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Abstract — The recycling of TDA from solid waste of TDI plant(TDI-R) by near-critical hydrolysis reaction had been
studied by means of a statistical design of experiment. The main and interaction effects of process variables had been
defined from the experiments in a batch reactor and the correlation equation with process variables for TDA yield had
been obtained from the experiments in a continuous pilot plant. It was confirmed that the effects of reaction tempera-
ture, catalyst type and concentration, and the weight ratio of water to TDI-R(WR) on TDA yield were significant. TDA
yield decreased with increases in reaction temperature and catalyst concentration, and increased with an increase in WR.
As a catalyst, NaOH was more effective than Na,CO; for TDA yield. The interaction effects between catalyst concen-
tration and temperature, WR and temperature, catalyst type and reaction time on TDA yield had been defined as sig-
nificant. Although the effect of catalyst concentration on TDA yield at 300 °C as subcritical water was insignificant, the
TDA yield decreased with increasing catalyst concentration at 400 °C as supercritical water. On the other hand, the yield
increased with an increase in WR at 300 °C but showed negligible effect with WR at 400 °C. The optimization of pro-
cess variables for TDA yield has been explored with a pilot plant for scale-up. The catalyst concentration and WR were
selected as process variables with respect to economic feasibility and efficiency. The effects of process variables on
TDA yield had been explored by means of central composite design. The TDA yield increased with an increase in cat-
alyst concentration. It showed maximum value at below 2.5 of WR and then decreased with an increase in WR. How-
ever, the ratio at which the TDA yield showed a maximum value increased with increasing catalyst concentration. The
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correlation equation of a quadratic model with catalyst concentration and WR had been obtained by the regression anal-

ysis of experimental results in a pilot plant.
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Fig. 1. Block diagram of TDI process.
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Fig. 2. Schematic diagram of batch reactor.
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2-3. Pilot Plant Test
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CWR  : Cocling Water Retum

Fig. 3. (a) Schematic diagram and (b) photograph of NCH pilot plant.
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Fig. 5. TGA analysis result of TDI-R.

Table 2. Experimental conditions of screening test
1/2 Fractional Factorial Design(5-factors, 2-level)
16

Design of Experiment
Number of Experiments

KPIV Temperature(Temp) : 300 °C/400 °C
(Key Process Input Reaction time(Time) : 5 min / 60 min
Variable) Catalyst type(Type) : NaOH / Na,CO,
Catalyst concentration(Conc) : 3 wt%/15 wt%
Weight ratio of water to TDI-R(WR) :3/7
KPOV TDA Yield(%)
(Key Process Output
Variable)

Reaction Condition Weight of TDI-R : 20 g
Agitation speed : 360 rpm

Particle size of TDI-R < 100 pm
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Table 3. Experimental conditions and results of screening tests using fractional factorial design

Experimental Condition TDA Yield
Run Order - -
Temp (°C) WR (-) Time (min) Conc (Wt%) Type (Wt%)
1 300 7 60 3 Na,CO; 63.0
2 400 3 5 15 Na,CO, 46.8
3 300 3 5 3 Na,CO, 48.7
4 400 3 60 15 NaOH 429
5 300 3 60 15 Na,CO, 54.8
6 300 3 5 15 NaOH 583
7 400 3 5 3 NaOH 60.1
8 400 7 60 3 NaOH 51.0
9 300 3 60 3 NaOH 55.0
10 300 7 5 3 NaOH 66.4
11 400 3 60 3 Na,CO; 51.0
12 300 7 5 15 Na,CO, 57.6
13 400 7 5 15 NaOH 48.0
14 400 7 60 15 Na,CO, 46.3
15 300 7 60 15 NaOH 59.7
16 400 7 5 3 Na,CO; 51.6
o F o g 1 9 @ o >
999 58 4
99 \
95 e <% \ . P
£ 804 / B % 54 \ ) 0 «\\
o * Rl S—— . R SO, SRR S VAN F—. &S N N —
% 50 - > \ N // < \‘
i 20 4 .,n/'f f £ s "-\ w |
05 457 \
01 4 50 ‘-,.
001 < Temp Conc WR Time Type
4'5 5'5 6'5 Fig. 7. Main effects plot of screening test for TDA yield.
TDA Yield (%)
Average: 53,825 Anderson-Darding Normality Test
StDev: 6.62048 A-Squared: 0.200
N: 16 P-Value: 0.857

Fig. 6. Normality analysis result of TDA yield from screening test by
Anderson-Darling method.

