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Abstract The huge increase in the generation of post-

consumer plastic waste has produced a growing interest in

eco-efficient strategies and technologies for their appro-

priate management and recycling. In response to this,

PROQUIPOL Project is focused on developing, optimizing

and adapting feedstock recycling technologies as an alter-

native for management for the treatment of complex plastic

waste. Among the different plastic wastes studied, PRO-

QUIPOL Project is working on providing a suitable treat-

ment to the highly colored and complex multilayered post-

consumer waste fractions of polyethylene terephthalate

(PET) by chemical depolymerisation methods. Glycolysis

and alkali hydrolysis processes have been studied with the

aim of promoting the transformation of PET into the bis(2-

hydroxyethyl) terephthalate monomer and terephthalic

acid, respectively. In both cases operational conditions

such as temperature, reaction time, catalyst to PET rate and

solvent to PET rate have been considered to optimize

product yield, achieving values near to 90 % and monomer

purities over 95 % in both processes. This paper presents

results obtained for each treatment as well as a simplified

comparison of technical, economic and environmental

issues.

Keywords Depolymerisation � Alkali hydrolysis �
Glycolysis � PET waste

Introduction

Plastic industry

Plastic production has increased from 1.5 million tonnes in

1950 to 230 million tonnes in 2009 (an average of 9 %).

Just in Europe, plastic demand reached 45 million tonnes in

2009. By end of use applications, the packaging segment is

the largest, representing 40 % of overall demand.

In relation to the end of life of plastic products, in 2009

more than a 50 % of consumed plastics became postcon-

sumer waste which imply that around 25 million tonnes

were waiting for suitable management. From that amount

of plastic waste, 42 % was disposed in landfills while 24 %

was recycled mechanically and 34 % was sent for energy

recovery [1, 2]. It is true that every year the disposal ratio

decreases; however, there remains much to be done. For

this reason, European legislation is promoting the valori-

sation, recycling and recovering of plastic waste [3, 4].

Focusing on the packaging sector, then Europe is the

largest plastic demander, the main source of plastic waste

(63 %) and the sector with the highest ratio of recovery

(66 %). Within this sector and covering 75 %, the most

used plastics were low density polyethylene (LDPE), high

density polyethylene (HDPE), polyethylene terephthalate

(PET), polypropylene (PP) and polystyrene (PS), better

known as the ‘‘big five’’.

As regards the generation of plastic waste, the Spanish

situation differ a bit from the European since in 2009 74 %

of consumed plastics became postconsumer waste, ergo

2268 kt. From this amount of plastic waste, 1443 kt were

generated in the packaging sector, with PET being the

largest provider of waste with 483 kt and followed by

HDPE and LDPE with 404 and 255 kt, respectively.

Regarding recycling in the packaging sector, the Spanish
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collected data showing that in 2009, 383 kt (26.5 %) of this

packaging plastic waste were recycled mechanically and of

which 103 kt belonged to PET waste [5, 6].

PET in the packaging sector

Nowadays, the need of the packaging manufacture industry

for adapting to new markets has promoted the development

of new PET materials, designed to satisfy the requirements

of conservation, packaging and marketing. The new PETs

are complex multilayered and highly colored PET.

Complex multilayered PET is a material composed of

different polymer layers with the aim of adding properties

such as lower permeability to gases and vapours, migra-

tion avoidance, etc.; and it is commonly used in the

packaging of natural products such as juices, soft drinks

or beers. On the other hand, highly colored PET is in

essence PET with pigments or colourings where the aim

is just a question of marketing instead of technical

performance.

The mechanical recycling of PET is fully established

and developed; however, it is more suitable to natural or

slightly colored PET waste. These new PETs, due to their

varied nature, are a rejected stream in sorting plants sent to

a landfill, since their mechanical recycling offers a final

product with limitations on the colour, transparency and

intrinsic viscosity and, therefore, restricting its applicabil-

ity. Checking previous data about PET waste and its

recycling, it can be detected that only in Spain are there

nearly 380 kt of PET without treatment, not collected or

disposed in landfills and composed mainly of these new

PETs. According to this, chemical recycling based on

depolymerisation processes is proposed as an emerging

challenge, able to provide a suitable recycling treatment to

the highly colored and complex multilayered post-con-

sumer waste fractions of PET.

