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[…] Es handelt sich darum, alles zu leben.  
Wenn man die Fragen lebt,  
lebt man vielleicht allmählich,  
ohne es zu merken,  
eines fremden Tages  
in die Antworten hinein. 

 
(Rainer Maria Rilke, 1904) 
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Kurzfassung 

Die vorliegende Arbeit behandelt Untersuchungen der reaktiven Kristallisation 

von Terephthalsäure (TA) im Rahmen des Back-tot-Monomer-Recyclings, 

welches eine Möglichkeit zur Überwindung der derzeitigen Limitierungen des 

thermomechanischen Polyethylenterephthalat- (PET) Recyclings darstellt. Ein 

Ansatz ist dabei die alkalische Hydrolyse, bei welcher PET mit Natriumhydroxid 

selektiv in die Monomere Ethylenglykol und Dinatriumterephthalat 

depolymerisiert wird. Anschließend wird die TA durch Säurezugabe aus ihrem 

Dinatriumsalz gefällt und so zurückgewonnen. 

Zur Optimierung der Fällung als Gewinnungsschritt, wurden verschiedene 

Betriebsparameter hinsichtlich ihres Effekts auf Kristallgröße, Filtrierbarkeit und 

Reinheit der TA analysiert. Dazu wurde zunächst ein Parameterscreening mit 

Modelllösung im Batchbetrieb durchgeführt. Hierbei führten insbesondere 

erhöhte Temperaturen und Essigsäureeinsatz zu größeren Kristallen und 

verbesserter Filtrierbarkeit. Trotz ihrer geringeren Protonierungskapazität wurde 

auch mit Essigsäure eine signifikante Ausbeute an TA erreicht. Anschließend 

wurden die Untersuchungen auf depolymerisiertes PET verschiedener 

Abfallfraktionen und das Aufreinigungspotential der Fällung ausgeweitet. Neben 

einer Verringerung der Verfärbung bei höherer Temperatur wurde auch der 

Isophthalsäuregehalt in TA Kristallen reduziert, was sich insbesondere bei 

Verwendung von Essigsäure zeigte. Dies ist insbesondere relevant, da 

Isophthalsäure einen entscheidenden Einfluss auf die Polymereigenschaften hat. 

Im letzten Teil der Arbeit wurden die Untersuchungen in einen kontinuierlichen 

Rührkessel überführt. Während der Fällung mit Schwefelsäure konnte so ein 

Wachstum der TA-Kristalle einhergehend mit einer verbesserten Filtrierbarkeit 

erreicht werden. Darüber hinaus induzierte eine Erhöhung des pH-Werts eine 

signifikante Reduktion des Isophthalsäuregehalts. Schließlich wurde ein 

Verfahrenskonzept für einen optimierten Fällungsschritt für TA, hinsichtlich 

Reinheit und Rückgewinnung abgeleitet, unter Beachtung der Notwendigkeit 

eines nachfolgenden Umkristallisationsschritts. 
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Abstract 

The present work deals with investigations of the reactive crystallisation of 

terephthalic acid (TA) in the context of back-to-monomer recycling, which 

represents a possibility for overcoming the current limitations of 

thermomechanical polyethylene terephthalate (PET) recycling. One approach is 

alkaline hydrolysis, in which PET is selectively depolymerised with sodium 

hydroxide into the monomers ethylene glycol and disodium terephthalate. The TA 

is then precipitated from its disodium salt by addition of a precipitation acid and 

thus recovered. 

To optimize precipitation as a recovery step, various operating parameters were 

analysed with regard to their effect on crystal size, filterability and purity of the 

TA. For this purpose, a parameter screening was first carried out with model 

solution in batch operation. In particular, increased temperatures and the use of 

acetic acid led to larger crystals and improved filterability. Despite its lower 

protonation capacity, a significant yield of TA was also achieved with acetic acid. 

Subsequently, the investigations were extended to depolymerised PET of different 

waste fractions and the purification potential of the precipitation. In addition to a 

reduction in discolouration at higher temperatures, the isophthalic acid content in 

TA crystals was also reduced, which was particularly evident when acetic acid 

was used. This is particularly relevant as isophthalic acid has a decisive influence 

on the polymer properties. In the final part of the work, the investigations were 

transferred to a continuously stirred tank reactor. This induced a substantial 

growth of TA crystals during precipitation with sulfuric acid and improved 

filterability. Moreover, an increase of pH during continuous precipitation with 

sulfuric acid significantly reduced isophthalic acid content in TA. Finally, a 

conceptual procedure for an optimized precipitation step for TA regarding 

purification and recovery was derived, while considering the necessity for a 

subsequent recrystallization step. 
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1 Introduction 

1.1 Problem Formulation 

Polyethylene terephthalate (PET) stands out as a showcase for recycling within 
the realm of plastics, notably with its widely recognized PET bottle recycling 
initiatives. As of 2020, approximately 97% of all PET usage, excluding PET 
fibres, was allocated to the packaging sector in Europe. Within this market, bottles 
accounted for 70% while trays comprised 20%. Despite the sizable volume of 4.6 
million tonnes of rigid PET packaging, only 49% was collected and sorted for 
recycling in 2020.1 However, despite these encouraging collection figures, the 
actual recycled content in PET bottles reached only 17% by the same year. 
Simultaneously, there has been a growing demand from both industries and 
consumers for high-quality recycled PET (rPET).2 Additionally, out of the total 
PET recycling input, only 54% exits recycling facilities as rPET suitable for high-
viscosity applications, and a mere 27% of this is approved for food contact.1  
To increase these rates, the European Parliament has passed its directive on single 
use plastics, which among other things, obliges manufacturers to use at least 25 % 
of rPET in new bottles.3 
In addition to enhancing collection and sorting methods to bolster the supply and 
quality of rPET, mechanical recycling faces significant challenges.1 Apart from 
dealing with contaminated input streams, the thermal and chemical degradation 
of PET polymer during reprocessing limits its mechanical recyclability.4 On one 
hand, the tensile strength of rPET diminishes with each cycle due to polymer chain 
scission.5 Conversely, the polymer's colour darkens and becomes more yellow 
with increasing recycled content. Furthermore, additives and the inclusion of 
foreign polymers can substantially alter its properties, thereby limiting its 
reusability.6–8 Consequently, new technologies for PET recycling are necessary to 
overcome these challenges and utilise yet unrecyclable PET waste as a valuable 
resource. 
Back-to-monomer recycling (BMR) emerges as a promising approach under 
current investigation to restore the properties of virgin PET from previously 
unrecyclable PET feedstocks such as brittle bottles, multi-layered trays, or even 
synthetic polyester fibres. While various reaction pathways like alcoholysis, 
aminolysis, or hydrolysis are being explored, these technologies share a common 
goal of breaking down PET into its fundamental monomeric building blocks. This 
targeted depolymerization process liberates contaminants, colorants, and other by-
products that can subsequently be treated and removed.9  
Among these, the approaches using hydrolysis are of special interest as they 
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produce terephthalic acid (TA) and ethylene glycol (EG), the reactants for direct 
esterification to PET.10,11 Since TA is practically insoluble in water, it remains as 
solid after neutral and acidic hydrolysis making it practically impossible to be 
separated from the reaction residue.12 While this can be overcome through mixing 
in alkaline solution leading to the respective alkali salt of TA, this step can be 
skipped by directly using alkaline hydrolysis. Biermann and Brepohl et al. 
depolymerized a PET dual layer in less than one minute and up 97 % yield by 
using sodium hydroxide.13,14 The EG and TA precursor disodium terephthalate 
(DST) were dissolved in water and underwent filtration for solids removal. 
However, regardless of the depolymerization pathway, the consecutive recovery 
of TA from DST demands sodium replacement, which is commonly conducted 
through acidification using strong acids, like sulfuric or hydrochloric acid.12,13,15,16 
Due to the nature of chemical reactions between liquids leading to a sparely 
soluble crystalline product like TA, the reaction induces high supersaturations. 
Thus, more TA is present in the liquid phase than possible in thermodynamic 
equilibrium. In order to restore equilibrium, TA instantly precipitates as fine 
crystals. These crystals complicate downstream processing and differ 
substantially from the industrial standard purified TA (PTA). In order to 
successfully recover and reuse terephthalic acid, its properties regarding its 
reapplication as one monomer for PET polycondensation must meet industrial 
specifications to close the loop using BMR.17 

