultural, pharmaceutical, dye,
antioxidants, synthetic resin, etc. However, the existing methods for manufacturing
the single isomers of m-cresol and p-cresol in China still have problems — the low
purity, the heavy usage of organic solvent, and the high energy consumption in
production, etc.

This study mainly concentrated on the preliminary exploration of the new urea
adductive crystallization to separate m-cresol and p-cresol. Traditional urea separation
method uses large amount of toluene as solvent. The reaction of m-cresol and urea
was studied using in situ Raman spectroscopy. A tentative reaction mechanisms of
m-cresol and urea is proposed, (A+2B—R, 3RSS+3B, A for urea, B for m-cresol, R
for a complex of m-cresol-urea, S for another complex of m-cresol —urea, respectively.
According to the proposed reaction mechanisms and the recorded change of Raman
line-shape with time, simulation results conducted via Polymath software were carried
out to optimize the amount of urea needed for the reaction. And it is also found that
lower rate of crystallization could improve the selectivity of the desired product. The
activation energy was obtained according the complex reaction mechanism by fit the
data from different reaction temperature. Results also indicated that higher reaction
temperature would lower the yield of R (complex of m-cresol-urea), which agrees
well with the data from literatures. This study filled the gap in the mechanisms of urea
adductive crystallization, revealed various relationships between process conditions
during urea adductive crystallization for m-cresol and p-cresol separation, such as the
choice of reaction time, the additive amount of urea, etc.

The scrap type crystallizer and hydraulic washing tower are designed and built in
this study. Through the experiments of five operation conditions - reaction
temperature, dosage of urea, reaction time of m-cresol and p-cresol, different washing
liquid and time of crystallization, the best experimental conditions of urea adductive
crystallization for separating m-cresol from p-cresol were identified, which lay out the
foundation for the future experiments of continuous suspension crystallization for
separating m-cresol and p-cresol from industrial mixed cresols.

Key words: m-cresol, p-cresol, In-situ Raman spectroscopy, reaction mechanism,
urea crystallization method
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AT AR 00, S A B AT T B A € VA R A gy ook i 1153
o APB AT TR IS KRS O RO R] L 6 Y REA T o b, (H
AR AR AN TRL M)« 0 PRI T Ei AR (1 SR, S = BT
B CIEHE (25 pona) Joiksr@lal. XM mdlA RSN 66T
MEAGAFEE , TEHER TP BRI OGRS O6 0 20 Hr i A ) 43 57
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AR B RSOGO ) . X Y IR BEIAT 08T, A5 E T
FU S RN, WE ] X By SR A IR IR0 o 220X R S 2
FRTa] Y S X FE A )z 2 SIS P A P o 2 B A B, A5 BT D PR 0 i 5 6, P
MRS SEIUE] 0 F YA A R I A 2 TS

2.1 RIS HiERTE

PR 19284 tH B B 22 5 C.V. Raman/k I, 42 201H Z0604E AR IO
Wl IR GRS N &8 5, BT ISR 25 o 43 B PRt S A A i A A5 1k
HEIIE TN FAENL. EHL BV SRR, ok T EE T T
Hy —Bo,

22— TR Ay vo NG G HR S RIS B, 48 E T LLE T, K245450.1%
NI SRS oy T2 R AR R IR, BOARE F BN P Bt A RE R AC 4, IX POl
RO S P2 UM o B LLAMRBOETE R, Fr 2B H AR LK
BRSSP E R IRV R sh e A o¢, BRI hr ik it 51
AT AR N 2y TR Bh B s A S PO,

Venkateswarlu 25 \BEFST 74K 18] S PGS 7 2 Dl il (6 403 ARV JF 10 K
%, ROUAFELE 735 cm™. X FEYYE 841ecm™ AL RA—ANELIRIAE S, A
W NS S, HAMETE T C-C $REH7E 1000cm™ i A - f{)-CHs
AN BR AR AR RSN A0 2916 om™ BEI,  ELXF FF Ry Ay o g vy T 8] PR () o 6 [0 2
SRR B OGS SR (AR, Venkateswarlu 25 At M FEL57CPE J7 THIAB T FH I 1R i
Feo -CH3 HI-OH [HALIN L F =% R, A =2 /), R =%
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LW 5 S8 (1) 55 R O 2R, AT DA S R SR T R A8 MU 73 vh IR e &
=

Im
Xm = Gojomm (2.5)

Im+ (00/0Q)p P

2.2 [8]. XERERSFIRBNICIERT DFT #R

S FARBDERE R T AR RIS A AR I TR — il eh
AU AR, IR TR X = AN EEA S B HiIR, SEAZS 8 5501 1)) LA
gt ek, W s oA A A DA G

WLy THRBG 00 2 i = Fhle08Y, 2535 i 777 (Density Function
Theory, fii#x DFT) « 022 M Sk TH53% (abinitio ) #1143+ 3)) ) 2= 1548, (Molecular
Dynamic Simulation) . H.7F 1927 ££, Thomas A1 Fermi 4 Jil 14K & 15l Be 1
I FH 8% 35 1 B Bk 3R M7 82 57 T Thomas-Fermi 57815092 1965 4, Kohn % A 1%
FH B A A [R] 5K B2 (0 G AH BAE AR R 0 8h RRA U TR R W8 g (LRI
ACHAHICREIZ 0K D 5 B ARSI v SR B AT B B A MR R, i DFT
PR TT a5 N F] 156 b & ) o5

