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Abstract

A method based on high-resolution size-exclusion chromatography (SEC) was established to analyze the solid products from the de-
polymerization of poly(trimethylene terephthalate) (PTT) in supercritical methanol. In the qualitative analysis, four factors (chromato-
graphic retention time, qualitative multi-wavelength ultraviolet spectra, linear internal-insert SEC and qualitative IR spectra) were con-
sidered. The main solid products from the process were dimethyl terephthalate (DMT), methyl-(2-hydroxypropyl) terephthalate (MHPT),
bis(2-hydroxypropyl) terephthalate (BHPT), methyl-(2-hydroxyethyl) terephthalate (MHET), bis(2-hydroxyethyl) terephthalate (BHET), and
hydroxyethyl-(2-hydroxypropyl) terephthalate (HEHPT). It is found that the method is of a high resolution among the solid products and
has a fine repeatability. In addition, the solid products from the de-polymerization of poly(ethylene terephthalate) (PET) in similar pro-
cess were also analyzed by this method. Furthermore, the effects of supercritical conditions on the distribution of the products were also
discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction therefore expected to be faster than that under normal liquid
conditions.

With the increasing environmental concerns on the pol-  Poly(trimethylene terephthalate) (PTT) is a kind of syn-
lution of waste plastics, the consumption and the recycling thetic plastics. In supercritical fluid process, PTT can be de-
of it become more and more important, thus many recycling polymerized mainly into its original monomers (dimethyl
methods of waste plastics have been devel@ped]. Among terephthalate (DMT)) by solvolysis in supercritical water or
such methods, supercritical fluid technologies are consideredmethanol[1-5]. Some researchers indicated that the yield
to be potentially attractivi?—4]. Supercritical fluid has been  of DMT by methanolytic de-polymerization is much higher
focused on de-polymerization of plastics, because of its en-than that by hydrolysis supercritical wafét.
vironmental friendly nature of the fluids. Above the critical Characterization of solid products from supercritical fluid
point, the supercritical fluid has a large density like liquid technologies has been developed accordingly to evaluate the
and a high kinetic energy like gas, and the reaction rate is efficiency of the de-polymerization and to optimize the opera-