1.2 Scope and Approach 

Despite the significant potential of the depolymerization pathway, the TA 
crystallization from DST solution is still not fully developed. To date, only a 
limited number of studies have been dedicated on investigating this step. Among 
these, Lee et al. follow a one-step approach by using an organic solvent mixture 
in batch precipitation leading to a final recycled TA (rTA) suitable for 
repolymerization.18 Wu et al. precipitated rTA first and subsequently 
recrystallized the crude TA in an organic solvent by cooling crystallization.19 
However, the rTA of these studies does still not possess PTA properties. 
Moreover, the use of organic solvents instead of water for PTA purification 
increases downstream efforts.17,20,21 Nevertheless, the separation of synthesis and 
final product purification and design is a sensible approach.10,19  
Hence, this thesis focuses exclusively on the first step: the advantageous and 
straightforward recovery of TA through precipitation. The understanding of this 
first step is of critical relevancy to exploit this technique in its full potential. 
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Therefore, the present work aims for identification of process parameters to 
(e.g. temperature, precipitation acid type) which increase TA crystal size and 
improve filterability. Based on the demand for a process with a straightforward 
applicability in order to be industrially implemented, a standard stirred tank 
reactor setup is used throughout this work. 
The investigation starts with screening in a model reactant system and progresses 
to depolymerized waste PET reactants containing impurities. Among PET 
impurities, particularly isophthalic acid (IA), a TA isomer, requires precise 
control over its integration into rTA crystals. Thus, alongside assessing 
decolourisation potential, process parameters are examined with regard to their 
efficiency in reducing IA content in rTA. Furthermore, with focus on operating 
costs, productivity and scale-up, a continuously operated precipitation step is 
developed, subsequently. Moreover, continuous operation can improve 
crystallization behaviour by reducing supersaturation and naturally providing 
crystal seeds.  
Finally, a precipitation concept is proposed, emphasizing the benefits that can be 
achieved through TA precipitation, while recognizing the necessity for a 
subsequent recrystallization step. 
In conclusion, this research work represents a significant advance for PET 
circularity, by providing practical and innovative approaches on improving TA 
purity, recovery and processability. Precipitated rTA could be used directly in 
polycondensation in mixtures with PTA. Regarding pure rTA application, this 
research can be a starting point for consecutive developments for rTA 
recrystallization. Alternatively, rTA can be used as feedstock for existing PTA 
purification plants, whose capacity utilisation will be reduced in circular PET 
economy.  
 
The results shown are the product of publicly funded research work conducted in 
collaboration with RITTEC 8.0 Umwelttechnik GmbH. Thus, the research project 
revolPET was financially supported by the German Federal Ministry of Education 
and Research (Grant No. 033R193A-F) while the project reform-2-rePET was 
funded by the German Federal Ministry for Economic Affairs and Climate Action 
(Grant No.16KN082926.) 
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2 Crystallization Fundamentals 

The following chapters introduce the fundamental relations of the determining 
factors and processes regarding crystallization. They aim to provide an overview 
about the driving force of crystallization and the effects leading to solid formation 
and subsequent growth. The information within is given on a descriptive level 
rather than calculative. A detailed insight including the mathematical aspects, 
model approaches and theories on crystallization fundamentals can be found in 
Mersmann, Mullin and Myerson.22–24  

2.1 Supersaturation 

Given a defined set of conditions (e.g. temperature, pressure), supersaturation 
describes the state of a solution containing a higher amount of solute than in 
thermodynamic equilibrium. The supersaturated solution regains its equilibrium 
state by formation of a solid phase. Therefore, supersaturation is the fundamental 
driving force and essentially necessary for crystallization. In strict terms, the 
supersaturation is a simplification aimed at addressing the difference in chemical 
potential µ between the solute component in solution and its crystalline state, 
which is responsible in the formation of a new solid phase, as expressed in 
Equations 2-1 and 2-2. 

An exact expression of supersaturation requires the knowledge of the effective 
concentrations ai (activities), which are not always known in industrial 
applications. Therefore, a simplified practical approximation of the dimensionless 
supersaturation ratio S is given by Equation 2-3 in terms of molarity (c) and 
molality (m).22  

𝛥µ = µ௦௨௧ − µ௬௦௧ = 𝑅𝑇 ∙ 𝑙𝑛 ቆ
𝑎௦௨௧

𝑎௬௦௧
∗ ቇ 2-1 

𝛥µ

𝑅𝑇
= 𝑙𝑛 ቆ

𝑎,௦௨௧

𝑎,௬௦௧
∗ ቇ = ln (𝑆) 2-2
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It presumes activity coefficients to be 1 (ideal) and differs substantially from 
activity-based supersaturation ratios. Regarding the dependencies (e.g. 
temperature) of the solubility limit, supersaturation can be induced by several 
ways e.g. by cooling, solvent removal or drowning out. These procedures share 
the mutuality of a reasonable solubility of the target solute in the liquid phase. 
Instead, concerning reactive crystallization or precipitation, supersaturation is 
induced by a chemical reaction, e.g. A(aq.) + B(aq.)  C(s). Thus, the sparingly 
soluble target solute C is produced as soluble reactants A and B are contacted. For 
description of the supersaturation ratio for these systems an expression in 
dependence of the concentration solubility product KSP (saturated state) is 
appropriate and shown in Equation 2-4. 