Lol WhLIE, Frul) 3512, Wb A2le] we
7

712 AdEl TDAZ} dealkylation HHg-oll 2]

3]l m-phenylenediamine(PDA)CZ A 3h=]i= F4HE[12]0] %13 ]7]
el Ao FHECH 2 Q1) Temp, WR, Time 3}l wh
g} Burg o7 PAEE PDA 8 HEFE Fig 89 YERITE
Fig. 77} 82 37| v|wsle] HESPA Temp, WR, Time ¥ 3} u}
2} TDA &7} PDA 7&°] Wit} B3 Hol= 2& & = Qlal,
olglgt A¥E Sl W2t AU AlFFAIIe] ZW dealkylation

Table 4. Result of ANOVA(analysis of variance) for TDA yield of screening test

Term Effect Coeft. SE Coeft. T P

Constant 53.825 0.4556 118.13 0.000
Temp -8.225 -4.113 0.4556 -9.03 0.000
Conc -4.050 -2.025 0.4556 -4.44 0.007
WR 3.250 1.625 0.4556 3.57 0.016
Time -1.725 -0.863 0.4556 -1.89 0.117
Type -2.700 -1.350 0.4556 -2.96 0.031
Temp*Conc -3.375 -1.687 0.4556 -3.70 0.014
Temp*WR -4.225 -2.113 0.4556 -4.64 0.006
Temp*Time -2.100 -1.050 0.4556 -2.30 0.069
Conc*Type 1.850 0.925 0.4556 2.03 0.098
Time*Type 4325 2.163 0.4556 4.75 0.005

SE Coeff. : standard error of coeflicient, T : value of t-distribution, P : p-value

sfetsst 448 H6= 2006 123
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Fig. 8. Main effects plot of screening test for PDA yield.
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Fig. 9. Interaction effects plot of screening test for TDA yield.

§hgl oJs] PDA Aol &
20 FAFE. o1l

A=7] wioll TDA $-8°] A E+=
el F1sral) Bus) s A

7= Lee S[101°] celluloseZ 7R3t AT Aol A% SAFsE
A& o 4= ATk B8 Lee G101 ZUA] GolA 715413 y_u}
ital] Rkgo] FrIehtal WaEil o, - Al TDAZF &

3l Hlo] PDAR Hgke]i= Aol fAkeh Al AS & 9\1‘%
7} AA=E] WA Fig. 90l FERASITE 12H=2] s Ahg-
2 FAREA ARl Table 4014 %= & 5 315%©], Temp*Conc,
Temp* WR, Time*Type 52 p-value’} 0.055C} 2t P2 §73}
], AAIeE RS- Fig. 904 &1t 4= Mk, =& tfgt Temp2)
#7R= Cone B WRE| 5o uwhz} depA]w, ol F57(Type)
o] W} Time®] W3FHE *}o]7} ERAT}. Temp$} Concd] W3S
28-S A, Temp?} $2 W(300 °C)= Cone F&0] A2 ¢l
OAXNE Fgo] FARF TempZ} 38 W(400 °C)= Conc?} 5718
FE o] A AES Helr) oge Aoz B o) vk
257) =31, Full H57) 32 739 TDAQ] dealkylation RE8-©] %
7