Chemical depolymerisation processes

The chemical recycling consists of the decomposition of

polymers by chemical agents and catalysts to obtain the

molecules that originated with them, with high value

potential applications such as chemicals, monomers or new

polymers [7]. Depending on the used agent, different types

of chemical recycling (glycolysis, methanolysis, hydroly-

sis, etc.) can be carried out. Research in this area has

demonstrated the efficiency of the PET recycling, which

allows continuing investigation in this field with different

types of PET materials to improve processes and technol-

ogies [8–10].

In accordance with this, among the PROQUIPOL Project

objectives are to compare recycling processes based on

chemical depolymerisation for improving the current PET

recycling scheme. For this, glycolysis based on a catalytic

reaction to promote the formation of BHET [11] and alka-

line hydrolysis to promote the formation of terephthalic acid

(TPA) [12], was considered as an alternative to management

for these non-mechanically recoverable fractions.

Theory

PET glycolysis reaction

Glycolysis is a molecular depolymerisation process by

transesterification between PET ester groups and a diol,

usually ethylene glycol in excess, to obtain the monomer

bis(2-hydroxyethyl terephthalate), according to the fol-

lowing reaction scheme:

BHET is widely used in the synthesis of polymeric

materials, ranging from unsaturated polyester resins and

PET to novel biocompatible systems. BHET is also used as

a plasticiser in unsaturated polyester resins and rigid or

flexible polyurethanes [13, 14].

The main advantage of this strategy is that it can be

easily integrated into a conventional PET production plant

and the recovered BHET can be blended with fresh BHET

[15].

PET alkaline hydrolysis reaction

AN hydrolysis process is the reaction of PET with water to

break down the polyester chains into TPA and EG [16]

with an aqueous solution of sodium hydroxide according to

the following reaction scheme:

PETn + (n-1)EG             nBHET
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As it can be observed in the previous chemical reaction,

PET reacts with caustic soda, promoting at first the for-

mation of the corresponding TPA disodium salt, which is

soluble in water, and ethylene glycol. In a second step,

hydrochloric acid is employed to promote the formation

and precipitation of TPA. Nearly all purified terephthalic

acid is consumed in polyester production including poly-

ester fibre, PET bottle resin and polyester film. The

remaining TPA is used in making cyclohexanedimethanol,

terephthaloyl chloride, co-polyester-ether elastomers,

plasticisers and liquid crystal polymers [17].

Taguchi optimization study

When an experiment has several factors that are relevant,

the factorial experimental design should be used. Factorial

experiments are the way to identify interactions between

variables. Because of this, the glycolysis of PET experi-

ments has been carried out using the Taguchi’s parameter

design methodology.

The main goal of this study is to find the higher yield of

BHET with optimum purity. The operation variables (or

control factors) considered as the more influential were

chosen based on previous studies [8, 10, 18, 19] and the

experience of the research group in this field. The variables

and the ranges used are:

• The reaction temperature (T), between 195 and 220 �C,

due to temperatures under 190 �C produce an excess of

sub-products and high temperatures over 220 �C do not

increase the rate or the amount of BHET obtained [19].

• The reaction time (t) between 150 and 210 min,

occurring in this range of time produces the maximum

yield of the reaction. At reaction times under 90 min

the reaction is not completed, after 120 min, the PET

oligomer used disappears [20], and after 210 min, the

changes of the yield of the reaction are constant.

• The solvent to polymer mass ratio (EG/PET) is between

2 and 6 w/w. The solvent is used in excess due to the

yield of the reaction increasing with the amount of EG.

• The catalyst to polymer mass percentage ratio (ZnAc2/

PET) which was between 0.2 and 1 %w/w. The catalyst

chosen was zinc acetate due to it being proved that it

produces the maximum amount of the BHET monomer

[8, 10, 18].

In Table 1 appear the factors and levels used to perform

an orthogonal array L9 to carry out nine experiments

combining the different selected levels of each control

factor considered. These experiments have been carried out

firstly with virgin PET. Each experiment was repeated

twice in order to observe the reproducibility of the gly-

colysis process. After finishing the experiments, the results

are analysed in order to find the optimal level of each

variable to have the optimal operational conditions.