However, as for the supersaturation ratio based on molarities and molalities, the 
use of concentrations instead of activities is limited to low concentrations for 
realistic approximations. The necessary activity coefficients can be approximated 
by thermodynamic models e.g. extensions of the Debye-Hückel equation like the 
Bromley equation25 or UNIFAC models in addition to empirical approaches by 
Meissner.22,26 For details on these activity coefficient approaches and their 
calculations it may be referred to Zemaitis et al. as well as Luckas and 
Krissmann.26,27 
Nevertheless, the given Equation 2-4 describes the fact that a low solubility leads 
to high supersaturation values. Additionally, the velocity of the chemical reaction 
leads to a fast build-up of the supersaturation that cannot be depleted by molecular 
growth.28 Instead a high number of small nuclei is formed in order to reduce 
supersaturation.29 This phenomenon to so called homogeneous nucleation (see 
2.2) leads to reactive crystallizations being complex and difficult to control.22,24 

𝑆 =
𝑐

𝑐∗
 𝑜𝑟 𝑆 =

𝑚

𝑚∗ 2-3 

𝑆 =
𝑐

𝑐
∗ =

൫𝑐
ఔಲ ∙ 𝑐

ఔಳ൯
ଵ

ఔಲାఔಳ

𝐾ௌ
𝑤𝑖𝑡ℎ 𝐾ௌ =  ൫𝑐

ఔಲ ∙ 𝑐
ఔಳ൯

∗
2-4 
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2.2 Nucleation 

The starting point for crystallization is the formation of solid nuclei representing 
the smallest arrangement of a number of molecules being able to exist. 
Prerequisite to this stochastic process is a system in non-equilibrated 
supersaturated condition which is the driving force for reduction of 
supersaturation by aggregation. This condition is described as metastable zone 
whose width depends on the respectively applying nucleation mechanisms.23 The 
classification of the different nucleus formation mechanisms is displayed in 
Figure 2-1. 

Spontaneous nucleation from particle free solution is referred to as homogeneous 
nucleation. If foreign matter (e.g. dust, foreign surfaces) is present in an otherwise 
crystal free solution, heterogeneous nucleation occurs. These two are grouped as 
primary nucleation mechanisms and require high supersaturations. Under the 
presence of crystals of the same kind suspended in solution, secondary nucleation 
comes into effect, requiring significantly lower supersaturations.  
The origin of theories on homogeneous nucleation are early works on droplet 
nuclei forming from supersaturated gas,30 which was extended in early works 
from Becker and Döring31, and Turnbull and Fisher 32 to derive in the classical 
nucleation theory (CNT). Despite ongoing research, until today experimental 
verification of theoretical predicted nucleation rates has not been achieved, due to 
the complex interplay of influencing factors and measurement limitations.33–35 In 
the following the fundamental understanding behind the CNT will be presented. 
For extensive calculative approaches on the estimation of nucleation rates it may 

Figure 2-1 Basic mechanisms of nucleation, adapted from Mullin and 
Myerson.22,23 
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be referred to the work of Mersmann and Mullin.22,24 For an overview on non-
classical nucleation theory it may be referred to Myerson.23  
Starting point for this perspective is a metastable solution without foreign particles 
nor impurities. Prerequisite for a new phase to develop is the formation of an 
interface, requiring additional enthalpy in the system. This new interface appears 
as the result of single molecules spontaneously approximating and joining due to 
local density and concentration differences. Despite the reversibility of this event, 
at sufficiently high supersaturation the birth of these embryos surpasses their 
decay and eventually leads to the formation of larger units. The build-up of these 
clusters leads to an increase in interfacial tension γCL between crystal and 
surrounding liquid. In parallel, this cluster formation process releases free 
volume-enthalpy ΔGV.  
Figure 2-2 displays the free surface and volume enthalpies and their sum, the total 
enthalpy ΔG over the nucleus size, L, increase in free surface enthalpy ΔGA.  
As the positive free surface enthalpy is proportional to the square of the nucleus 

size whereas the negative free volume enthalpy is proportional to nucleus size 
cubed, their sum features a maximum value ΔGcrit at a critical size, Lcrit. For a 
spherical particle this critical size can be calculated by Equation 2-5, with kB as 
the Boltzmann constant and the temperature T. Nuclei being smaller than this 
critical size decompose while nuclei being larger can continue to grow.  

 

Figure 2-2 Free enthalpy over nucleus size L, adapted from Mersmann.24 
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𝐿௧ =
4 ⋅ 𝛾

𝑘 ⋅ 𝑇 ⋅ ln 𝑆
 2-5 

In the following, a CNT approach on calculation of the homogeneous nucleation 
rate Bhom is presented, as displayed in Equation 2-6. It is based on three 
fundamental factors which are shortly introduced subsequently. 

The first factor is the number concentration of critical clusters ncrit which, 
assuming random collision of molecules can be described through a Boltzmann 
distribution, with n0 being the number concentration of monomers in 
supersaturated solution (Equation 2-7). 

The rate at which these clusters can cross the thermodynamically stable barrier is 
represented by the impact coefficient k which is displayed in equation 2-8, as 
derived by Mersmann and Kind.24,36 It additionally depends on the surface area Ac 
of a cluster and the diffusion coefficient DAB. 

At last, the Zeldovich factor Z is introduced in Equation 2-9 to account for the 
probability that a cluster reaching the critical diameter continues to grow. It 
represents the imbalance between equilibrium and steady state distribution as the 
clusters constantly cross the critical barrier.24 Within this equation, ic displays the 
number of monomers contained in a critical cluster. 

𝑍 = ඨ
ΔGୡ୰୧୲

3 ⋅ 𝜋 ⋅ 𝑘 ⋅ 𝑇 ⋅ 𝑖
ଶ 2-9 

Generally, homogeneous nucleation is dominating at high supersaturations 
common for reactive crystallization and precipitation and displays a maximum 

𝐵 =  𝑛௧ ⋅ 𝑘 ⋅ 𝑍    2-6 

𝑛௧ = 𝑛 ⋅ 𝑒
ି

ீೝ
ಳ⋅்    2-7 

𝑘 =
3

4
𝑛

ସ
ଷ ⋅ 𝐷 ⋅ 𝐴    2-8 
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rate. However, under industrial conditions it is accompanied by heterogeneous 
and secondary nucleation.24 
Nucleation under presence of foreign surfaces is described as primary 
heterogeneous nucleation. Their presence can reduce the activation barrier of 
nucleation which depends on the contact angle Θ between the surface and the 
clusters prior to nucleation. 23,24 Therefore, with respect to the wetting behaviour 
three cases can be distinguished. If no wetting of liquid on the foreign surface 
occurs (Θ = 180 °), nucleation is not affected and can be regarded as 
homogeneous. A partial wetting (180 °> Θ > 0 °) reduces the surface excess 
energy and thus a lower overall free excess energy is required for nucleation 
compared to homogeneous nucleation. For the theoretical case of complete 
wetting (Θ = 0 °), the activation barrier for nucleation is reduced to an extent as 
if parent crystals were present in supersaturated solution.22,23,37 
However, nucleation under the presence of crystals of the same species differs 
from the previously introduced primary nucleation and is referred to as secondary 
nucleation. The underlying mechanism is explained by several theories mainly 
aiming to describe the connection between nuclei and parent crystal. While 
theories on the effect of fluid shear exist as well, in the following only mechanisms 
based on dendritic crystals and contact nucleation will be introduced closer. High 
supersaturations as present in precipitation processes lead to the formation of 
needle and dendritical structures. Due to their mechanical instability, parts of 
these structures can break and the resulting fragments provide new surface for 
nucleation. On the contrary, in contact nucleation the physical impact between the 
crystal and a stirrer, reactor wall or other crystals results in surface damage. This 
surface defect provides a site for nucleation in addition to the lose fragments 
broken off the crystal.23  
 
