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ABSTRACT: The degradation of diethylene glycol tereph-
thalate (DTP) and polyethylene terephthalate fiber (PET fi-
ber) by microbes and lipase was studied. The HPLC method
was used to determine the degradation ratio and degrada-
tion rule of DTP. Greater than 90% DTP was degraded by
microbes in 24 days and 40% by lipase in 24 h. The degra-
dation of DTP can be described by the first-order reaction
model. Although the biodegradation ratio of PET fiber was

still weak, we demonstrated with SEM micrographs and
HPLC analysis that microbes and lipase could act on the PET
fiber and there were some cracks on the surface of the fiber.
© 2004 Wiley Periodicals, Inc. ] Appl Polym Sci 93: 1089-1096, 2004
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INTRODUCTION

With the rapid development of polyethylene tereph-
thalate (PET) and its wide use in industry, there is a
substantial fraction by volume added to the waste
stream every year, which causes an environmental
issue, since PET is highly resistant to atmospheric and
biological agents. Therefore, PET is a noxious material
from a global environmental and ecological stand-
point.'

Currently, the handling methods of PET and other
polymer wastes involve burying, burning, and recy-
cling.* But, as regards environmental protection, these
methods have many shortcomings and cannot address
PET waste pollution from the source. Burying is the
simplest and oldest method, but it has produced many
problems such as occupying land, polluting ground-
water, releasing noxious materials, nourishing bugs,
and wasting resources. Similarly, noxious products
from burning can lead to serious environmental pol-
lution. With regard to the reuse of PET waste, recy-
cling is an effective and scientific handling method.
Nevertheless, recycling is limited in practice by its
high cost. In addition, PET wastes adapted to recy-
cling are limited. For example, wastes, which contain
hard to remove additives or impurities, are difficult to
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recycle. A great deal of PET wastes (e.g., textiles, rub-
bishes, and films) are not collected and recycled due to
the high cost and/or low value®.

With the development of biological techniques in
the 21st century, biodegradation of PET has been
proposed as a subject of great potential. Different
from chemical degradation; biodegradation has the
potential to avoid secondary pollution, while low-
ering the handling cost. Biodegradation is the best
way to address PET and other polymer wastes from
the source.

Many scholars and institutes are engaged in the
study of biodegradation of PET®~® and diethylene gly-
col terephthalate (DTP). But there are few reports on
the biodegradation of PET in which significant direct
microbial or enzymatic attack on PET could be ob-
served up to now because of its compact structure.
Thus, the study of biodegradation of PET is still in the
primary stage.

Because the chemical structure of DTP is similar to
that of PET, DTP is one of the best simulating mate-
rials for studying the biodegradation of PET fiber. The
biodegradability of PET fiber could be discussed
through the biodegradation rule of DTP. On the other
hand, as a chemical engineering raw material, DTP is
an environmental pollutant too. Consequently, the
study of DTP biodegradation is important not only for
solving its environmental pollution, but also for de-
veloping a foundation for the biodegradability study
of PET.
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TABLE 1
The Composition of Culture Medium

Culture medium 1 (M1) Culture medium 2 (M2)

Concentration Concentration

Reagent (g/L) Reagent (g/L)
DTP 0.5, 1.0 DTP 0.5, 1.0
NH,NO, 0.5 (NH,),SO, 0.5
KH,PO, 0.1 KH,PO, 0.1
MgSO, - 7H,0O 0.05 MgSO, - 7H,0O 0.05
NaCl 0.05 NaCl 0.01
Yeast extract 0.02 Yeast extract 0.02

CaCl, - H,O 0.01

pH 9.0 pH 6.0
EXPERIMENTAL

Experimental Instrument

The following instruments were used: an HZQ-C air
bath oscillator (Factory of Dongming Medical Instru-
ment of Haerbin, P.R.China); a LRH-150B incubator
(Factory of Medical Instrument of Guangdong Province,
P.R.China); KYKY2800 scanning electron microscopy
(Factory of Medical Instrument of the Chinese Academy
of Sciences) (test conditions: 15 kV, 100 uwm); and a Wa-
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ters 600E high performance liquid chromatography in-
strument (HPLC) (test conditions: detector: 996 PDA; chro-
matogram column: Xterra RP;g 5 um 150 X 3.9 mm; wave-
length: 240 nm; fluid phase: methanol:H,O [KH,PO, 0.05
M/L HzPO, PH,] 60:40; flow rate: 1 mL/min).

Chemicals

The chemicals used were E-3019 lipase (41 units/mg
solid, Sigma Co.Ltd.); terephthalate acid (TA): chemical
grade; DTP: chromatographic pure; and undrawn PET
fiber (amorphism) (Tianjin Petrochemical Co. Ltd).

Microbial Sources

Four sources of activated sludge were collected at
different locations in China: Tianjin Petrochemical Co.
Ltd. (T), Zhejiang Yingiao Chemical Fiber Co. Ltd. (Y),
Shaoxing Dyeing and Finishing Co. Ltd. (J), and Fujian
Chemical Fiber Co. Ltd. (F).