Materials and methods

Materials

Virgin PET used was supplied by NOVAPET and samples

of highly colored waste PET, complex multilayered waste

PET and municipal solid waste PET (MSW) were provided

by ECOEMBES, the Spanish integrated management sys-

tem for light packaging waste. The types of post-consumed

PET used were:

• Highly colored PET: which content 90 % of PET and

the presence of PE and paper in caps and labels which

is used in water bottles and in mouthwash bottles.

• Complex multilayered PET: 82–96 % of PET and the

presence of polyamide (1–5 %) and PE/PP in caps

(5–10 %), used as a container in beer and juice bottles.

• Sorting plant: 92 % of PET followed by a 6.2 % of PE,

1.7 % of PP and the remains of polyamide, carton

board, aluminium film and elastomers.

Table 1 Factors and levels used in the factorial design experiments

Factors Levels

1 2 3

Temperature (�C) 195 208 220

Time (min) 150 180 210

EG/PET (w/w) 2 4 6

ZnAc2/PET (%w/w) 0.2 0.6 1.0

PET + 2NaOH  Na2-TPA + EG 

Na2-TPA + 2HCl  TPA + 2NaCl 

J Mater Cycles Waste Manag (2014) 16:201–210 203

123



• MSW: 92 % of PET and the presence of PE (4.5 %),

PA (1.1 %) and mixtures of aluminium and PET

(1.5 %). Remains of PP, PS, paper, aluminium film

and EPS.

Glycolysis process

Glycolysis experiments were carried out in a 2 L stainless

steel reactor. It has an electrical resistance to heat, a tem-

perature control and a stirrer to ensure good mixing. An

initial purge of nitrogen was used to prevent possible

oxidation of the reaction products. The system can operate

at a pressure of 6 bars. Ethylene glycol has been used as a

solvent, and zinc acetate as a catalyst which was reported

as the most active and suitable glycolysis catalyst [18–20].

In a first step, a factorial design of experiments was

carried out with virgin PET to establish the best conditions

for the process. Then, an optimum experiment was repe-

ated with post-consumer PET. Factors under study in the

factorial design of experiments were process temperature

(195, 208 and 220 �C), reaction time (150, 180 and

210 min), EG/PET ratio (2, 4 and 6 w/w) and ZnAc2/PET

ratio (0.2, 0.6 and 1.0 %w/w).

The starting time for the reaction was taken when the

temperature was the desired one. Temperature was main-

tained constant during the whole reaction. Once the reac-

tion was finished, boiling water was added in excess to the

reaction products under vigorous agitation. Then, the

mixture was filtrated to separate un-reacted PET and solid

sub-products above the filter and a liquid phase composed

of BHET, water and EG below the filter. This recovered

liquid was refrigerated to ensure the crystallization of the

BHET. A second filtration was performed to separate

BHET crystals from EG. BHET was dried at 65 �C until at

a constant weight. The BHET yield is calculated with

Eq. 1.

BHET yield ð%Þ ¼ WBHET;f=MWBHET

WPET;0=MWPET

� 100; ð1Þ

where WPET,0 and WBHET,f refer to the initial weight of PET

and the weight of BHET at the finish of the reaction,

respectively. MWPET and MWBHET are the molecular

weights of PET (192 g mol-1) and the BHET

(254 g mol-1) repeating unit, respectively.

Besides assessing the feasibility of glycolysis for new

PETs, the economically optimization of the process was

studied. For that, and considering that the solvent used in

the reaction was higher than the stoichiometric needed, EG

obtained after the last filtration was subjected to evapora-

tion at high temperatures (about 150 �C) to remove the

water contained in the solution and thus reuse it in the

following runs.

Alkaline hydrolysis process

Hydrolysis experiments were carried out in a 1.8 L batch

operated stainless steel reactor with a maximum operating

pressure and temperature of 250 bar and 500 �C, respec-

tively. The reaction system includes automated control,

real time parameter monitoring, gas feeding lines and

manual sampling for liquids, vapors and gases. In all runs,

40 g of PET was charged to the reaction system. Firstly, a

set of reactions with virgin PET were carried out to assess

the influences of temperature, particle size and PET/NaOH

ratio on TPA yield and select the appropriate conditions for

the depolymerisation of post consumer PET waste.