With regard to industrial applications and conditions (e.g. presence of dust, 
bubbles, rough surfaces) pure homogeneous nucleation displays a rare 
phenomenon and heterogeneous nucleation is more common.22 Additionally, 
formation of crystals during crystallisation leads to their direct presence in a 
reactor inducing secondary nucleation. It displays the dominating nucleation 
mechanism in continuous or seeded crystallization processes, as it requires 
substantially lower supersaturations compared to primary nucleation.23 



Crystallization Fundamentals 

10 

2.3 Growth 

Crystal growth is the second phase that follows after initial nucleation and is often 
described by the linear growth rate as the increase of particular crystal face over 
time. Due to its complexity, this process is still not fully understood today.22–24 
The single fundamental steps necessary for crystal growth can be summarized as 
follows. Considering a supersaturated bulk solution, the contained solvated ion or 
molecules must first diffuse through the diffusion-boundary- and adsorption layer. 
This is followed by a surface diffusion to the integration site. In case of a solvated 
species, desolvation follows in order for the unit to be integrated into the crystal 
lattice. Finally, the released solvent molecules diffuse through the diffusion-
boundary- and adsorption layer back into the bulk media.22 Depending on the 
respective crystallization process, growth can be either controlled by the diffusion 
or integration (reaction) process. This growth pathway and the respective driving 
forces are depicted in Figure 2-3, according to Mullin.22  
For low supersaturations crystal growth is controlled by the integration of new 
ions or molecules into the crystal lattice. This integration is significantly 
influenced by the roughness of the crystal surface. Thus, a suitable energetically 

favourable site features a maximum number of adjacent faces for a growth unit to 
attach to. There are several theories trying to explain the origin of these kinks and 
steps like the BCF model (Burton-Cabrera-Frank). It assumes that defects inside 

  

Figure 2-3 Driving forces in solution crystallization with regard to 
concentration, adapted from Mullin.22 
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the crystal lattice lead to a screw like dislocation on the crystal surface. This spiral 
can provide a constant number of steps for growth at low supersaturations. Under 
these conditions, growth is assumed to be limited by the diffusion of a growth unit 
on the crystal surface to the integration site. The polynuclear model displays the 
opposite approach with growth to happen only because of surface nucleation. 
Thus, a new surface layer is only formed due to coverage by sufficient individual 
nuclei. This approach is extended by the birth and spread model which also 
considers growth of nuclei for forming a new surface. These last-mentioned 
models also display valid theories for higher supersaturations.23,24 However, these 
theories primarily focus on the integration process. Instead layer diffusion 
becomes the limiting factor for growth at high supersaturations and fast 
integration reactions (typical for precipitations). This is due to the surface 
becoming rougher and eliminating limitations for building units to find an 
integration site for growth.  
Consequently, the rate of diffusion determines the speed of growth. Therefore, 
next to general diffusivity dependencies like molecule diameter or liquid 
viscosity, layer thickness and concentration are target factors for growth.22,24 This 
is also displayed by Equation 2-10 for the growth rate of diffusion controlled 
growth according to Mersmann.24 

Within, the factors α and β represent the volumetric and surface area shape factor 
respectively while ρc stands for the density of the crystal. kd describes the mass 
transfer coefficient which can consist of diffusive and convective contributions. 
Therefore, Figure 2-4 shows general operating parameters and their effect on 
linear growth rate.  

𝐺 =
𝛽

3 ⋅ 𝛼
⋅ 𝑘ௗ ⋅

(𝑐 − 𝑐∗)

𝜌
   2-10 
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As an increased specific power input leads to a higher relative particle velocity, 
the thickness of the effective film for mass transfer decreases. The resulting 

increase in mass transfer continues until full suspension in a stirred reactor is 
reached. Further increase in agitation would lead to disadvantageous aeration.22 
The effect of temperature positively influences the mass transfer as well as the 
integration reaction. 
The latter can also lead to a change in behaviour for integration controlled systems 
being diffusion controlled at higher temperatures.24 Additionally, particle size as 
the result of growth can have an influence on growth rate as well. For example 
small crystals (< 1 µm) have a higher tendency to dissolve (Gibbs-Thomson 
effect), which results in their apparent supersaturation and therefore growth rate 
to be reduced.22,23 However, this tendency of small crystals to dissolve can also 
lead to growth due to Ostwald Ripening since dissolution creates supersaturation 
which is reduced through growth on larger crystals. Regarding size dependent 
growth of larger crystals, occurrence of lattice defects and thus integration sites 
increases, leading to an increased growth rate.23 
Finally, it is to mention that other studies propose growth rate dispersion as 
explanation for apparent size dependent growth. One approach assumes that 
theoretically identical crystals under identical conditions merely grow at different 
yet individually constant growth rates. Alternatively, it is assumed that the 

 

Figure 2-4 Influence of operating conditions on diffusion controlled growth, 
adapted from Mersmann.24 
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average growth rate is the same for identical crystals considering indefinite time. 
However, as it varies over time, the observed growth rate over the course of an 
experiment varies as well. For the sake of completeness, aggregation as a group 
of processes during which single particles merge and form larger particles should 
be mentioned as well.23 
 

2.4 Reactive Crystallization 

Reactive crystallization represents a special case in crystallization. For 
evaporative, cooling and antisolvent crystallization, liquid-solid phase transition 
of the already existing target product is achieved by changing the physical 
properties of the solution. For reactive crystallization instead, crystallization is 
induced by a chemical reaction forming the target species. In case of sparingly 
soluble products this is also referred to as precipitation.24  
This is commonly obtained by mixing of two soluble reactants that simultaneously 
and rapidly react and crystallize into a product, which itself is sparely soluble in 
the solvent. As a consequence, reactive precipitation is generally more complex 
and difficult to control as it is based on competing sub steps. On one hand, it 
depends on the chemical reaction leading to the target product with its individual 
kinetics, which provokes supersaturation. This generation of supersaturation 
defines the nucleation and crystallization behaviour on the other hand. Both parts 
substantially depend on mixing in order to contact the reactants and product units 
for solids formation. The combination of low product solubility and high reaction 
rate between soluble reactants induces high supersaturations that significantly 
affect the properties of the final product.38 Therefore, precipitation products are 
especially affected by primary nucleation mechanisms leading to a high number 
of nuclei and small crystals between 0.1 µm and 100 µm.23  
This interplay between growth and nucleation defining mean crystal size is 
qualitatively depicted in Figure 2-5. As growth rate dominates at low 
supersaturations, it leads to a maximum crystal size. However, with increasing 
supersaturation the impact of the nucleation rate exceeds the linear growth rate. 
As a consequence, mean crystal size drops steeply. 
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Figure 2-5 Interplay of crystal size, nucleation rate and linear growth rate in 
dependence of supersaturation, adapted from Tung.39 
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2.5 Product Quality in Reactive Crystallization 

While the nature of precipitation is advantageously exploited in production of 
pigments or particles in the nanometre range, the opposite is desired in terms of 
processability (e.g. filterability) for a majority of products.28,39,40 Thus, in the 
following, an overview on the operational parameters that control supersaturation 
and consequently improve crystal size and processability is presented. It is 
followed by operational strategies targeting crystal purity with regard to the 
respective impurity incorporation site. In congruence with the objectives of this 
work, the respective parameters are assessed regarding the perspective of 
industrial applicability. Therefore, precipitation approaches based on T-mixers, 
with high supersaturations and small mixing times are excluded from the 
following statements, which instead focus on stirred tank reactors. 
 