AV AR A%z B, 12/ Gaussian98 R A4-H 5 1m]) FIEy . X HH
WY SR BN A% . Gaussian98 B PEC ML — AN h st K B Ak SR A
TR B3LYP/6-31G Jy3E4l, B3LYP J&¥f DFT " [AC#eiki 35 Hatree-fock
TR AS B R AL S5 AT B — MRS T o LRI T JLART G R 2t |, DA
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PRV AR ) (87 LE IR BN AT PR AR R, 6F H F5 731 (0 8] 1E IR s s Uk AT
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2.3 NS IELL
2.3.1 AT 5145

TRF: (o) (fh2gali, B 25EER 2R FE R A A, Xy (3E4) 98%,
[ 254 AL SR R A 7)) 5 JR 2 IR, o0 ar4l, [ 2588 AL AR F G TR A ],
2 S Ty CIE) S 6 F R &4, FLrb B PRy ) s & B AE 70% 4545,
HY 220 IR Pl s I A A B 2 =) DRSO )

128, BMdtRaAeER 6 (Invia, J2[E Renishaw A#) , HT0HR
F (LP123A, HWAH RS ERAAD
2.3.2 LG HZE

FESZIG R, BUA F Y. X FR Y. 4 ANASIRIEC LR TR o6 B R SR PRI e I
2 2.1 K NVIRS R AW CE T Rm T DB, JFLoaissE B
(IR S, LAY 2D 20 A S 06 A FE g 1R AR S LR o AR 55 . AT IC & 1 TR)
SFFRYREW, FEAFEEAHR S W HAREAFEHR 1 Ik

2.1 TR X IR AW

Table2.1 Mixture ratio of m- and p-cresols

FEh S [ Gy () XTI () 7> TR
1 5RE 0.773 3.242 0.238
2 FiRA 1.571 2.380 0.660
3 TG 2.357 1.648 1.430
4 5IRE 3.316 0.812 4,084
TERBIE AT, RO AR s AR B T 2O 8 & b, dHThi 2
JEREFIH, GRS 10~4000em™, BUSEEIE 10s, AR HERG 2em™.

T 50 BT R B AN LLAL B N FLANEE Dy HERAS B8, AEA S0 R M S A5 B
AR [1) PPy 6T PR I b 1) hr 2005 11 e DT H S 45 AL, B HPI 47 (RRF IR 0
LAE 2R B2 2 61 OGE PRI A (18 H R s Sl S P9 o LU S5 ARDR R i IR G R
BE— 2D P UHSAG L 1R TR A TR 10 e i, LIR30 B0 A R Y S
I H T

AT J 3B (0 4 2 500 5K 930 R e g AN T AR50 oz 22 3% P A B T
JERT S A3 BRI RL 2OCIE I BEAT I AL P, DU ERIOC T 1M £ 2055
RIRF AU e A M ] TR e e vH S5 RAT 52 M R /N e, BEATSS TSR, Ao #5210 vH S
(] OERRRESE /AL JITE A
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2.4.1 [B)FREY. XHRERRREFERIFLEIEE ST

() F Y O Y A PR 2= IR 2o il I an 1412.1~2. 37 o Jl et 1 2.1 % (&1 2.25%F
FR B ) F 72732 omt, 998m ab AT Stk leg , of F Y AT 5 X PR 821 12841 cm™
REAT— NSRRI o FRA SR 2 104 23 B 0 #r, JR 245 1008em ™ T 1R #1145 5
W, (EEXH40 R4 506 55 1) PR By998em ™ g T 5. 94, R & #£3200-3500cm™
WA=, ZAE IR TR IR R TR AR U
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Fig.2.1 Raman spectrum of m-cresol
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Fig.2.2 Raman spectrum of p-cresol
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Fig.2.3 Raman spectrum of urea
2.4.2 |8, XERESFIRENLIEDFTITELER

FIH Gaussian98 4 A4t 7] H Iy A1 FE Iy 43 —F 45 A 1EA T RE R B AR AL IO A 7R 43
MrJh, H Gaussian View3.0 AT, Wil 2.4 F1 2.5 FiR.

%
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Fig.2.4 Optimized molecular structure of m-cresol by DFT-B3LYP/6-31G
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K] 2.5 DFT-B3LYP/6-31G 1Ak i1 F iy 43145 44

Fig.2.5 Optimized molecular structure of p-cresol by DFT-B3LYP/6-31G

#t DFT FAR TSR (). X Eypr 8 0% 45 31 5 N Gaussian View3.0, X
FH TR IR —FrIN, 4R 2.2 Fl 2.3 fvR. | T2 H 8 R
Sy PRy RF RIS IAE 732 84lem™ S AL (KA S U A 0 FRER 4 A
JEV ARSI 1] B S KR . SR BUAR TR R AE 998em ™ Ab g — otk g
IR S50, {1 2,6-— FE7E 986em™ Ak S 50 . ZEMY7E 1009cm™ 4b #1155
e DA e PR B AE 1008em™ Ab A5 S St T S, BT AR ER 732 em™ ({5 50k
A Ay I PRI PRI, T 841 o™t A (455 5 A AT DAy of P Y PR AR AR U