Temp2} WRS| w53} %* AT EE, oflA] 49300 °C)elM=
WRE| 7t whE =8 7P} HEshAl VERAIRE, 271 4
(400 °C)ell A= WRE] Q3Fo] A2l v A ok= 7S < 5= 9l
o}, o]gf gt Aido] e AR 2945 AEleAE A1
o] 7det Al EASE] witel] Zlial] Whgel 29 550t

34 w7EE TOA 85 34 243 655

FEFE MAA AR, Bl IR oAl 4300 °Cyell A=
Bo|| T3t GV e} Wolx)7] mie] o] w1} Zrjaks
% B 1DLRAe 15 Do} Sefof 7kesd fdol S1et

7] Wil Aom FAHTt
Time?} Type2] W& 280 45=, NaOH FHullE Ag-3F 749l ¥t
SAT] #ETE o] 2ARE Na,COo; FulE A3 235

<l @3] WEgAIZte] ool TDA F-&0°] Rt F7lshs Ao®
vreRseh. g 47148 i - (NaOH)ell= 7isll wkgo] &
Wep7] il Fe ARkl Ss] ABEH|E dhH ez 471743
o] kgt -9 (Na,CO )= 7]‘—r‘—"°H placinsvl S AR A
wRLel REg- AlRte] Hol adh Zow Yzher)

3-3. Pilot PlantS O|&¢et £[X3|

3-3-1. H A5} ol 1A} 9l ] A

Batch HE-8-71%- ©]-8-3F screening tests &51¢] HFe-2 %2
5, B FE Fu F5F 50] TDA 8¢l ¥3S I F239
2 ERIHAT g o Esy] Hsixde AAK. 44
qu] Azl 9o Aol 58 wEsl] oA WS Hgslolof

e
o &

—|~
s
i
é
>3
s
=R
3
g
f'%
)
o 2
(i
=
oo
i
N

%71 WgEIRom, W] ]S
A Tldslel g7 SRS 2SS

al

ZJo
S|

FQ oz} FolM Wk 2= wEhA, AA ARjIF
‘)r pilot plantollA] 142 0% TDIR £2]2lE FahdA]
2ol 7] HEgAIZ1E Zlo] scale-upell B] E&40
-’Jf"/}ﬂc’*‘/} HkS- 9189 TDI-R YR} B2 Zelg] Az 23
o] Q7] wlitell 71hsk= TgollA] wkE-o] AlZHEIL), Fig. 30014
= 9,1‘: ] pilot plants= ¥+3-7] 40| heaters A X]5}0] 7 HES
A 7rds] wiEel Bxe] AL47)7) gl 1hAs 30
A9k RES 77} AAH O 2 FAS L2 fA|EA = =
WSV = AA gdo] sk L7 A= Ao] ol
HEe) oF-RHE S 71 e W2 Jrd we) 2
2]7] wlsoll WS-8 LASHA FAsk= o] wl$-
3}1 Class % = A3 ko g HapH| efgkar
e FEo] = 300 °C FRIoNA & A3}
7] 7 = 5F Y48 sl
Pilot pl t A Aol AFNEST1Y] 2k 2 WE EQl
213l batch ¥Hg-7194 TDA & dlgh 2%2] Y&
T} Table 564 & = Qo] vhe MFES AR
1 AHL AN A

260 °CoA 320 °C7HA] WSIA7|HA] A3 Az}

>}L 1o o
U

<]
o

r}ol

i

d 0\0 s

S
Lo i
oo _]ﬁ
oft ;2
P
o;:' OT

]
i

r
.
l
i

4

mlm fo rg b B O

e
ol —>‘i‘
r l_,[-[

'101' e

ol

1%
]_

ﬁ
(o]
=
32

=

ffo

f
d

[\
o
@)

80

Table S. Effect of temperature on TDA yield in batch tests
Experimental Condition TDA

WR(-) Time(min) Conc(wt%) Type  Temp(°C) Yield(%)
260 48.7
280 62.4
7 5 3 NaOH
300 66.0
320 65.5
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Table 6. Effect of catalyst concentration(Conc) on TDA yield in batch tests