2.5.1 Crystal Size Distribution 

Generally, low supersaturations are desired in crystallization processes as they 
promote the crystal growth over the nucleation thus preventing the generation of 
fine crystals, which predominates at higher supersaturation. This facilitates the 
production of a coarse crystalline product with a narrow crystal size distribution, 
as usually aimed.39,41 
Due to their nature, sparingly soluble products get rapidly supersaturated during 
formation which significantly complicates process control. Considering 
supersaturation (Equation 2-4) of a barely soluble substance with a small 
solubility product, two objectives can be derived in order to reduce and control 
supersaturation. Thus, on one hand, the (apparent) concentration of reactants 
should be reduced and on the other hand solubility of the product should be 
increased.29 While being sparingly soluble, the solubility of the precipitation 
product can be temperature dependent, and therefore, it can be increased by 
changing the process temperature at which reactants are mixed. Additionally, the 
solubility of a substance and its temperature behaviour is completely dependent 
on the applied medium (pure single solvent or solvent mixtures). However, 
regarding reactive precipitation, the insoluble product is formed of at least two 
reactants that are liquid initially. Thus, the solvent should be able to favour 
dissolution of reactants and product, but also its separation through a change of 
process conditions. Therefore, the selection of solvent must adhere to a rational 
approach to achieve a crystal product with the intended crystal size distribution, 
all while ensuring its suitability for the crystallization process, whether it involves 
cooling or evaporation. Moreover, the solvent often affects the resulting crystal 
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habit (e.g. inhibit growth of a specific face), a property that cannot be overlooked, 
due to its impact in the product properties.24 In addition, solubility can also be 
affected by impurities, that either lead to consecutive reactions that change the 
entire nature of the system or directly change the solubility of any of involved 
substance.22,24  
Regarding reactant concentration, several studies have proven the positive effect 
of a reduced concentration favouring production of larger crystals. This was 
shown for example for precipitation of benzoic acid or salicylic acid.42,43 
However, from an industrial perspective, direct dilution leads to an additional 
effort with respect to equipment size (e.g. pumps, vessels) and for general 
downstream processing (e.g. waste solvent treatment). Instead, increased mixing 
can induce a “diluting effect”, when considering a commonly used stirred tank 
reactor in a semi-batch set-up. In the ideal case, mixing leads to an even 
distribution of reactant molecules in the reactor volume and avoids local 
supersaturations at the dosing position.42–45 In addition mixing directly promotes 
mass transfer (e.g. thinner diffusive layer22) and thus promotes the availability of 
units for crystal growth at the integration site. In combination with the reduced 
supersaturation, this leads to significantly larger crystals.29 However, systems for 
which nucleation is limited by mixing time (e.g. calcium sulfate41), the opposite 
effect can be induced.  
Regarding systems that react beneficially on mixing, next to energy dissipation, 
impeller type or baffles, the interplay with reactant dosing must be considered. 
This includes, the feed position (e.g. on surface, on impeller), dosing speed and 
time, number of feeds or feed opening diameter. In an optimal setup the reactants 
would be slowly fed through a high number of afar distributed feed pipes with a 
small diameter directly into the zone of maximum energy dissipation. 42,45 
However, the effect of mixing and energy dissipation can only be exploited up to 
a certain individual maximum. By exceeding this maximum, collisions and 
attrition can induce secondary nucleation which in consequence reduces the 
crystal size.42  
On the contrary, secondary nucleation can also be exploited intentionally through 
seeding in order to circumvent homogeneous nucleation due to high 
supersaturations. A suitable addition of seeds (namely: size, amount, location) can 
provide surface for depletion of supersaturation by growth instead of 
homogeneous nucleation. These seeds can also be provided by means of product 
recirculation or in a continuous reactor setup. Thus, next to the mere advantage of 
continuous production (capacity, time, energetically) the process itself can 
provide seeds for secondary nucleation and low yet constant supersaturations 
(assuming sufficient mixing).29,38,39 However, these conditions are only the case 
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for reactors operating in a “mixed suspension mixed product removal” (MSMPR) 
mode, which favours the generation of coarser crystals. Alternative tubular 
reactors create high supersaturations and very short mixing times, that have the 
opposite effect.38 Regardless of the operational mode or condition the mere 
residence time of a crystal in suspension influences size as well. More time for 
depletion of supersaturation and effects like Ostwald ripening (see 2.3) can 
increase particle size.29 For details beyond this short and simplified overview on 
improving size of precipitated crystals it can be referred to McDonald et al., 
Myerson et al. and Mersmann and Kind.23,29,38  
 