% 2.2 [A1 G o1 BB TR by OGS RS A TR A

Table2.2 Identification of vibrational mode of m-cresol in Raman spectrum

JPa % fem™ Plane Assignment
1 27.0379 out HJE C-H B Pk 5)
2 202.793 out KIS
3 230.06 out KIS
4 295.69 in H AR B4R )
5 298.808 out O-H B
6 445,853 in C=0 “Z 43
7 449.649 out RKINZTEHRE)
8 523.41 in KIS
9 544.91 in RN TEHR D)
10 569.593 out KINZTEHRE)
11 682.701 out RINTEAR)
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2w P OCIEAEN O H Iy 23 b R

4rk 2.2
5 i lom™ Plane Assignment
12 742.305 in RINETEHR D)
13 767.038 out IR C-H RSN
14 857.348 out AKI C-H B IEP=E)
15 879.241 out RIF C-H B3N
16 943.705 in KIAZ IR
17 955.476 out AKI C-H B IEP=E)
18 1011.73 in RINETEHR D)
19 1021.92 out HJE C-H B P35l
20 1058.43 out HIE C-H PR3
21 1111.43 in RINETEHR D)
22 1171.29 in IR C-H ez
23 1184.28 in AKI C-H B IEPRE)
24 1202.65 in KIF C-H ZTEHRE) . O-H AL TEHRZ)
25 1296.78 in KA TR
26 1335.39 in AKI C-H B IEPRE)
27 1345.91 in RIMH L HR3)
28 1414.2 out H3E C-H B Pk 5)
29 1475.6 out %L C-H AB k5
30 1490.66 out 5L C-H B3N
31 1511.58 in KINAZ TR
32 1520.71 in RIMH L dR3)
33 1626.72 in RIMH L dR3)
34 1654.86 in RIMR RSN
35 3022.69 out L C-H 4 ks)
36 3077.14 out FH SRR PR A 4 4 50
37 3103.24 out HBEER PR A i 4 5
38 3151.27 in A C-H HEX B4 5h
39 3164.99 in ARIR C-H HEXS R4 = 5
40 3177.86 in IR C-H FEXF R 4R 5h
41 8183.04 in IR C-H {4z
42 3834.1 in O-H 44z )
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#* 2.3 Xy TR TH A B2 OGRS B TR A
Table2.3 Identification of vibrational mode of p-cresol in Raman spectrum

Es=: HZR Plane Assignment
1 54.7437 out FJL CH #4))
2 146.982 out CH3 B4 3)
3 285.169 out OH X HR3))
4 308.973 in CHs 2 T3R5
5 338.492 out CHs 2 T4
6 424.144 in CHs3 22 JE 4R 3))
7 430.44 out KR TEARS)
8 471.906 in KR TEARS)
9 517.71 out KA TEHRE)
10 671.599 in KIS
11 692.165 out KR TEARS)
12 740.452 in KA TR
13 825.426 out AKI C-H B IEPRE)
14 846.62 in KR TEARS)
15 854.128 out HKIR C-H LB He3)
16 947.027 out KIF C-H L)
17 990.687 out HKIF C-H BB H)
18 1022.71 out H3E C-H B Pk 3)
19 1044.88 in KIS
20 1093.21 out %L C-H A k5
21 1141.32 in KIR C-H L)
22 1167.36 in ZRIE C-H AL TEHREN . O-H 2L TEHRE)
23 1215.75 in KIF C-H BB )
24 1240.3 in HILERR I C-C 45l
25 1265.73 in C-O {H4i#ezh
26 1343.84 in RIMHLiHR )
27 1376.7 in AR C-H BB 5]
28 1454.39 out 3L C-H BB IR5)
29 1461.93 in RIMHLiHR )
30 1530.1 out FJE C-H 2B k5l
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92w R OGIEAEE] L 0 TR A IR

42348 2.3
ES=s HZR Plane Assignment
31 1534.21 out HEE C-H 2 TEIR3)
32 1554.59 in ARIR C-H AR B3N
33 1628.31 in RN
34 1653.47 in RN
35 3007.05 out H L C-H 4=z
36 3058.45 out H L C-H 43
37 3088.42 out L C-H 43
38 3145.76 in AR C-H iR 3]
39 3155.91 in RIF C-H 45 s)
40 3168.68 in RIR C-H 45 s)
41 3199.03 in AR C-H iR 3]
42 3694.04 in O-H 44z 3))

2.4.3 |8, MR SEMELLITE

FES AT R 20 R I, kR 2 BRcosmic ray (CFRHIZR) , BRI
HLEIBP /AT s A7 AN LBk, WAL B A Ay, AHLEEL e, A3 #Ta] s X R IR 7 v,
AR I 1) 2R R S o 65 ARG 0 I ] i i — 25 R FH R 22 DI SIZ IR A Ze A AT i [
JEA 0 R A A 2% Ao

XTECE DY ALA] 6 F TR A 3T hr 2 44, ISl I 2.6,

Ry

Counts
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Fig.2.6 Raman spectrum of different mixture cresols
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EHEAR: X= 00D 31 N = Tmr07aeL,
m* (96/00)g41cm=1