After fFinishing the reaction, the mixture was filtered to

remove non-reacted PET. After filtration, HCl was added

to promote the formation and precipitation of TPA. The

solution was filtered again where the solid phase, com-

posed of TPA, was cleaned with water to remove possible

solid elements. After filtration, TPA was dried at 80 �C for

2 h and weighed on an analytical balance to estimate the

yield according to Eq. 2.

TPA yield ð%Þ ¼ WTPA;f=MWTPA

WPET;0=MWPET

� 100; ð2Þ

Table 2 Analysis of variance of BHET yield

Source (factors or

variables)

Pool df (degrees of

freedom)

S (sum of

squares)

V (variance) F (Fisher

factor)

S0 (mixture of contributions

of the variance)

rho (influence percentage

of the factors)

Temperature (Y) 2 0.41 0.21

Time (N) 2 17.02 8.51 41.03 16.61 2.78

EG/PET (N) 2 561.25 280.62 1352.84 560.83 93.78

ZnAc2/PET (N) 2 4.28 2.14 10.32 3.87 0.65

e1 (N) 0 0.00

e2 (N) 4 15.05 3.76 18.14 14.22 2.38

\e[ 2 0.41 0.21 2.49 0.42

Total 12 598.02 49.83
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where WPET,0 and WTPA,f refer to the initial weight of

PET and the weight of TPA at a specific reaction time,

respectively. MWTPA and MWPET are the molecular

weights of TPA (166 g mol-1) and the PET

(192 g mol-1) repeating unit, respectively. This purified

product was then subjected to various characterisation

techniques.

Analysis of products

A FTIR spectrophotometer and a DSC thermal analysis

were used to identify chemical structure and to determine

purity of BHET and TPA. Commercial BHET and TPA

were used for calibration purposes, in order to compare

with the recovered products.

Glycolysis products

A FTIR spectrophotometer (Varian 670-IR with an ATR

Pike accessory) was used to identify the chemical structure

of BHET. DSC (TA Instruments DSC Q100 Model) was

used for thermal analysis of BHET. Samples were heated

from room temperature to 220 �C with a heating rate of

10 �C/min under a nitrogen stream of 50 mL/min.

Hydrolysis products

A FTIR spectrophotometer (Perkin Elmer Spectrum 100)

was used to identify the chemical structure of TPA. DSC

(Mettler Toledo DSC822e Model) was used for thermal

analysis of TPA. Samples were heated from room tem-

perature to 400 �C with a heating rate of 10 �C/min under a

nitrogen stream of 15 mL/min.

Results and discussion

Glycolysis results

Analysis of variance: ANOVA

An analysis of variance of the results, using the ANOVA�

commercial software, was completed to obtain the contri-

bution of the factors and their interactions over the

response variable (BHET yield), and to determine the
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Fig. 1 Effect of operation conditions obtained by ANOVA software. a Effect of temperature, b effect of time, c effect of solvent, and d effect of

catalyst
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levels that maximize the BHET production (see Table 1).

This ANOVA was made mixing the contributions of no

significant factors according to the significance test of

Fisher with a confidence level of 99 %.

Table 2 shows the analysis of variance. The factor e1 is

due to the analysis error, but in this case there are three

recurrences so the error is zero. The factor e2 is due to the

error of the factors and variables which have not been

considered and they have an influence in the process (for

example the quality of the waste PET). The factor \e[ is

due to the contribution of the experimental and analysis

error (the sum of e1 and e2).

According to the results obtained by the analysis of

variance (Table 2), it was observed that the EG to PET

mass ratio was the most significant factor with an influence

of 93.78 %. The reaction time was the second one with an

influence of 2.78 % and finally, ZnAc2 to PET mass per-

centage ratio has only an influence of 0.65 %. The con-

tribution of the experimental and analysis error was very

low, only 0.42 %.

Influence of the conditions studied is shown in Fig. 1. It

can be seen how level 3 for EG/PET factor (6 w/w) offers

the highest BHET yield. The level 1 for time factor

(150 min) had the optimum yield. The level 3 for the

ZnAc2/PET was the best, but very similar to the level 1, so

level 1 (0.2 %w/w) was selected as the best due to eco-

nomic aspects. Finally, the temperature factor did not have

a significant importance, but the second was the best level,

208 �C, so it was the level chosen.