tion parameters. Some analytical methods were applied in this
field, such as size-exclusion chromatography (SBHSH],
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et al.'s work[3], the products from the de-polymerization of the PET resins were commercial chips of fiber grade supplied
poly(ethylene terephthalate) (PET) in supercritical methanol by Liaoyang Petrol-Chemical Fiber Company (Liaoyang,
were analyzed by SEC. However, it is too difficult to ex- PR China). Analytical grade methanol produced by Tianjin
actly distinguish such low-molecular-weight product (DMT) Chemical Reagent Factory (Tianjin, PR China), was used in
by ordinary SEC. In Philipsen et al’s woik], the low- the supercritical system after further purification by distilla-
molar-mass polystyrenes and polyesters were characterizedion.
by RPLC. In literature[7], the mobile phase used was A 150 ml stainless batch-type autoclave equipped with an
a binary tetrahydrofuran (THF)—water mixture and ggC  electromagnetic stirrer, thermometer well, inert gas inlet and
column was used, but under such conditions the baselineoutlet valves, was used for the methanolysis. A heating col-
of RP-GPEC was not smooth, which affected the accu- lar controlled by a temperature controller was used to heat
racy of final results. These works were important in basic the reactor rapidly to the reaction temperature. In each run,
study such as thermodynamic paramef{@isand molecu- the polymer and methanol in a weight ratig, faw mate-
lar weight distribution[2]. However, these related analyt- rial/methanol) of 0.1 were charged into the reactor. After the
ical methods are not proper for determination of individual required residence timé;) of methanolysis at designed re-
componentsuch as DMT, bis(2-hydroxypropyl) terephthalate action temperaturel() and pressureR;) above or near the
(BHPT), methyl-(2-hydroxyethyl) terephthalate (MHET), critical point of methanolT. = 512.3K,P. = 8.09 MPa), the
etc. In 1975, Yamanis et a|8] applied gas-liquid chro-  vessel was removed from the heating collar, and quenched
matographic analysis to this study, and found that there in a water-ice bath till it was cooled below 298 K. Then, the
were some bis(2-hydroxyethyl) terephthalate (BHET) be- mixed products were taken out. A certain amount of cold
sides DMT in the products. However, the silylation of hy- methanol was added to the products to dissolve the small
droxyl groups prior to chromatography was essential to ob- amount of propyl-di-alcohol. Subsequently at about 273K,
tain reproducible results due to the high boiling points of the mixture was separated into solid and liquid by filtration.
the compounds. In recent years, Jirofg and Yong et Finally, the dried solid products were subjected to following
al. [9] analyzed the solid products from de-polymerization analysis.
of PET by RP-HPLC. In this method, the solid samples Inthe paper, the analysis data of some samples (solid prod-
were separated on a Zorbax-Chromatographic column ucts), such as #9, #51, #129, etc. would be discussed in the
and with a methanol-water (7:3) mobile phase. Though they following sections. And the detailed experimental conditions
obtained high distinguishable and quantitative results, thereof these samples are all listedTable 1
were still some doubts. Because the solubility of DMT or
MHET in methanol is very low, so the solubility of them 2.2. SEC analysis and corresponding qualitative and
in methanol-water solution should be much worse, thus it quantitative methods
also resulted in some problems in qualitative and quantitative
analysis. The SEC was performed on a Shimadzu LC-3A high-
By now, there is no suitable method to separate compo- performance liquid chromatography (Japan) with a UVD-2
nents from supercritical terephthalate products with high- UV detector and an SPD-10AUP UV detector. The chromato-
resolution and representative characteristics. So it is neededyraphic column used was Shimpack GPC-801 (30 cm length,
to further improve the existing methods for such study. In 0.8 cm i.d., polystyrene @m) (Japan Shimpack Company).
this paper, a determination method using SEC was devel-THF, as mobile phase, was analytical grade pure reagent from
oped for analyzing the products from de-polymerization of Tianjin Chemical Reagent Factory, and it was further puri-
PTT in supercritical methanol. Tetrahydrofuran with high fied by distillation before used. In each run, the flow rate
solvency for DMT, BHET, etc. was selected as the mo- of THF was 0.9 ml/min, and the column temperature is kept
bile phase. And the infrared spectrum (IR) and qualita- 19°C. The wavelengthA) of UV detector was chosen at
tive multi-wavelength ultraviolet methdd 0] and internal- 254,240 and 270 nm. The sample content was prepared with
insert SEC method also investigated. Moreover, the effects0.02—0.05 g/l and the injected amount of sample solution was
of reaction temperature and residence time in supercriti- 1-3pul.
cal system on the distribution of components were also  Four kinds of standards were used in qualitative and quan-
discussed. titative analysis. BHET (99.5%) and DMT (>99%) were ob-
tained from Aldrich (USA). MHET and BHPT were synthe-
sized according to literatuf@].
2. Experimental and analysis methods
2.2.1. Qualitative chromatographic retention time
2.1. Methanolysis and preparation of sample method
By comparing the chromatographic retention time of the
Two kinds of synthetic plastics, PTT and PET, were used standards and the components in samples, the composition
in the methanolysis processing. The PTT was bought from of samples can be determined. It should be noted that each
Shanghai huayuandisi Company (Shanghai, PR China) andand every retention time was obtained by 10 times of tests.
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Table 1

Sample number and corresponding reaction conditions

Sample number Material R (material/methanol) Tr (K) Pr (MPa) ty (min)
#9 PPT 0.1 773 7.5 10
#51 PPT 0.1 593 7.5 10
#73 PPT 0.1 613 7.5 0
#124 PPT 0.1 553 75 0
#126 PPT 0.1 553 7.5 10
#128 PPT 0.1 553 75 20
#129 PPT 0.1 553 7.5 30
#132 PPT 0.1 553 75 60
#138 PPT 0.1 613 7.5 10
#140 PPT 0.1 613 75 20
#141 PPT 0.1 613 75 30
#152 PET 0.1 513 7.5 10
#153 PET bottle 0.1 513 7.5 10
2.2.2. Qualitative multi-wavelength UV method are confirmed. With the real theoretiddl as standardyi.