2.4 Ta) o) FH Py U et 15 2 i B B
Table2.4 Peak-fitting Raman intensity ratio of m- and p-cresols

FE il 2 15RE  29REG  39REG  45RE
N73ocm /Naaem™ 0.2033 0.5222 1.0956 3.0056
NRCES 0.0013 0.0022 0.0048 0.0414
1 fiw 72 0.0013 0.0025 0.0028 0.0198
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Fig.2.7 Intensity (Height) vs. different molecule number ratio of m- and p-cresols
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GEAN: X= (60‘/39)732Cm_11 = Im+0.61*1p°
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Table2.5 Area-fitting Raman intensity ratio of m- and p-cresols

1 5RE 2 5RE 3 SRE 4 5RE
N7soem /Naatem 0.2070 0.4593 0.9197 2.4602
1F 2 0.0048 0.0012 0.0030 0.0534
B 2= 0.0045 0.0017 0.0019 0.0328
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Fig.2.8 Intensity (Area) vs. different molecule number ratio of m- and p-cresols
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Fig.2.9 Raman spectrum of industrial cresols’ curve-fitting
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I (R 53§47 A 20 s DT B2 i S A (1R AN PR 2 B e N A2 Sl AN LR AL
WA o WIIHEBR RNA LR LR o-THBR R B-TH R SN R 1 B BV
IRV B B N5 o

FHE SN AL ST R AR A T A B AR SRR A A S N, T K R
WA DT B R0 75—y R R . BN A2
CRIZEAE SR EHE, Bl R IR, B ILR RS B R Uk gl
IR-HEZR AP A S

3.1.2 EE&RMN

P BRI A 7 52 M08 I, Bk 2 R e B LI A 5
R4 M AT I AT I 342 2 T J o7 G 241981,

SR 52 7 SRR 336 5 7, %28 2 1 77 B RS 7 - OIREEAT o s
For k) aA+bBSgG+hH, 2 B ik B4k 2% FAir i AT . k, CRCR = K_CECH. I
SR IR VL S 5 5 IR S AT e

TR LAETR, I RE IR AT JLANR R I, A3 [ MO 2 5 IR
PR B o ST 2 )50 1 25 S L 00 0 8 2 A B 1 2

S H S N B A SR, T B I R R 0 S A T
HEAT, BIA S B3C, JEARIA 5 A S S I b 8.

CEBIRRNL, R RSN N E BT T 2 R R I R
LB A A T AR A 11 T o — AR 1 52 2 IR FE 7 e A
B BEZ LK = AR

SRAR AL 25 I R PR 16 77 P AT s PR B . RS I R0 )
o TR R ) T S AR SRAE, ST AL 5 2 ) T 05U S o 1A

3.1.3 ARKNMHNIBRI AL

P NEHLER PR RS2 22 1 22 TR AN A BN LAUEI] - [7) Iy 254755 36 Sl B
e H I VAAT AR LR
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(L) WE P SRR Js s TR 125 7= AR T AR IR SO, 0 8 o ) A4 9T
G . NMR BB AEIREE T2 0 DL 5

(2) FIH PSR B R T AHERT S Y. () 2

(3D FIFH A 28 A ic v DAARRE s I 2 v FR s 23 4 1 s B AR Rl 250t
2R WA, I s R FE A W AR, SRR A 1 B A S R
FANE B IEAERTZY, LR /N Il A ARG 1 S S RN = A

(4) W TATAT R R A A N AR A B R, AN 24 18 5 T 7] A
W7 B N AT IR R

(5) FRHE s N 5 3 248 T BEROLEE, I S0 159 H ) R B R S S5
B ARPATEOEL,  wIHRRR 5 SEBR M3 5)) ) 2 A AR I

WEANEA I A I, HOBOR AU KA ik

3.2 IS LRTELAAN

B THIC=C. C—C. S—S. C—S. N— NEEILF XS 7 2 0 i 45 HUK,
PEREA 51 0 780 1 I FR A SN, 2 5 | dEEAH Y. R 22 1wl v i i Bk %
SR B AE TR ZUAR 4K, BRI ET R FE e 3k 6 AR A v LR B AH Y (R 3y g 25
Fdemr oy HpL R,

T AR5 25 N OOV 47 12 I A3 5 B o kS 00 5 207 ' B A g o A it
Fio 43 4E 20mw. 30mw. 40mw 0D # T [k VLC-760, Zr#rfSih: 4
FEAR FE IR T Bt 2 B AE Dh 22 K i Anpes WOt D2k Y 40mw i 1 [ £ Jse 3k
Rl [k 40 738h)E, LIRIERISERREAL R IA L) 70%.

F IO 2 G A R BRI T T R R RN B 2,
2k BT o A 2 SR OB ) 2 BLRE R A K A (R o 25 IR, MR
150scem Hif il £ [ SRR B 4 R 5P AE  TR AR s 3R I 22 Bk b R S 19 n
W1 T AR A% T RN 22 BE B 9 K 110 25 B o JF R BN [R) 5 H P R 1Y P B Bl A oK
I 30 FEE ) 50 0 2 15 | A o e A 6 T AR A

F B AR NTUR 47 2 e 1 BAR B T W3R 1A 48 Ak i i B S A ok I
TR AR SR 1) 5] o SIEH6 245 SR B 7 2 A5 5 e () AR AN e R AR MR 1D PR AR Ak
T BE A (08 Ak LA S 28 A MRS A B IR 2R e AR R 5 i, kg g T i 48 A S R AL
B T — P IR T B

3.2.1 RFI 5% Es
R A (fhpat, EERSRRERATD , RE (IR, 4rhrat,
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E 2R AR FIABR A D

IS BRHOLRAERE IS (Invia, JEE Renishaw AF])

D] Ay 75 B IR AR o 50 L S5 7 P () IS A A B AT 40T, BT DL FAT e T8
PESh 2GS CCER .. BB M EEWE 3.1 Fior.