Culture Medium and Culture Condition

The microbes were grown in two types of culture
medium (Table I). One milliliter of activated sludge
was initially suspended in 5 mL of physical saline.

TABLE II
Composition of Degradation Medium 3 (M3)
Concentration Concentration
Reagent (g/L) Reagent (ng/L)
Glucose 2.0 H;BO; 0.5
NH,ClI 1.0 CuSO, - 5H,O 40.0
KH,PO, 3.0 FeCl, - 6H,O 0.2
MgSO, - 7TH,0O 0.25 ZnCl, 0.4
Na,HPO, 7.0 MnSO, - 5H,O 04
NaCl 0.5 (NH,)¢Mo,0,, * 7H,O 0.2
DTP or PET
(substrate) 5.0 pH 6.8
TABLE III
Analysis of DTP Degradation Solution by Microbe Using HPLC
Order 1 3 4 5
Culture medium M2 M1 M1 M1 M1
Culture pH 6 9 9 9
Microbe source T Y ] F
DTP (g/L) 5 5 5 5
Degradation condition M3; 14d M3; 14d M3; 14d M3; 14d M3; 14d
Residual TA content
(mg/L) 1.74 0.89 1.42 0.28 3.00
(%) 0.58 0.29 0.48 0.09 1.00
Residual DTP content
(mg/L) 209.89 11.30 26.56 5.87 32.00
(%) 52.54 2.83 6.64 1.47 8.00
Degradation ratio
(%) 47.5 97.2 93.4 98.5 92.0
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TABLE IV
Effect of Microbe Degradation Time on DTP
Degradation Ratio”

Residual
Degradation time Original DTP DTP content

Degradation

(day) content (g/L) (g/L) ratio (%)
1 5.000 4.410 11.8
2 5.000 0.816 80.8
4 5.000 0.340 93.2
6 5.000 0.252 95.0
8 5.000 0.135 97.3
10 5.000 0.035 99.3
14 5.000 0.045 99.1

@ Culture medium, M1; pH = 9, microbe source, T; deg-
radation medium, M3; test method, HPLC.

Then about 1 mL of suspension was added to 50 mL of
culture medium M1 or M2 and incubated for 7 days at
30°C. Experiments were conducted in triplicate. Mi-
crobes screened were considered a model microbes
source for degradation of PET fiber or DTP.

Degradation Medium and Degradation Method

PET was degraded in medium 3 (Table II). A total of
0.2 mL of microbe solution was transferred from cul-
ture M1 or M2 to 2 mL of degradation M3. Then M3
was incubated at 30°C for 14 days. After that, 4.67 mL
of methanol was introduced to the degradation solu-
tion (M3) to dissolve residual substrate, which made
the final concentration of methanol 70%. Subse-
quently, the solution volume was brought to 25mL
using 70% methanol prior to measurements.

RESULTS AND DISCUSSION

Influence on Degradation Ratio of DTP by
Different Microbes

DTP was degraded with microbes screened under
fixed conditions. The biodegradation ratio was deter-
mined by HPLC. Results are given in Table III.
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Figure1 Variation of residual DTP content in degradation
solution with time.
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Figure 2  Relations of DTP degradation ratio with time.

As demonstrated in Table III, the amount of TA
produced was very small because TA was only a
primary intermediate of DTP, which could be decom-
posed further to lower molecular products by mi-
crobes. Therefore, the precise determination of resid-
ual TA in degradation solution could not correctly
reflect the degradation ratio of DTP. In contrast, it
could be calculated by residual DTP content in the
degradation solution.

Apart from the microbe incubated in culture M2,
other strains screened showed high degradation activ-
ity for DTP and the degradation ratios were all above
92%, indicating that microbes, which had high degra-
dation activity for DTP, existed in nature. If the bio-
degradation technology is optimized, it is possible to
degrade DTP completely. Owing to the biodegrada-
tion complexity, the particular products of DTP de-
graded by microbes were not clear and the degrada-
tion mechanism needs further study.

Effect of Microbe Degradation Time of DTP on the
Degradation Ratio

Microbe T screened was selected for further study to
determine the influence of reaction time of DTP deg-

TABLE V
Variation of Lipase Degradation Ratio of DTP, Peak
Area with Time?®

Time Original DTP Residual DTP  TA peak Peak 4
(h) (mg) (mg) area (%) area (%)
1 50 35.26 0.29 10.82
2 50 33.83 0.76 12.89
4 50 34.37 2.47 6.98
10 50 32.99 12.75 2.51
24 50 28.83 12.69 0.98

? buffer solution, trihydroxy methylaminomethane-HCI;
pH = 8; T = 30°C; lipase content: 1.5 unit/mg substrate; test
method, HPLC.
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Auto-Scaled Chromatogram
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Figure 3 HPLC diagram of degradation solution degraded for 1 h.
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Figure 4 HPLC Diagram of degradation solution degraded for 10 h.

radation. Experimental conditions and results listed in
Table IV and Figures 1 and 2.