According to Taguchi’s methodology, if these levels of

control factors were used, a maximum BHET yield would

be obtained whose value would be 89.09 ± 0.42. In order

to demonstrate the results of Taguchi’s study, a confirma-

tory experiment was carried out with the optimum condi-

tions to verify the BHET yield expected. In this last

confirmatory experiment the BHET yield obtained was

87.56 %, so it was assumed that the conditions chosen were

the optimal conditions.

Experiments with waste PET

As a result of the factorial design of the experiments, the

influence of temperature, reaction time, EG/PET and

ZnAc2/PET mass ratios was achieved. Considering optimal

operational conditions (208 �C, 150 min, 6:1 w/w ratio

EG/PET and 0.2 %w/w ratio ZnAc2/PET), experiments

with post-consumer PET were carried out.

It was remarkable that in the experiments carried out

with PET waste, a hard ball of polyolefin was formed,

which could be easily separated from the rest of the reac-

tion products. This amount of polyolefin represents 5–8 %

of the total amount of PET waste. This is due to the fact

that all PET waste contains a percentage of polyolefin.

The yield of waste PET was calculated by Eq. 1. But, in

this case, the polyolefins obtained at the end of the reaction

were not taken into account in calculating the yield. So the

value of WPET,0 refers to the initial weight of PET less the

weight of polyolefins obtained.

Figure 2 shows the effect of PET nature over BHET

yield. The yield decrease from 88 % to nearly 77 %, being

complex multilayered PET, has the worst percentage and

the virgin PET the most favourable. The sorting plant PET

and highly colored PET had a similar and intermediate

yield. Anyway, the BHET yield obtained was very similar

with the different experimental PET waste .

Characterization of BHET

A FTIR spectrophotometer and a DSC thermal analysis

were used to identify chemical structure and to determine

purity of BHET, respectively. Commercial BHET was used

for calibration purposes, in order to compare with the

recover products.
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Figure 3 shows the thermograms obtained in the anal-

ysis of the recovered BHET, and the melting point and

purity of these samples are summarized in Table 3. These

thermograms show a reasonably sharp endothermic peak at

109 �C, which agrees very well with the known melting

point of commercial BHET. The purity for these samples is

very similar for all of them (around 97 %).

Besides, regarding FTIR studies in Fig. 4, it was con-

firmed that for a pure BHET, the absorptions at 3400,

3000–2800, 1700 and 1100 cm-1 were respectively due to

–OH, C–H, C=O and C–O, verifying that infrared spectra

of glycolysis products correspond with the BHET one.

From all these observations it was concluded that the

product from glycolysis is highly pure BHET.

Alkaline hydrolysis results

Experiments with virgin PET

Temperature, PET particle size and PET/NaOH ratio were

chosen as the independent variables for the hydrolysis study.

Runs #1, #2, #3, #4 and #5 in Table 4 were carried out at

150 �C to determine, on the one hand, the accuracy of the

working procedure and, on the other hand, to confirm the

similarity of taking samples at a given time in a unique

reaction and achieving runs for different times. The first

option about taking samples was selected for the whole

research work. Runs #5, #6 and #7 were respectively

completed at 150, 100 and 200 �C and showed the feasi-

bility of operating at mild temperatures for achieving the

highest TPA yield (see Fig. 5). Runs #5, #8 and #9 were

carried out to assess the influence of the PET/NaOH molar

ratio and verified that the 1/2.4 was the value required for

getting a reasonable TPA yield as plotted at Fig. 5. Finally,

runs #9 to #12 were completed at different PET particle

size to ensure that the reaction rate was not limited by

physical characteristics of the material. In accordance with

the results, optimum operating conditions were fixed at

150 �C, a PET/NaOH molar ratio of 1/2.4 and a PET

particle range between 0.2 and 0.5 mm.