P 3.1 o A S N A 0 . e

Fig.3.1 Schematic diagram of reaction assembly for in-situ Raman spectroscopy study

FES IR AR S BN A BN G, AERREEAE LIRS i 7K 5
PSR TS O I AN EAR 6.5mm HISL, F TR BRI IA ST —
ANTEAR Amm /L, F T2 R AR AR (1 PT100 A HLFH .

FERFE TR B W 8 (AT i 32 30 20 o i 2 et (SORE i 15 1R 228 TR AT PR
104 REAIE )P pEas RO BOR, IGIESEIL S R 8O0 BGE N . AT R
DI B T A A ) PN XU, A KU T R Lo PRERE B, A XU
RYE SR RT Al SR G N SR DU G L 1 e 3, JK B FEAEAT: it 420 32 ) H
(K)o 6B TR A DY AN Ffy_ERGIG ORGP 2, el XU AT I R S SIS A
B

3.2.2 KWWK

(L) KR 5 R E L — @ WAL L E T B BIAE s &, I Ao Lok
20 S L D NN 0o L I 3 = e o 1 2 UD€ /A E 7 = e i R VA= 7L X 2
Y b, FRE OGBS RN S, AT SRS A IR . DI T A P
TSNV G BERG 6 23 B A B4 T — Ik 2 i 14

(2) WS NV HLEESC R BFFCR A 4 4UAN IR 0] 9y 55 PR 25 B R LL A
HEAT SE hr SAELR SN, JRFE 1 M R EE /R L2330k 034 0.5, 0.7 &% 0.9; il
FE 5 SONATLRE G ZR R0 R H 4 AN ASTR] SNl BEREA T H7 2 5 5:60°C .65°C . 70°C
75°C.

(3) 1234y 2 Bk BURFAE 1% 732em™ BT —BE (700~800 cm™) , 5t
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P75 SN AR 2R W A3 B KPS il B HEAT IR LR AL FE, W B2 G T, e HEAT il
RAUA, VAR IR 206 B o G 20 v 1) AR AR DRI 9T R FR Y 5 R R 1
NHLEE

3.3 BHmMSRERMIIEMELIITE

Polymath #1122 Michael B. Cutlip 25 A\ T (i1 — 28 Fl T TR b6 % Hiedid
IIRTIRRAT o AR SC R IR A T AT REATAE 1R 1] B 9 5 PR 38 ) IR N EA T SR e, ARl
P12 S AR — BP0 K, 15 ST 2R B KRR ST nT e A2 A (1) )
Ry 5 PR 35 Y. 1) J AT

B T 1] R I 5 PR 38 ) RN kg i R Y, HLAAR | N R T 7R
A42B—R, g = 8 =k, C5C 3.1)

3RES+3B, —rg = — = —k,, C} (3.2)

HhANIRER, BRI, RNMAIME-KER2 D 14657, SHIHEH-IKE3 3
"EW (LURZR S W] P A IE L ONILIE) .
R AF B (1 s I3 6 R 1 73 T R, 85 Polymath B4k s ik e s 23 )7 #2011
K, WA3.L
3.1 Polymath B K fil il o 7 FE2H
Table3.1 Differential equations solved using Polymath

SN TR 53 T R Wit 0.3WcH:  05McH: 0.7 0.9FCH:

d(Ca)/dt=-k;CACg? Cho 2.576 3.592 5.05 6.2
d(Cg)/dt=-k;CaCg>+k,Cr Cho 8.45 7.904 7.39 6.89
d(Cr)/dt=k;CaCg%-k,Cg> Cro 0 0 0 0

3.4 R 5118
3.4.1 FIS LT ELMMIERTILIER

P2 E AR GRS, 1521 732em™ TR AR (RIS (%
=k 3.2 F1 3.3 fizn:
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3.2 AN[FIAEERC LT o 2 2 5 AR A A L
Table3.2 Raman FWHM of different samples

0.3 fictt 0.5 fickt 0.7 fic Lt 0.9 Attt
] S s A S O e R s > N o) U e
Gl 9.30674 W U 9.31486 i U 9.29998 it 8.83885
75-1 9.75568 75-1 9.71146 75-1 9.53339 75-1 9.47246
75-2 9.51372 75-2 9.64105 75-2 9.54453 75-2 9.67635
75-3 9.84639 75-3 9.77427 75-3 9.58519 75-3 9.67645
75-4 9.82232 75-4 9.59578 75-4 9.48333 75-4 9.73297
75-5 9.38024 75-5 9.6703 75-5 9.53594 75-5 9.79018
75-6 9.57777 75-6 9.57059 75-6 9.58969 75-6 9.59995
75-7 9.52497 75-7 9.53137 75-7 9.51861 75-7 9.67906
75-8 9.76609 75-8 9.49574 75-8 9.51061 75-8 9.88345
75-9 9.56345 75-9 9.47509 75-9 9.51714 75-9 9.46672
75-10 9.49746 75-10 9.50798 75-10 9.51416 75-10 9.74161
75-11 9.41754 75-11 9.36615 75-11 9.49641 75-11 9.45209
75-12 9.54433 75-12 9.32601 75-12 9.49332 75-12 10.11135
75-13 9.35404 75-13 9.3498 75-13 0.44844 75-13 9.53891
75-14 9.45974 75-14 9.24017 75-14 9.44223 75-14 10.02577
75-15 9.24579 75-15 9.34866 75-15 9.41189 75-15 9.35366