The existence of BHET in samples was further confirmed (calculated molecular weight) was compared withand
by qualitative multi-wavelength UV method. The chromato- thus the assumed component may be defined. By the way, it
graphic peak areas of samples and standards were determineid also note that the retention time was also the average of
at different wavelength. The ratios of peak areas at different 10 times results.
wavelength of each component were compared with that of
standards, and thus the composition of samples can be deter2.2.4. Quantitative method for DMT and BHET in

mined. samples
The components of DMT and BHET were quantified by
2.2.3. Qualitative internal-insert SEC method external standard method, in which the standards DMT and

There were no standards of methyl-(2-hydroxypropyl) BHET were used, respectively. Because the inject amount of
terephthalate (MHPT), hydroxyethyl-(2-hydroxypropyl) sample solution is the same as that of the standard solution
terephthalate (HEHPT) and di-polymer of DMT in exper- in experimentsZ the calculation formula of DMT or BHET
iments, and it is difficult to synthesize these compounds. content (wt.%) in sample can be expressed as the following:

Hence, the qualitative analysis of them cannot follow the Asa  Cstpr x Cst%
forenamed methods. Thus, a qualitative internal-insert SEC Csa% = Aa T Conmdh 1)
method was used in determination of MHPT, HEHPT and st sapr

di-polymer of DMT. The SEC curve expressed as a function In which, Csg% andCs% represent the content (wt.%) of
of logM versus retention time was firstly established from the component in sample and standard, respectidehand

the molecular weights of the standards (DMT, MHET, Ag represent peak area of the component in the prepared
BHET and BHPT) and corresponding retention times. sample solution and the prepared standard soluGiggprdo

By the SEC curve, the molecular weights of ambiguous andCst.pr% are the concentrations prepared of sample and
components can be calculated once their retention timesstandard in solutions.
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Fig. 1. The chromatogram of mixed standards. Fig. 2. The chromatogram of #51 sample.



118 C. Zhang et al. / J. Chromatogr. A 1055 (2004) 115-121

1.6+ 51# sample Pure BHET
DMT mV mV
1 36.0 BHET 320.0 BHET
1.4-
27.0 | 240.0 ]
— 12 BHET 18.0 160.0
S 12 | ]
E THF 9.0 80.0
® 1.04 MHPT - ]
= 0.0 41N 0.0 «#M
0.8+ HEHPT 0 2 4 6 & 10 12 02 4 6 8 10 12
B 240nm V
mV m
0.6+ Di-polymer 36.0 | 320.0 |
04 : ; : . . [ 27.0 | 2400 |
0 2 4 6 8 10 12 18.0 BHET 160.0 BHET
Retention time(min) ) 1
9.0 | 80.0 |
Fig. 3. The chromatogram of #9 sample. 0.0 ‘ 0.0
1 it g
T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 02 4 6 8 10 12
2.2.5. Quantitative method for other components _— L
Because the contents of the other components were mucl36-0 | 3200 |
lower than that of DMT or BHET, thus it can be approxi- 27.0 240.0
mately calculated as the following on the assumption that the , , i
quantitative correction factors of other components were the i
: 9.0 80.0
same as that of DMT: 1 - 1 BHET
Aother 00] . A W 0.0 |
Cother% = A X CDMT% (2) T T T T T T T T T T T T
DMT 0 2 4 6 8 10 12 0 2 4 6 8 10 12
270nm

In which, Cothe2 andCpvt % represent the contents (wt.%)
of other componentand DMT (wt.%) in sample, respectively; Fig. 4. The multi-wavelength ultraviolet chromatograms of #51 sample.
AotherandApmT represent peak area of other component and
DMT in sample, respectively.

de-polymerization product, DMT was also further confirmed
2.3. FT-IR analysis and corresponding qualitative by its characteristic peaks in FT-IR spectra.
method

Fourier transform infrared (FT-IR) was recorded on an 3. Results and discussion
Excalibur Series spectrometer (Digilab America Company).
The spectra were acquired in the transmission mode as 643.1. Results of separation of solid sample
scans in the IR range from 4000 to 500chat a resolution
of 4cm 1. KBr standard pellets were used, and the samples  Due to applying high-resolution chromatographic column
were dried and then mixed with KBr, ground, and palletized. under a series of optimal chromatographic conditions, a fine