Table 3 Melting point and purity obtained in the analysis of BHET

by DSC

BHET obtained with Melting point (�C) Purity (%)

Reference 113.43 100.00

PET virgin 109.08 97.85

PET highly coloured 108.55 97.40

PET complex multilayered 108.94 97.69

PET sorting plant 108.36 96.92

FTIR
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Fig. 4 FTIR comparing commercial BHET and BHET obtained from

sorting plant PET, highly colored PET and complex multilayered PET

Table 4 Hydrolysis reactions with virgin PET

Run PET nature dp (mm) PET/NaOH (mol/mol) T (�C) t (h) TPA yield (%)

#1 Virgin 0.2–0.5 1/2.4 150 1 83.70

#2 Virgin 0.2–0.5 1/2.4 150 2 91.88

#3 Virgin 0.2–0.5 1/2.4 150 3 95.24

#4 Virgin 0.2–0.5 1/2.4 150 4 100.00

#5 Virgin 0.2–0.5 1/2.4 150 4 100.00

#6 Virgin 0.2–0.5 1/2.4 100 8 27.63

#5 Virgin 0.2–0.5 1/2.4 150 4 100.00

#7 Virgin 0.2–0.5 1/2.4 200 4 93.01

#8 Virgin 0.2–0.5 1/1.2 150 4 28.51

#9 Virgin 0.2–0.5 1/2.0 150 4 87.66

#5 Virgin 0.2–0.5 1/2.4 150 4 100.00

#10 Virgin 0.1–0.2 1/2.0 150 4 86.98

#9 Virgin 0.2–0.5 1/2.0 150 4 87.66

#11 Virgin 0.5–1.0 1/2.0 150 4 99.60

#12 Virgin Pellets 1/2.0 150 4 30.81
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Experiments with waste PET

At Fig. 5 are shown the yields of TPA (#13 to #16)

obtained by the hydrolysis of waste PETs after 4 h at

150 �C, 1:2.4 PET/NaOH molar ratio. In the TPA yields it

was found that PET nature and origin did not show a

remarkable influence on TPA yield and that complex

multilayered PET and PET from bulk MSW collection

yields to TPA were close to 90 %, associated mainly to

non-PET polymers and dirtiness.

Characterization of TPA

Characterization of alkaline hydrolysis products was anal-

ogous to that made in glycolysis, using a FTIR spectro-

photometer and a DSC thermal analysis to identify

chemical structure and to determine purity of TPA,

respectively. Commercial TPA was used for calibration

purposes, in order to compare with the recovered products.

DSC analysis of TPA produced after the hydrolysis of

waste PETs at runs #13 to #16 is summarized in Table 5.

Results are illustrated in Fig. 6, and compared with a

commercial TPA.

On the other hand, regarding FTIR studies (Fig. 7) it

was confirmed that, for a commercial TPA, the absorptions

at 2800–3000, 1750, 700–800 cm-1, were respectively due

to C–H phenyl group, C=O and C–H phenyl group veri-

fying that infrared spectra of hydrolysis products corre-

spond with the TPA one.

According to DSC and FTIR results, it can be confirmed

that chemical structures are identical to the commercial one

and purity values are over 95 % in all cases.

Economic processes comparison

After the technical feasibility of both processes was dem-

onstrated, the economic viability was checked for a pilot

plant (see Fig. 8) with a capacity of 200 t/year. The costs

considered in viability were the depreciation, energy &

utilities, personnel, chemicals, waste management and

overheads.

After reacting 200 t of waste PET, then 166 t of TPA

(99 % purity) were obtained in the alkaline hydrolysis

process and 221 t of BHET (99 % purity) in the glycolysis

process. In those conditions, the average production costs
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Fig. 5 Effect of PET nature on TPA yield

Table 5 Sublimation point and purity obtained in the analysis of

TPA by DSC

Product Sublimation

point (�C)

Purity (%)

Reference TPA 388 98

TPA–PET highly colored 380 96

TPA–PET complex

multilayered

385 97

TPA–MSW 359 91

TPA–PET sorting plant 384 97
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Fig. 6 TGAs comparing commercial TPA and TPA obtained from

sorting plant PET, highly colored PET and complex multilayered PET
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Fig. 7 FTIR comparing commercial BHET and BHET obtained from

sorting plant PET, highly colored PET and complex multilayered PET
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for the products were calculated and resulted in 2.71 € per

1 kg of TPA and 4.23 € per 1 kg of BHET. After the

analysis of these first cost calculations it was detected that

the highest costs in the processes were associated to the

large excess of solvent used during the production of the

BHET, and the waste water management during the pro-

duction of TPA. The excess of solvent needed in the gly-

colysis of PET is six times greater than the amount of PET

and represents 39.8 % of the total costs of the process. The

waste water in the PET hydrolysis is due to the complex

composition, which is an aqueous stream composed of

organic phase (the EG generated during the PET depoly-

merisation), basic pH (due to the NaOH used in the reac-

tion) and NaCl (formed by the neutralisation of the HCl

excess used in the TPA precipitation).