3.3 AN S MAIRLEE T B 2 e I T AR A 1 L

Table3.3 Raman FWHM of samples under different reaction temperature

60°C 65°C 70°C 75°C
5 e B F5 U v F5 el B 5 el B
Wil 9.47736 Wi 8.85667 i1l 9.38689 WL 9.31486
Wi 2 957078 65-1 955371 i 2  9.38403 75-1 9.71146
60-1 9.53432 65-2 9.71911 70-1 9.71037 75-2 9.64105
60-2 9.83072 65-3 9.72911 70-2 9.62075 75-3 9.77427
60-3 9.90633 65-4 9.74767 70-3 9.72457 75-4  9.59578
60-4 9.82619 65-5 9.79813 70-4 9.60636 75-5 9.6703
60-5 9.70845 65-6 9.76221 70-5 9.71734 75-6 9.57059
60-6 9.71808 65-7 9.63984 70-6 9.72318 75-7 9.53137
60-7 9.69022 65-8 9.82492 70-7 9.69252 75-8 9.49574
60-8 9.72642 65-9 9.76815 70-8 9.69205 75-9 9.47509
60-9 9.83165  65-10  9.88427 70-9 9.66919  75-10  9.50798
60-10 9.69304  65-11  9.70681 70-10 9.65281  75-11  9.36615
60-11 9.58705  65-12  9.78737 70-11 9.60846  75-12  9.32601
60-12 9.68253  65-13  9.77416 70-12 9.58718  75-13 9.3498
60-13 9.71487  65-14  9.68456 70-13 9.4537 75-14  9.24017
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7:4% 3.3

60°C 65°C 70°C 75°C
PR GRS RS RS FR RS FR ki

=iy

\5

(U

60-14 9.77622 65-15 9.67307 70-14 9.52396 75-15 9.34866
60-15 9.68958 65-16 9.66261 70-15 9.44312

60-16 9.69766 65-17 9.59978 70-16 9.44779

60-17 9.6804 65-18 9.5961

60-18 9.61728 65-19 9.63077

60-19 9.66672 65-20 9.58509

60-20 9.73426

60-21 9.7055

3. 4.2 A[E) I Rz #4046 M B X e iz B 2 i

Wb g ss (em™ FA K EE Cr (mol/L) R4k, 15RIMN
IR TE . AR A IR, F TP T SR R N R B A

£ polymath FR AR ARt S T8 RN, 15 B N A] ¢ (%) AR IA 380 5 il 5 T 4 b
AT RN s T SERr by @ S, I Ta) ¢ 1) AR AR WL T FE i R 2 P (e, &
B 3.0 B THEL A R SR L, SX A A A 22K B R 14 B SR BRI (R AR 5 IR 3
486 RNV O FHURIEAT o RIIAEAL A THEINS, K7 2 S0 1 ) I 1) 288 — 9k
25 3.0 MBI TG

AN [ E EE 1) PR Y- IR AL A s 0 (B 3.2 81 3.5) KK 3.4 F, Fikws
246 it T ) 3850017 184K, 908 81— KL T i A 1) 5 T 9/ o 35 SOk S 56
BB, 2545 R NAT — AN AL T Be——0.5h (4518 M — 50, R tuEn] 7 55k
SRSV RIAELE o AN 1) B 55 R 380046 B R LU AE s N il B — B 5 00 1, %t
RV KAETCH Biemd, Hod, ke b 0.9, kool 0.02, X (3.2) )3y [ 34T ()
N g, Bl ko2 0.000002.

M 3.5 T EATE B IR 25 0 ) BE R A 0.9 (WFE 45 H ) hr 2 g v
PPN S P A TS AN ARG, B sS H R eEL . Fr R e TR Eid £, 18
SN 75 C I JCik e A i, RIS 1 4 2 e 06 5 1) S0 AH
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i iR

0 2000 4000 6000 2000
t/s

K 3.2 JREE ] B EE R LE 0.3 [y & i 5 S Al vk U5

Fig.3.2 Raman FWHM and simulation results of sample (mole ratio 0.3)

e i el
e e o &

L)

0 2000 4000 &000 2000
t/s

Kl 3.3 JRE L5 F] FH R EE K EE 0.5 Ry i 2 5 B Bl vk SR &

Fig.3.3 Raman FWHM and simulation results of sample (mole ratio 0.5)

ik R
o o =
2

o -

0 2000 4000 6000 2000
t/s

Kl 3.4 JRaR 5 ) Y EEJR G 0.7 fhhr 2 0 s S A5l vt 4045 1]

Fig.3.4 Raman FWHM and simulation results of sample (mole ratio 0.7)
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—
=] = 3
T T 1

[1=9
T T

e i HEHAE

= 8
ra

[

] 2000 4000 &O00 2000
t/s

K 3.5 K3 ) F B R EE 0.9 11y &2 10 v B B v 540l 5 1
Fig.3.5 Raman FWHM and simulation results of sample (mole ratio 0.9)