WP - 558 A

Experimental Condition TDA

WR(-) Time(min) Temp(°C) Type Conc(wt%) Yield(%)
0.0 46.0
4 30 280 NaOH 0.6 535
1.2 61.7

oPFelME & Tt W & TVPFAA 2 A S A
St} wpebA screening test?} &% P 1 A T3 TDA &
£o] 300 °Cellr] A Rt P& AWRE7]oA] vljEE]= it
=0 2EF 320°C7} HESE AN WheT1E Saehs w1t 7t
a7l Fas] WA =S St

Zl] F5(Type)i= Fig. 9014 Ha= vk} o] NaOHE Al8fsh=
Zo] vlgrAet z1o0 7 melE Qi) FeAES] weAE-S A
HA ] 9ol NaOHE Full& A3 w] TDA $-8°] %
et 53] Bk 255 300 °C FER FA5H= A-9-0lli= Na,CO;,
BT} NaOHE Ful2 ARg-sh= Z10] TDA &8 SthAIZ 5= Q)
£ 2 % ok 12y NaOHE Ful2 AMSshe 49 &2
o] pH7} Y- molx|7] wjito] =] F-2lo] - =i}, ufehA]
TDA & A8/} 214 92 FHeolA 7hs3 ] 55 (Conc)E
WA AR Slo] Mg AE R i) HEE UE S Qe 4
WLE etebr] f1% ov] 7S batch ¥E&710A A8
(Table 6). TR} EEAHANNE FHl F5F 3, 15 wiBE =
Al 312 NaOHE 7 4] Adioln g Ful| 558 vE
P& Aoz FerEo 0, 0.6, 12%%2 S7/7IH TDA 788 574
319tk 74 27 NaOHEZ 12 wi% 3% F71shd TDA Fgo]
60% ©1’d S99 21 4= 9lo] Conc®] T4 %k(center point,
CP)S 1.2% X439}
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A3R= Table 83 7t}

HA3} A3 AFE S HTA oz FAE]e) Sk S4E
TDA 5-& %k] “311/3 (normality) 2415 AAIsI9lom] A#E Fig. 10
of YeRIIGITE. F 133]9) HA g AYS B3l SYE TDA 782
p-valueZ} 0.0520} 2 0.1472 Ail=o] BARCE Hyfwis uf
B @ 4 glom FAAR o] Snrt QlE-E Sn|sit). &
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=245 TDA &2 KPIVER 3|HHAS AA|E}
A}, 3HAEA A= Table 99 22531901, TDA =23 F W=
7 =

TDA Yield(%) = 62.160 + 3.518X + 0.464Y + 0.714X>
+2.036Y? + 2.225XY 2)
X: coded Conc(-1.414~1.414), Y: coded WR(-1.414~1.414)

Table 7. Design of experiment and analysis method of optimization for TDA yield

KPIV WR 2.0~3.0 (CP:2.5)
Conc 0.49~1.91wt% (CP: 1.2 wt%)
DOE 2 Factor - 5 Level Central Composite Design (alpha=1.414)
Level of KPIV Level (Coded) -1.414 -1 0(CP) +1 +1.414
WR 2.0 2.15 25 2.85 3.0
Conc (wt%) 0.49 0.7 12 1.7 1.91
Experimental Number 13 (duplicate 5 times at CP)
Analysis Method Response Surface Analysis

DOE : Design of experiment, CP : Center point
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Table 8. Experimental condition and results of optimization for TDA yield with pilot plant