2.5.2 Purity 

Next to the control of crystal size, crystallization represents a process that 
facilitates purification of the crystalline product. However, as mentioned in the 
previous chapter, impurities can also affect solubility and thus crystal habit and 
size. While impurities can also be present or added intentionally, the following 
chapter does only focus on measures to improve crystal purity regarding the 
recovery of a pure single target substance.  
Crystal impurities can be classified according to their location in or on the crystal 
and by their development and origin. A crystal with an evenly distributed foreign 
molecule or atom inside the crystal lattice (interstitial or substitutional) is called a 
liquid solution and can appear for chemically similar substances. Impurities can 
also undergo surface adsorption with subsequent incorporation into the crystal, 
similar to processes during crystal growth. Therefore, favourable incorporation 
sites are also favourable integration and growth sites represented by crystal 
defects. At last, impurities can be also included in the crystal (inclusions) or 
adhere to the surface of the crystal as a consequence of insufficient washing (e.g. 
solvent, mother liquor). This effect can be especially pronounced for small or 
dendritical crystals, as they provide a larger specific surface.22,23  
While sufficient washing provides a direct strategy to improve crystal purity for 
adhering impurities after crystallization by displacing the impurities from the 
crystal and mother liquor interstices, different strategies are necessary to reduce 
incorporated impurities during the crystallization process. Regarding solid 
solutions the difference in solubility between impurity and target substance 
displays a strategy to be exploited. Thus, by increasing the solubility of the 
impurity relative to the target species, the partition coefficient of the impurity 
increases towards the liquid phase. This effect requires a suitable solvent but can 
also be induced by benefitting from a different temperature dependent solubility 
between both substances. Additionally, an overall reduction of the concentration 
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of the solution can reduce the share of incorporated impurities.23 A different 
approach focusses on a steric hindering of incorporations by complex assisted 
crystallization. Its central idea is selective binding of the impurity molecule with 
a complexing agent. This has successfully been applied for cases in which target 
and impurity molecule have different functional groups but also for structural 
isomers.23 Thus, in a study by Pons-Sieperman et al. 4-nitrophenol was purified 
from 3-nitrophenol through addition of 3-Aminobenzoic acid. This complexing 
agent provided a hydrogen bond acceptor and donator site and had the highest 
molecular mass of the investigated agents which they assumed as prove for its 
steric inhibition effect. They reached an impurity incorporation reduction of up to 
89 % which positively depended on the amount of complexing agent. However, 
this additive was also incorporated into the crystal to a small amount consequently 
representing an impurity itself.46 
Considering inclusions in crystals, their formation can occur during (primary) or 
after growth (secondary inclusions). While secondary inclusions are understood 
to form in cracks as the result of capillary forces, primary inclusions are still not 
fully understood.22,23 However, experiments on adipic acid appear to prove the 
theoretical approaches stated by Mullin. Due to different growth rates of different 
crystal faces in addition to the faster growing edges, voids form and are overgrown 
during growth leading to inclusions.22,47 This effect is reduced for smaller crystals 
and can be controlled by small growth rates through reduced 
supersaturation.22,23,47 However, occlusions of solvent or washing liquid can also 
form during subsequent drying of a crystalline product. Given sufficient species 
solubility, fast evaporation of solvent during drying can induce a crystal layer to 
form at the exterior trapping residual solvent inside. Being especially present for 
small crystals, this effect can be prevented by slow drying at low temperatures.39  
In conclusion, it can be deduced that operating parameters that reduce 
supersaturation (e.g. concentration, stirring rate, solubility) can similarly reduce 
the amount of impurities incorporated in the crystal. 
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3 State of the Art 

The investigation in this work covers the reactive precipitation of terephthalic acid 
(TA) from its alkaline DST solution. This alkaline solution is the result of a BMR 
process by alkaline hydrolysis. It displays an alternative to thermomechanical 
PET recycling to approach the recycling of challenging PET containing materials 
that cannot be recycled so far (e.g. multi-layered and undersized PET).  
The following chapters are intended to classify this research work on TA 
precipitation and its necessity within the field of PET recycling whose lifecycle is 
simplistically schematised in Figure 3-1. 
The first step in a PET lifecycle is its synthesis via polycondensation (3.1.1) which 
with regard to BMR simultaneously represents the repetitive final step to recover 
PET. After synthesis, the PET is adjusted to its respective application, processed 
repeatedly and exposed to various contaminants.2,4. This history of the PET 
material substantially defines the necessary effort for its recycling, where each 
step contributes contaminants which must be handled during recycling.  
However, with regard to strongly coloured, additive-enriched or mixed polymer 
feedstocks, existing thermomechanical recycling technologies (chapter 3.1.2) 
have already reached their limits.49,50 This represents the opportunity for chemical 
recycling processes and within, especially BMR processes which are introduced 
in section 3.1.3.  
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Figure 3-1 Overview and classification of the present research work within the 
PET lifecycle, adapted from Biermann.48 



20 

State of the Art 

However, the products of BMR must meet the requirements for subsequent
reapplication and polycondensation. In terms of the crystalline TA monomer, this 
comprises a high purity product with a specific particle size and morphology 
leading to a desired rheological behaviour.20 Therefore, chapter 3.2 presents the 
common pathway regarding fossil PTA production as well as approaches for 
recovery and purification of rTA.  
Nevertheless, this research work does not target the final adjustment of the rTA 
properties for polycondensation after recycling, as it is considered a consecutive 
step. Instead, it aims for the optimization of the precipitation for rTA recovery in 
order to ease processability and reduce impurities. Therefore, section 3.2.3 
introduces current studies and  
approaches regarding the optimization of the precipitation step. As this is affected 
by the quality of the raw PET reactant17, chapter 3.2.5 emphasizes the complexity 
of the PET product (“waste”) regarding the variety of possible contaminants, 
which must be handled by a recycling process. Finally, these challenges together 
with the requirements on a rTA product are merged to a methodical approach (3.3) 
to identify the possible advantages that can be exploited by the TA precipitation 
step.  
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3.1 PET Synthesis and Recycling 

The following sections introduce the common PET manufacturing process and 
different technological approaches for PET recycling considering their individual 
applicability and potential regarding different feedstock requirements.  

3.1.1 PET Polycondensation 

The production of virgin PET (vPET) is industrially approached via two different 
methods. Historically, trans-esterification of dimethyl terephthalate (DMT) with 
EG used to be the preferred process since only DMT purification by distillation 
could provide sufficient monomer quality for polycondensation.10,51 However, the 
development of improved catalysts for synthesis and purification methods for TA, 
see also 3.2.1, lead to the now domination direct esterification, explained in the 
following.10,11  
At first solid TA and liquid EG are mixed to form a slurry (molar ratio e.g. 1: 1.25) 
and subsequently reacted to build Bis(2-hydroxyethyl) terephthalate (BHET) and 
water as by-product. This esterification is conducted at approximately 250 °C and 
5 bar to promote TA solubilisation in EG.4 In the consecutive step, the pre-
polymer of PET is formed under vacuum and temperatures up to 280 °C in order 
to remove by-product water.51 While initial esterification is self-catalysed by TA, 
the formation of the polymer relies on the use of catalysts commonly based on 
antimony.4 This pre-polycondensation reaction is proceeded until a mean 
oligomeric chain length of 30 repetitive units is reached.51 Afterwards 
polycondensation is continued and temperature is increased up to 300 °C in order 
to remove the initial molar excess of the EG monomer. This is necessary as EG 
tends to react to diethylene glycol under these conditions, which significantly 
alters PET properties, thus, its formation must be controlled.4,52 The 
polycondensation is continued up to a mean chain length of approximately 100. 
However, regarding bottle grade PET, values of more than 150 repetition units are 
necessary. This is accomplished in a subsequent solid state polycondensation 
(SSP) step. During SSP low molecular PET is held at elevated temperatures of up 
to 240 °C for up to 25 h until the desired molecular weight and thus intrinsic 
viscosity is reached (e.g. 0.7 g/dL - 0.85 dL/g for bottle grade PET11).51 Within 
the presented synthesis process of PET homo polymer itself, incorporation of co-
monomers forming copolymers in order to alter PET properties is widely applied. 
With regard to bottle grade PET and food packaging in general, especially 
isophthalic acid (IA) is a commonly used co-monomer to slow down PET 
crystallization (steric inhibition, see also 3.2.5).51–53 This is primarily desired as 
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only amorphous PET is transparent whereas semi-crystalline PET is white or 
opaque.11 