SCHR 20 H ) S R R IR LG 3 P AE P AN AT SR P 5 PR 3% 5 T PP g £ BE K BB
13~14:1451:105~1.1"%0, $Lrp 11 1.05~1.1 5A KBS 5250 X 2441
11 SCHRARIE S5 A RIS 5 AR W, 0] - PR S 2 S D B AR BE R EE O 2 0 1,
I rT A, A B SN G A iz A X (3.2) v 2. 1 RS WIRIIKEE, 0
HIFRTE 3 0 3 AR

MANTR]BEE IR LU RS2 36 55 REAUA 25 R T DA Y5 7B PR 3% 55 1) PP g R R EEALAIR AR X
B, SO 2 0 1 AT R B ik R, Al (3.2) i
I, 5 AR IR S5 dd R R RIS i 46 i 2, AT RSN (3.2) [mpalfi e N T 1R #
A, e 2 0 1 &G kst e Tk b, n] L SR I B A
Jii%, R PR ZAEHE T 18] FE Gy P v e S AN [] 5 A PP Gy b PR SR IR DA
2: 1EG PRI RENE . XN ORVE S FLBE I B R BE Al

3. 4.3 AN[E| /iR E X R B &2 o)

MNA[R]FSE 5] P - PR 25 (A S i 00 (1 3.6 22181 3.9) 3K 35 F, BiHE X
IO E TRy, I8 3 V6 B i KA R I TR B2 il o ot S R BE I, ks ke
AN R, A5 B S IV 4 B i T v i 1 KPR B SRR

1.2,

g 1y
=

0 2000 4000 6000 2000
t/s

K 3.6 St i 60°C I & el v AL v AU K
Fig.3.6 Raman FWHM and simulation results of sample at 60°C
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Fig.3.7 Raman FWHM and simulation results of sample at 65°C

=
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Fig.3.8 Raman FWHM and simulation results of sample at 70°C

S
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Fig.3.9 Raman FWHM and simulation results of sample at 75°C
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3.5 Sl BES ) FF gy PR 38 S K AL AR 52 M
Table3.5 Relationship between reaction temperature and k

PR 2 5 [A) Y y 1) Net E Ky Ko+ Ko.
60°C 0.41 0.012 0.000002
65°C 0.5 0.014 0.000002
70°C 0.7 0.016 0.000002
75°C 0.9 0.02 0.000002
HREBTAE JE 15 28 T4 B i Ak g 108,
Ink = A -2 (3.3)

R4 R 3.5 s, LA Inkg X UT AEE Canl&l 3.10 Fros) , WA Hky =
-2713x + 7.745, R==0.99., MIF %A Lt 5 K15 NV i fE Ex=22.56kJ/mol.

0.0 1
-0.1 1

-0.2

m&

-0.3 4 n

-0.4

_0-5 T T T T T T T T T T T 1
0.00280 0.00285 0.00290 0.00295 0.00300 0.00305 0.00310

1T

3.10 Ink;-1/T 1EK]

Fig.3.10 Plot of Inky vs. 1/T

VAT 2K S AR AL RERT 15 28 15 SN IO LI o R ISR ) 9 i S IIRLISE B AR
AT (B, (AR L L T LUK et S8 18 0 PR 378 W) PR PP (R e 1,
AL P PR 3 B SRR EE RN, AR50 (3.2) 13 1 35Sy AT, i
TAEJR AR b, AT B R AR 2 T Ak A, HLAS SRR P A AL AR
T30 (3.2) [Ty T BEAT AT AR - 20T [RICREAIR, X5 SR GE AN &5
S0 — 3o
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LRt LIRSy VHELAE RIS SOk B4 R OB AR A TR R - DR R 4
PR oA, RN T AT A IR R PR AR B S L R et LE A

3.5 KE/NLE

AT %o 1) PP Y 5 B 22 00 S S MTL Rt T —ANSEAR B . AL 1 P Y 55
255 I SR 2R 0 2 0 s AR A 0L, 45 45 polymath Bl 8 L £ 2 7 AL
FRHEAT VSR ARG 5L, WA T 16 PR 5 DR 25 1) S I W ¥ #R 2 R A+2B—R,
3RSS+3B.

[ ) PP P 0 % 22 PROTC L S 4 SR M1 3 25 TR AR T SCik e JR 35 48 it ik
SEBy 244 [ NI I ——0.5 /NI A BeAbh, AEERE T Bt R 2]
B,k ) R YA R 0.5 4%

T AR [ 52 I FBE T 2L S 5 SR V045 30 0 2 I 2 08 I I I
B, AR T S LR P R IR, SCIRAR 1 4 4 B

34



B 4 SRRSO E T, X

F4E REGRZESBIWE. XA

PR TR ,&”ﬂﬂﬁﬁiﬁ%($ME>ﬁmE% , BT
VAP GE S 2T T PR P2 BRSPS IR, YA @Cﬁg (i
HAERRTE, étaajizzqﬂ%iiif”ﬁzﬂﬁﬁ*ﬁﬁo/ﬁJﬁukkgazxiuabaa::ﬁﬂﬂiqﬂyuk%xﬁ
LB S T S S RE VRGP NG (T IN? R 7 4 Y B S R ST