The weight ratio of the sample to KBr is 1:200. As the major Separation of solid sample was shown. The typical chro-
matograms are shown iRigs. 1-3 in which A of the de-

tector used was 254 nrig. 1is the chromatogram of mixed

Table 2 standards, and the chromatograms of #51 and #9 samples are
Composition of samples and the corresponding retention time shown inFigs. 2 and 3respectively. Fronfrigs. 1-3 it can
Retention time (min) be seen that the distinguished peak of each component was
very legible.
DMT MHET  BHET BHPT
Standard 1 95407 87335  7.9850 7.234 3, gEC qualitative results
Standard 2 95279 87625  7.9500 7.1300
Average of 1 and 2 9.5343  8.7480  7.9425 7.1267 o . .
3.2.1. Qualitative results by chromatographic retention
Sample 1 9.5473 87625 79186 7.0250 .o oo
Sample 2 9.5478 87370  7.9458 7.1439 L :
Average of 1 and 2 05476 87498  7.9322 7.0845 The retention times of the components in sample and four

kinds of standards (DMT, MHET, BHET and BHPT) are all

.D.% le}-0.1 —0.0201 0.12 .594 ) ) . . .
SD.% (standard and sample)-0.1389 —0.0201 0.1298 0.5946 listed inTable 2 From this table, it is found that the retention




C. Zhang et al. / J. Chromatogr. A 1055 (2004) 115-121 119

Table 3 2,48 -
Multi-wavelength ultraviolet qualitative results of BHET i

BHET standard BHET in sample 2'44 1 ® Experimental data

AT Li R i

Ra70/240 0.0978, 0.1000 0.0925, 0.0911 | BHPT el b
Ros4/240 0.5300, 0.5230 0.5270, 0.5320 242
Ryy represents the ratio of the peak areerah to that ay nm from ultraviolet 2.40 o
spectrophotometer. 238

=

o ]

time of each component in sample was very close to that 3 2.36 1
of corresponding standard. Furthermore, S.D.% between the  2.34
standards and components in sample was very small, and the = 5 55 |
maximum of S.D.% is only 0.5946%. Hence, the existence of

DMT, BHET, MHET and MHPT in sample were be proved ]

by this qualitative method. 1
Although S.D is small, there is still need to further confirm 70 75 80 85 9.0 95

the results by other qualitative method. Retention time (min.)

3.2.2. Qualitative multi-wavelength UV method Fig. 5. The relationship between ldfand the retention time.

With #51 sample as example, the chromatographic peak
areas of BHET at 240, 254 and 270 nm with the same injection The molecular structures of these products are shown in
amounts were determined according to the chromatogramsrig. 6.
of #51 sample (irFig. 4). Then, the ratios of peak areas at From this table, it is can be seen that S.D.% is very small
different wavelength were calculated, which was the key for except di-polymer of DMT. And the problem is still need to
the qualitative multi-wavelength ultraviolet methdéble 3 be further investigated.
shows the ratios of peak areas from #51 sample and BHEP
standard. Frorable 3 it can be seen that the ratio of BHET 32 4. Qualitative analysis results by FT-IR
insample at different wavelengths basically wasinagreement  Because DMT was the majority among the de-

with that of BHET standard. Hence, the presence of BHET polymerization products, it was also qualitatively analyzed

in sample was also proved by this way. with the aid of FT-IR. For example, #129 sample generated
o _ from PTT methanolysis under some conditions, contained
3.2.3. Qualitative insert SEC analysis results 99.644% DMT, which was proved by later quantitative anal-

The relationship between the lIdgand the retentiontime  ysjs (Table §. The FT-IR spectra of #129 sample and DMT
(min) of the standards (DMT, MHET, BHET and BHPT) is  standard are both shownfig. 7. From this figure, the char-
plotted inFig. 5, and a good linear function between lgg acteristic peaks{CO-O—, 1724 cnrl; C-O-C, 1283 cm?!
and the retention time was observed. The linear regressionand so on) of DMT standard and #129 sample are coincident,
equation is expressed as the following: which suggests that the majority component of #129 sample

_ was DMT. Thereby, the presence of DMT in samples was
log M = 2.9413~ 0.0680% 3) further confirmed by FT-IR.
wherer is 0.99737, and S.D is 0.00512.

According to Eq(3), the MHET, HEHPT and di-polymer ~ 3.3. Quantitative results of compositions in solid sample

of DMT without corresponding standards can be confirmed.