3.1.2 Thermomechanical PET Recycling 

The thermomechanical recycling of PET refers to several steps aiming to restore 
a save and stable polymer suitable for reuse in its original application. With regard 
to PET in plastic packaging this recycling is widely applied for the omnipresent 
PET bottle. In order to maintain a constant quality and a low level of 
contamination of the feedstock, the PET bottles are kept in a closed-loop e.g. by 
means of deposit return systems.2 This feedstock of bottles made from PET mono-
material is subsequently sorted, screened, shredded, washed, re-extruded and 
blow moulded into new preforms and bottles. However, this mechanical recycling 
is limited to a maximum of five to six cycles for a bottle due to thermal 
degradation and contaminants which severely reduce physical PET properties like 
tensile strength.4,54,55  
Additionally, an increase in recycled content crucially influences optical 
properties of PET (e.g. haze, yellowing) despite the strong influence of the quality 
and purity of the used rPET itself.8,56,57 Therefore, optimistic future scenarios 
assume a mixture of 75 % high quality rPET and 25 % vPET to be realistic for 
indefinite mechanical recycling.2 While this proves the limits of 
thermomechanical recycling, it also emphasizes the necessity of BMR processes 
for achieving a complete recycling rate without vPET provision.  
Figure 3-2 shows the results of a case study on PET bottle circularity in Europe. 

The closed loop recycling of clear bottles placed on market (POM), symbolizing 

Figure 3-2 Current state (2022) of European PET-bottle mass flows.50 
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e.g. the result of the deposit return systems cycles only about 15 % rPET. While 
an additional 4 % is being fed to coloured and opaque POM, 32 % rPET are 
downcycled to other PET applications and more than 40 % are lost directly.  
However, in comparison to coloured and opaque POM which are limited to a 
single use, clear POM represent a rather positive example. These numbers 
emphasize the need for recycling solutions for PET end-of-life applications where 
practically every POM eventually ends up.  
The limits of mechanical recycling are a product of the interplay between polymer 
degradation through the recycling process in addition to its catalysis by 
degradation products and contaminants.6,51,54 The first step in mechanical 
recycling, regarding a well sorted PET flake fraction as input material, is (hot) 
washing with caustic soda and detergents. As any remaining water promotes 
undesired hydrolysis of the polymer, PET flakes are subsequently dried. In a 
conventional setup, these cleaned flakes are now fed into an extruder with a 
vacuum unit for removal of volatile components especially acetaldehyde.2,54 
However, after melt filtration and pelletizing the resulting rPET does not possess 
sufficient quality for reapplication as a bottle yet.  
Therefore, several processing methods have been developed next to additives and 
admixture of vPET.2,8,51 These processes are referred to as “super clean recycling” 
(SCR) processes.54,58 Among these, partial depolymerization of the PET flake 
surface displays one approach. By coating the flake surface with sodium 
hydroxide and heating to a temperature above 150 °C, a minimum of 10 µm of 
the flake surface are hydrolysed to DST and EG. Thus, migrated contaminants are 
released and subsequently removed by washing together with soluble EG and 
DST. A different method decontaminates PET flakes at temperatures ranging 
from 180 to 230 °C for up to 2 h under vacuum or inert gas atmosphere. The 
applied temperature allows for contaminants to diffuse out of the polymer. Its 
application on thin flakes comes with the advantage of reduced distance and time 
for diffusion of contaminants compared to pellets. While the energy demand and 
the residence time are comparably low for these two SCR processes, the intrinsic 
viscosity (IV) does not increase as desired since low molecular weight compounds 
remain in the polymer.  
This challenge is overcome by SSP, adapted from the PET manufacturing process, 
presented in the previous chapter.58 While this process has been considered too 
slow and expensive for industrial application initially, it is now widely 
applied.51,58 SSP is usually performed on pellets at temperatures between 180 and 
230 °C for 6 to 20 h in batch or continuously operated reactors. Regarding 
contamination, the larger diffusion distance of pellets compared to flakes is 
compensated through longer residence times.51,58 Next to this decontaminating 
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effect, SSP improves the IV and restores the polymer chain length which is 
supported by the catalyst remaining in the PET after initial polycondensation.8 It 
provides more time for diffusion of low molecular substances (e.g. water, EG) in 
the polymer matrix. Thus, also water that is newly reacted during SSP is shifting 
the polycondensation reaction equilibrium towards the polymer. For this reason, 
SSP is always applied when a long chain length and high IV are needed.4 
However, with regard to realistic sorting qualities of PET, contamination with 
degradation catalysts like polyvinylchloride or polyamides cannot be completely 
avoided, making indefinite thermomechanical recycling impossible.2  
For the sake of completeness, a different SCR process based on highly pure PET 
material shall be mentioned as it applies glycolysis, a BMR method, in 
conventional PET manufacturing. In a parallel recycling plant, high quality PET 
flakes (no contaminations, no colourants) undergo a glycolytic depolymerization. 
The resulting mixture of PET oligomers possesses a composition comparable to 
the pre-polymer during the polycondensation process, mentioned in the previous 
chapter (3.1.2). Therefore, this mixture is applied as an alternative feed for the 
subsequent melt-phase condensation step. Typical values in industrial application 
report an addition of 10 - 30 % of rPET. Nevertheless, since contaminants cannot 
be removed within this process, the introduced material has to meet vPET quality 
with regard to purity.58 
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3.1.3 Back-to-Monomer Recycling 

In order to overcome the limits of mechanical recycling when using PET 
feedstock, alternative recycling approaches can be classified into their respective 
target output with regard to the PET life cycle.  
Thus, Figure 3-3 shows an overview of the different recycling approaches and the 
application of their products in order to close the loop for PET recycling.  

Generally, the size of the displayed cycles can be interpreted as the effort 
necessary for reuse of PET product. Thus, by direct reuse (green) and methods 
maintaining polymer the polymer matrix (yellow), the smallest individual effort 
is needed. Regarding chemical recycling (blue/ purple), a general classification of 
recycling effort is not possible as the approaches and their products differ 
substantially. Initially, chemical recycling has primarily been connected with 
pyrolysis or gasification processes requiring high temperatures and pressures. The 
products of these processes are syngas or complex mixtures of hydrocarbons 
similar to crude oil from fossil sources. The necessary purification of these 
mixtures in order to reach polymeric grade purities is nearly impossible.59 
Additionally, the products of these processes represent early precursors in the 
crude oil process chain towards a final product. Instead, chemical recycling that 

 

Figure 3-3 Simplified plastic lifecycle and classification of recycling 
technologies with regard to respective input and output streams, 
colour code from green to red refers to qualitative effort for plastic 
reapplication, adapted from Brepohl et al..49 
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produces monomers (= BMR) builds on the selective breakage of polymer chains 
into their defined monomeric building blocks. On one hand, additives and 
contaminants are released from the polymer matrix and can be eliminated by 
different separation techniques. On the other hand, the selectively separated 
monomers can be used directly for new production of polymers in virgin 

quality.49,59–61 Thus, BMR represents the consequential consecutive step to 

recycling, when thermomechanical and polymer-structure maintaining 
approaches come to their limits. There are different methodical approaches 
regarding BMR of polycondensates. 
 