For the economic optimisation of the processes, the

plant capacity was increased, up to 8000 t/year, as well as

alkaline hydrolysis or glycolysis improvement themselves

were considered.

In the case of the glycolysis, the reduction of the EG/

PET mass ratio from 6 to 4 was considered resulting in a

slight decrease on BHET yield but not on BHET purity. In

these new conditions, the cost of producing 1 kg of BHET

was lowered till 3.31 € in comparison to the initial 4.23 €.

Another alternative was the reuse of the EG in excess, after

a distillation step to remove the water content proved that it

could be reused four times, decreasing the cost up to

2.36 €/kgBHET (using EG/PET = 6) and up 1.99 €/kgBHET

(using EG/PET = 4). So, finally it was elected to have a

4 EG/PET mass ratio and the reuse of EG to optimise the

economics of the glycolysis process, as it can be seen at

Table 6.

For the hydrolysis process, avoiding the external man-

agement of waste water, estimating a 40 % cost saving and

operating one’s own sewage treatment plant, the unitary

cost was 1.02 €/kgTPA.

All these results are based on an economic study carried

out considering all the variables and costs at an industrial

scale. The results show that several socioeconomic aspects

such as PET consumption, the types of PET consumed, the

price of virgin and recycled PET or even a mechanical

recycling situation will have a relevant effect on the
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Fig. 8 Industrial flowchart of studied processes

Table 6 Economic costs of producing 1 kg of BHET and TPA

200 t/year 8000 t/year

Glycolysis process

EG/PET = 6 4.23 €/kgBHET 2.36 €/kgBHET

EG/PET = 4 3.31 €/kgBHET 1.99 €/kgBHET

Hydrolysis process 2.71 €/kgTPA 1.02 €/kgTPA
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economic feasibility and, therefore, on the process indus-

trialization of these processes. The PET manufacturing

industry is the key for moving to the implementation of the

depolymerisation solutions.

Both processes still can be more optimized and scaled

up for lowering manufacture costs but the final decision on

the selection of one of them will need to consider the value

of the raw material (waste PET) and the products (TPA or

BHET).

Conclusions

There has been carried out a chemical recycling of highly

colored and complex multilayered post-consumer PET by

glycolysis to obtain BHET and by alkaline hydrolysis to

obtain TPA.

Firstly, was defined the most suitable operating condi-

tions (T = 208 �C, t = 150 min, EG/PET = 6 w/w,

ZnAc2/PET = 0.2 %w/w in glycolysis process and

T = 150 �C, t = 240 min, NaOH/PET = 2.4 mol/mol,

dp = 0.5–1.0 mm in the hydrolysis process). The yields

obtained close to 85 % of BHET and TPA yields up to

90 %.

These values were similar to that obtained when treating

virgin PET, thereby suggesting that PET’s nature did not

show a remarkable influence on BHET and TPA produc-

tion, except in runs with complex multilayered PET and

PET from bulk MSW collection where the decrease was

associated with non-PET polymers and dirtiness.

DSC and FTIR analysis verified that the BHET and TPA

quality products derived from highly colored and complex

multilayered post-consumer waste streams of PET were

equivalent to those obtained from reference PET.

The economic analysis shows that the keys for the

process optimization were, on the one hand, the addition of

a distillation step in the glycolysis process to recover and

reuse the EG and, on the other hand, the addition of a

sewage treatment plant in the hydrolysis process to avoid

the external waste water management.

Optimising the economic process with a capacity of a

plant of 8000 t/year, the unitary cost of producing 1 kg of

BHET is 1.99 €/kgBHET and of TPA is 1.02 €/kgTPA.
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