M T B T7 4l it R v, BB o P AR ) B AR B e AR S RE L S, BTG
IR PRRG BT RE b, IR B T R0 (1) B AR AN R 6 P P P 38 K
KT b 75 A0 P 5] B 8 I S IR T 4% o 1T R Y 810 0 5 A i o )81 0 3 0 i A A
[, AfA3RE ARYG (A B RN, IXFEt i T B A M, AR T 45 il %
AT,

Frank Qin%% NSIZE 347 ) 3045 i 24 511077 U 7K 1) B 86 22 0 e
MR AT 1)) 204G o IR0 A2 BE T LUK SRR I 46 fhig e (KT 1
TEAFIAERK RN AL Sl e . 7R EIR I B0k (RIVSI6R)2) 52 |

IG5 S AL AR W55 )2 22 R SRR G, KA i v B ) s
@m% WA 5 it 2 A 0 PR 28 ER TR A2 4 23 . De Goede5 ANOTF5Y T
SEI AR K A B o BIRA Z ORI G ) L, S 25 R, EIR R
<ﬁwmﬁ%mmﬁﬁkﬁ>ﬁmmﬁ§T,%m%ﬁﬂﬂﬁ%ﬁﬁﬁﬁ%%
R

AFRLEIA] 0 Py R0 AR ZE 580K, 2 TR T IR 3 45 A 7 B L 2y S5 1R] L %t
. S8 BAT IR Bk IR il 781 1G5 dh s FIVE e s — 1 i, Il 45
ANFIALE B ) 5K 45 A0 TP R 45 S0, KT IR FR 4 iAo B ) X F I 1 S G
AT T YD R R A A4

4.1 FR[BEXSHITE

4.1.1 AT E

BERE G ARL 32 28 W 2R Z 5 A E R K2 I BE AT e, JLrp
L=500mm, d,=50mm. [t .
So=ndsL (4.1)
$,=0.07854m?.

4.1.2 ZEBEYITE
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RAL AP AR R IR

Table4.1 Physical properties of m-cresol, p-cresol and urea

- HE ] 25 P AR W K
(KD (kd/mob) (298.15K, g/cm3 ) (298.15K,mPa‘s)
e 284 9.100 1.039 86.70
XTHEy 307 11.800 1.022 97.70
PR 406 14.790 1.335
CLNA N

(D A HLA 2 - 500w CHLALIN Ta] A 74 77 RE IR A 58 (R R Js)

R W=500J/5=0.5kJ/s;

(2) [HH-JR =LAV EE/K i : M=93.68g/mol;
(3) [a] Ff-JR Z B AWM . p=1.085g/cm?;

(4) [ H - IR 24 SIS AH=16.743kJ/mol;

ESN: P S NN HEST R = PR

FmaX: W/AHf

Fra= 2578.42cm?/s=9.286L/h
T P HARFL A -

7=0.2454h=14.724min

4.1.3 BIXEFENITE

mc]_z:pV(l-Cl/Cz)
o, Cy M1 Co 430 R Tt (i) FE - PR 25 4 Y VR . C1=0.55, C,=0.65,
Mc12=0.9817L<1.085kg/L(1-0.55/0.65)=0.1639kg=163.99

4.1. 4 FiBHBITE

wd?p

R, = = 613.2;

dr, BIJIEFEMEAE (49mm)

o[BI -JR RS S DR E mPas (20°C)

V=nd,’L/4
V= 3.14>0.050%>0.50/4= 0.9817L
TR BRI Freeq=4L) IS N (1455 B IR 1) 4 -
T=V/Fteed
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w, HJIFH, radls

4.1.5 WimEHRRENTE

1 0 B AR S A0 ) 24k i A R B B AN T R IR AR A E VA I THD
WA RS, TIRESAR W i 2 B 2k, R PR BT 92 0. Rt
FAARIE IR T FAA 38 11 25

P R AOE I TR) (P B SR R, BRAR pSLE it R T 2 A R B o 1 A 326 B
01 FBAEPALEIR IR KR W Z A E a0 S X AN BE ) T AR 2 5 s
EAERFRAL

T T 1) 2 L5 0] DR 3802 AR R VA 14 it ) BT R TR A BETT B AR AR B
U, B2 AIE A 22 /0 [F) P G- PR 35 dt 26 1, AN T 253 1 A4 751 4 B ) A
T A2 2 PR it A T DA 85 ot 0 R v ] e B2 ) e s B R

U=pVAH;(1-C1/C2)/ Sot (T¢Tc) 142 4.7)
Ho, T hIE 5 IR RS S YINEEE p, R 73°Cs T WS NRHIIREE, 2
IR R E ST R 47°C .

U=1.3441 k/(m*K)

SRR, T )G T RS YRR Teo

T AL PR B RS Frank 25 A5 IR ARV, I (4.8)

1
h =k, AH + (-2 25): (4.8)

h=484.793+595.41=1080.20W/(m?*K)

h, tEMER, WIMm*K)

ki, S KIEZ, kg/ sm?, 0.0025m/sx1085kg/m?

@, GiEhaREE PP AR S L], 210 1

Ay A -JR R4 S HUE T 224, 0.13046W/m-K

n, s, &4 60rad/s

F, &1
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Fig.4.7 Raman spectrum of liquid product (mole ratio 1 : 1)
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Fig.4.8 Raman spectrum of solid product after washing by absolute ethyl alcohol
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Fig.4.11 Raman spectrum of liquid product with 8 hour-cooling crystallization
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