The comparison oM. of MHET, HEHPT or di-polymer 3.3.1. DMT content in samples and effects of reaction

of DMT with M is summarized iffable 4 And the com- conditions on DMT yield

parison of other components besides MHET, HEHPT and  Nine samples were taken as examples, the DMT content
di-polymer of DMT is also listed irfable 4as reference.  (wt.%) in sample and the corresponding supercritical condi-

Table 4

The comparison ol with M

Composition Retention time, (min) Mc M S.D.%
Di-polymer (GoH180s) 5.6599 359.979 386.357 —6.8274
BHPT (Ci3H1606) 7.0845 287.979 283.801 4723
HEHPT (G4H1906) 7.4355 272.574 268.286 .5983
BHET (C12H140s) 7.9322 252.169 254.230 —0.8107
MHPT (Ci12H1405) 8.3798 235.094 238.240 —1.3204
MHET (C11H120s) 8.7496 221.866 224.212 —1.0463

DMT (C2oH180s) 9.5476 196.793 194.187 .3420
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Fig. 6. The structures of the components: (1) DMT; (2) MHET; (3) MHPT; (4) BHET; (5) BHPT; (6) HEHPT; (7) di-polymer of DMT.

tions are summarized ifable 5 FromTable 5 it is observed kept for 30 min, under which the content of DMT achieved
that the repeatability of the quantitative results was very good 99.644% in solid products.

and the S.D.% of sample ranged from 0.012% to 0.294%.

Therefore, the method established was proper to analyze the3 3.2. Quantitative determination of DMT and other

solid products from the de-polymerization of PTT in super- components

critical methanol system. And it is obviously shown that the With #51, #9, #152 and #153 sample as examples, the
optimal supercritical reaction conditions were at 553K and quantitative results of all components are summarized in

Table 5
Effects of supercritical conditions on DMT content (wt.%) in sample

Sample Reaction temperature Residence timet(, min) Content of 1 (wt.%) Content of 2 (wt.%) Average content of 1 and 2S.D.%

number (Tr, K) (wt.%)

#124 553 0 91.178 90.909 91.043 0.148
#126 553 10 98.183 98.206 98.195 0.012
#128 553 20 97.899 97.230 97.565 0.343
#129 553 30 99.320 99.968 99.644 0.325
#132 553 60 68.758 68.516 68.637 0.176
#73 613 0 80.594 80.121 80.357 0.294
#138 613 10 96.808 96.556 96.682 0.131
#140 613 20 98.612 98.206 98.709 0.206
#141 613 30 98.662 98.232 98.447 0.219

In supercritical processes, the weight raf®) ¢f PTT to methanol was 0.1 and the pressure was 7.5 MPa.
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Table 6
Quantitative results of all components (wt.%)

Content (wt.%)

#5172 (593K) #9F (773K) #152(513K) #1533 (513K)
Polymer 00563 00326 03090 00150
BHPT 22720 03150 00570 -
HEHPT 33830 03240 - -
BHET 157470 32840 08770 02560
MHPT 24730 22240 04010 01970
MHET 0.2540 - 01890 -
DMT 70.5060 905010 978090 936110
Total 946910 966810 996420 940790

The supercritical conditions were the weight rati®) of raw material to

methanol was 0.1, the pressure was 7.5MPa and the reaction time was

10 min.
a8 Sample number.

DMT standard

129# sample
bn,

-V

T/%

e

T T T T
3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 7. The IR spectra of DMT standard and #129 sample.

Table 6 The raw materials of #51, #9, #152 and #153 were
PTT, PTT, PET and its bottle, respectively. The detected to-
tal amount of all products by present method was from 94%
to 99%, in which the yield of DMT ranged from 70% to
97%, BHET from 0.3% to 16%, respectively. From the re-
sults, it is clearly found that the supercritical methanolytic
de-polymerization of PET also shows a high selectivity for
the yield of DMT under such conditions. Moreover, it also ob-
served that the products from supercritical de-polymerization
of PTT at a high temperature (593 K) were the most complex,

121
4. Conclusions

(1) A valuable method to analysis the degradation of PTT
is presented. A method, which can effectively an-
alyze solid products from supercritical methanolytic
de-polymerization of PTT, was established mainly by
SEC. The method is of a high resolution among
the complex products and a good repeatability for
both qualitative and quantitative analysis. The method
finely cooperated with the development of supercriti-
cal methanolytic de-polymerization. By SEC analysis,
it is found that the solid products included DMT, MHET,
BHET, BHPT, MHPT, HEHPT, di-polymer of DMT and
so on.

Although the method is better than former studies in
some characteristics, there are still some problems to be
improved, such as the qualitative analysis of di-polymer
of DMT, etc.

)
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