KPIV (coded KPIV (real val
Run order Standard order (coded) (real value) TDA yield(%)
Conc WR Conc WR
1 8 0 1.414 1.20 3.00 593
2 6 1.414 0 1.91 2.50 71.6
3 10 0 0 1.20 2.50 63.6
4 3 -1 +1 0.70 2.85 56.6
5 11 0 0 1.20 2.50 61.1
6 9 0 0 1.20 2.50 61.9
7 +1 +1 1.70 2.85 64.8
8 2 +1 -1 1.70 2.15 59.1
9 13 0 0 1.20 2.50 62.3
10 5 -1.414 0 0.49 2.50 57.9
11 -1 -1 0.70 2.15 59.9
12 12 0 0 1.20 2.50 61.9
13 7 -1.414 1.20 2.00 583
999 -
99 -
95 <-4 70
£ 804
g 50
1 TDA Yield(%)*"
& .20 .
05 4«
.01 4 i .
001 4 i 05 WR(coded)
15 40 'U;—HD_E_HH;‘“—H___/.T?TU 5
r r - ; Conc(coded) 10 45
56 61 66 7 . . . . .
TDA Yield(%) Fig. 11. Three dimensional surface plot for TDA yield from pilot plant
o
Average: 614077 Anderson-Darfing Normality Test fest.
StDev: 385886 A-Squared: 0523
N: 13 PVale 0.147
Fig. 10. Normality analysis result of TDA yield from pilot plant test 80
by Anderson-Darling method.
75
Table 9. Results of regression analysis for TDA yield with quadratic § 70
model 3 [ ]
Term CoefT. SE Coeff. T p '§ .
Constant 62.160 0.9121 68.149 0.000 g 65
Conc 3.518 0.7211 4.879 0.002 g m WuE
WR 0.464 0.7211 0.644 0.540 2 60
Conc*Conc 0.714 0.7733 0.923 0.387 = u
WR*WR -2.036 0.7733 -2.633 0.034 55 u
Conc*WR 2225 1.0198 2,182 0.065
S=2.040 R-Sq=84.3% R-Sq(adj)=73.1% 50
S : standard deviation, R-Sq : coefficient of determination, r* 50 55 60 65 70 75 80

3k (2)21F o]8-319] Concel WR H3}e] tst TDA 82 3

2pel e vehgd

Fig. 113} 2o] ¥t} TDA 82 Conc?}

Skl met S7ksh= 2l ok = 9laL, WRell thaliA= Cone}

2 uli= FHE(WR=2.5) oJslollA] &) Hulghs 7w 1
opdell M= oA Fadhs A4S Holr) 53] ConcZl 22 v
(0.49 wi%)°elli= WR Z7tell whe} G&0] gk RolE= ZHeo]

TDA Yield(experimental) (%)

Fig. 12. Parity plot of regression equation for TDA yield.

Y FSlskH, WRel 255 2akshd 55| sk AdE 1ol
= 28 & 3lok 2R Conet S7FSPA S FTighe Kol
WRe| A} F7ket ConeZ} 2 71(1.91 wi%)ellM= WRO| &
7ieel whe} g2 Sk e o S Sl
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Probability

Standardized residuals

Fig. 13. Normal plot of standardized residuals from regression
analysis for TDA yield.
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ASS AN Fig. 130 E281EA1e] A7+ (Normal plot)Z
YERNS o™, 4732 Anderson-Darling Hell 28l 7153 A3}
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A AnE & 28k oSS FAFCRE ERIE 4 Qi)

4.4 E

TDI-RZ A4 Ay} Hof EA5o] 833 kg/kmole] ™, TDI &
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68.9% % Al @ WallEA ok wsle= 24 ERIE Ik

TDA F&°] d32 A= FPdrEs he2s, S F7
2l sk, =7 TDI- RJ FTHHU(WR) 5ol a3k Zlo= volH3)
o} Wb 2E9} Fvl w7t TV S TDA 82 7asiglal
WRO| S7}e5 82 F71ek3l o, S 2= Na,CO,E.T
NaOHE AREE o] &) o=l

T8 JAEE wsAE o= FHuls e W2k, WRH vt
ek, Fl Fiek WEAIRE Sol faskleh ofdA 22l
300 °ColM= Frll w5 o] AA|RE 2AARE 2520 400 °Co]l

A= Sl st SRS o] AAEeinh wbE 300 °ColA
WRo| Z7fshd &) S7FstARE 400 °Collx= °m01 R
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