As presented in Table IV and Figures 1 and 2, the
degradation ratio reached more than 90% after 4 days
of degradation. The microbial degradation rate of DTP
was consistent with the characteristic first-order reac-
tion model and could be expressed with the equation

InS = — kt + InS,,

where S, and S denote the original concentration and
instantaneous concentration of DTP, respectively; k is
the rate constant; and ¢ is the reaction time. Thus, in
our study, the kinetic equation of DTP was

InS = 1.3766 — 0.4733t,

where k = 0.4733(d™"); half-time # , (In2)/k
= 1.465(d); and correlation coefficient r = 0.9691.

Effect of Lipase Degradation Time for DTP
Degradation

Lipase showed some degradation ability for DTP as
well. Experimental conditions and results are given in
Table V and Figures 3 and 4.
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50 Along with degradation time extension, the HPLC
— W chromatogram diagrams were similar, so two typical
§ 404 chromatogram diagrams were selected. The difference
o between the chromatogram diagrams was that the peak
T 30 height and peak area of the TA peak and peak 4 varied,
’E y and their change rules are shown in Table V and Figures
() 5and 6.
ﬁ 20 As shown in Table V and Figures 5 and 6, the
® degradation ratio increased very quickly at the be-
o 10- ginning and then gradually decreased afterward.
8 The degradation ratio arrives at 42.33% after 24 h of
0- reaction. The change rule of TA peak area and peak
4 area, which varied with reaction time, is explained
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Figure 5 Change of degradation ratio of DTP degraded by
lipase with time.
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process.

Change of TA and peak 4 area in the degradation

in Figure 5. From the change of the TA peak area
and peak 4 area, it could be deduced that lipase
did not transform DTP to TA directly; instead,
the primary hydrolysate of DTP might be
—-coon, the retention time of
which should be 5.4 min on the HPLC diagram. It
was found that the peak 4 area increased initially
and then decreased gradually with continued reac-
tion, accompanied by a TA peak area gradual in-
crease. Accordingly, the following conclusion could
be drawn. After lipase attack at the ester bond of a
DTP molecule, lipase did not continue to hydrolyze
the other ester bond of the same DTP molecule at
once; instead, it attacked the ester bond of other
DTP molecule. After accumulating a quantity of the

primary hydrolysate ¢y.cu,00c —d S—coon
lipase started to hydrolyze the remaining ester
bonds of the intermediate to form TA. The reaction
equation of DTP degraded by lipase followed the
expression

CHszCH;00C
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Figure 7 HPLC diagram of treated PET fiber degraded by lipase.



1094

ZHANG ET AL.

Auto-Scaled Chromatogram
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HPLC fiagram of treated PET fiber degraded by microbe.
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Biodegradation of PET Fiber

Even if microbes and lipase showed excellent deg-
radation activity with DTP, the degradation of PET
fiber by these microbes and lipase was very weak,

and is not considered practical for industrial use in re-
ducing PET pollution. But there was evidence of degra-
dation from HPLC diagrams (Figures 7 and 8) and SEM
micrographs (Figures 9-11) of treated PET fiber.

Figure 9 SEM micrograph of untreated PET fiber surface (original magnification 300X).
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Figure 10 SEM micrograph of PET fiber surface treated by microbe (original magnification 800X).

As shown in the HPLC diagrams, there was mini-
mal TA in the degradation solution, after a retention
time of about 2 min, because the degradation of PET
produced TA. SEM micrographs of PET fiber treated
by microbe or lipase (Figures 10 and Fig. 11) showed
obvious signs of fiber surface erosion. Correspond-
ingly, cracks and voids were not observed in un-
treated PET fiber surfaces, demonstrating that microbe
and lipase could act on PET and cause weak degrada-
tion. But, because the structure of PET was very com-
pact and the fiber surface was too smooth, it was

e e R 1 PR e B
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Figure 11

difficult for the microbe or lipase to attach and de-
grade, and the erosion signs are shallow, few, and far
between.

CONCLUSION

1. Microbes screened showed significant degradation
of DTP and the degradation ratio could amount to
over 90%. Therefore, they could help solve the prob-
lem of environmental pollution caused by DTP. The
degradation activity of lipase was observably weaker

KYKY-2800 =

SEM micrograph of PET fiber surface treated by lipase (original magnification 300X).
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than that of microbes, and the degradation ratio of
DTP degraded by lipase only reached 40%. Further
studies on screening lipase and degradation technol-
ogy could be carried out.

2. The degradation of DTP by microbes followed the
first-order kinetic equation and the degradation ratio
reached over 90% after 4 days of reaction.

3. During the process of DTP degradation by lipase,
there might be intermediate ¢ y,c 4,00c &S —coon
which transformed to TA ultimately after 24 h of reac-
tion.

4. Although degradation of PET fiber by microbes or
lipase was very weak, from SEM micrographs and
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HPLC analysis it was shown that microbe and lipase
can act on PET and cause some degradation.
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