1. Aminolysis or ammonolysis by addition of aqueous amine (ammonia) 
solutions yielding amides (mainly under research focus).59,60 

2. Methanolysis uses methanol to produce DMT and EG. DMT can be 
purified more easily by distillation than TA and used to be the standard 
PET monomer. Industrial application for various PET feedstocks is 
currently focused by Loop Industries and Eastman chemical 
company.7,60 To date, methanolysis is reported to be the only 
industrially accomplished chemical PET recycling path.62  

3. Glycolysis applies EG for depolymerization resulting in the PET 
monomer Bis-hydroxyethyl terephthalate and oligomers of similar 
structures. The process relies on mono-layered PET and is currently 
under development by Ioniqua Technologies and Garbo.7,63 

4. Hydrolysis can be conducted in neutral acidic or alkaline environment 
and can also be catalysed enzymatically. These methods eventually 
produce TA and EG monomers for direct polycondensation to PET. 
Several companies follow this approach, e.g. RITTEC 8.0 
Umwelttechnik, gr3n or carbios.60,64  

 
Due to the direct applicability of monomers and the broad range of possible 
feedstocks hydrolysis (4) and especially alkaline hydrolysis represent promising 
procedures.65 An overview about different studies and current technological 
approaches on alkaline hydrolysis is presented in the following chapter.17 
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3.1.3.1 Alkaline Hydrolysis 

A BMR approach studied extensively is offered by selective alkaline hydrolysis 
producing EG and an alkali terephthalate salt, as a TA precursor (Figure 3-4). It 
possesses several general advantages in comparison to acidic and neutral 
hydrolysis processes. On one hand, alkaline hydrolysis allows for simple 
separation of solid impurities due to the aqueous solubility of the reaction products 
TA-salt and EG.  

Instead, neutral and acidic hydrolysis produce solid TA directly, which has to be 
dissolved in order to separate it from solid residuals. On the other hand, alkaline 
hydrolysis does not produce oligomeric reaction products as the alkaline reaction 
partner selectively attacks the ester binding, in contrast to neutral hydrolysis. 
Additionally, neutral hydrolysis requires a significantly higher pressure and 
temperature, as it is reported to be most effective on PET in its molten 
state.62,63,66,67  
In view of the above, the following section focuses on the most advantageous 
approaches based on alkaline hydrolysis with studies investigating process 
parameters, different feedstocks or catalyst variations. 
Kosmidis et al. hydrolysed PET with the help of a phase transfer catalyst in 
aqueous sodium hydroxide solutions of 5 wt.-% up to 15 wt.-% at temperatures 
between 70 °C and 95 °C. Despite the mild conditions, they achieved TA yields 
exceeding 90 %. With regard to yield and reaction time they found that a high 
sodium hydroxide concentration and small PET particle size at high temperatures 
promoted depolymerization best.68  
Cosimbescu et al. took an organic co-solvent approach for depolymerization of 
mixed PET waste under low temperature conditions. While varying the PET chip 
size and sodium hydroxide concentration like Kosmidis et al. they added EG or 
ethanol to an aqueous sodium hydroxide between 20 wt.-% to 30 wt.-%. They 
observed similar parameter effects like Kosmidis et al. for chip size while 
hydroxide concentration appeared to be irrelevant at applied concentrations. 

 

Figure 3-4 Stoichiometric reaction equation of alkaline hydrolysis of PET with 
sodium hydroxide. 
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However, the application of ethanol resulted in yields of up to 95 % within 2 h for 
mixed PET waste in a simple laboratory flask set up at a temperature of 80 °C.69  
Karayannidis et al. focused on the influence of reaction time and depolymerization 
temperature in aqueous sodium hydroxide reaching almost 98 % yield after one 
hour at 200 °C, the highest temperature tested. They compared the procedure to 
depolymerization in nonaqueous 2-methoxyethan-1-ol with potassium hydroxide 
at 120 °C and reached a yield of more than 80 %.70  
Tournier et al. engineered an enzyme being able to depolymerize PET aiming for 
an increased productivity. In their best experimental setup, they converted more 
than 90 % PET within 10 h at 72 °C. During their experiments they had to 
maintain a slight alkaline pH by constantly adding sodium hydroxide in order to 
avoid enzyme inhibition by acidification of the produced TA. 16,64 Therefore, their 
approach applies stoichiometric amounts of sodium hydroxide and is considered 
most similar to alkaline hydrolysis as well.  
Ramopoulus et al. presented a continuously operated industrial scale microwave 
reactor for alkaline PET hydrolysis. The reactor consists of glass tubes in which 
Archimedean screws transport the reaction media.71 More details on the holistic 
approach including this microwave reactor design for alkaline hydrolysis 
approach are presented by Crippa and Morico with the DEMETO technology. 
They report a yield of 98 % in less than 30 minutes for alkaline hydrolysis with 
additional use of ethylene glycol.6  
A similar approach is reported by Biermann and Brepohl using a twin screw 
extruder two continuously depolymerize PET and Polyethylene (PE) dual layer 
packaging with solid sodium hydroxide.14,72 Within an average residence time of 
1 min, the reach degrees of depolymerization of up to 97 %. Together with the 
usage of industrially available (standard) and scalable equipment this approach 
represents significant advantages compared to the previously mentioned 
studies.14,72 Since the PET reactants used within the present work were 
depolymerized by this technology, it is extensively described in the following 
chapter.  
 

3.1.3.2 revolPET® Technology 

The PET reactants used throughout this work originate from an approach on 
alkaline hydrolysis, patented by Rittec 8.0 Umwelttechnik GmbH and first 
reported by Biermann and Brepohl et al..14,72 Its central idea is the continuous 
depolymerization of so far unrecyclable PET waste fractions like the common 
PET/PE packaging compound. Its PET content is selectively hydrolysed to DST 
and EG while PE stays inert and can be separated subsequently as solids.  
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A simplified flow chart of the process is displayed in Figure 3-5. 
 

 

Figure 3-5 Simplified flow chart of the revolPET® process, colour code refers 
to current state of development of the pilot plant. 
 

In detail, the apparatus used for depolymerization is a twin-screw extruder ZSE 
27 MAXX by Leistritz Extrusionstechnik GmbH with a main feeder for waste 
PET material (e.g. flakes, pellets) and a side feeder for solid sodium hydroxide. 
The reaction zone of the extruder is initially heated to process temperature 
between 130 °C and 160 °C. Due to the exothermal reaction, heating is not 
required but cooling during continuous operation. As a result of an average 
residence time of 60 s and injection of cold water to partly dissolve the DST 
solids, thermal runaway is not an issue. Furthermore, a lower reaction temperature 
reduces coloured impurities in the final TA product.73 Despite its short residence 
time, the process reaches degrees of depolymerization of up to 97 %.14,15 At the 
current state of development, depolymerization is performed at a throughput of 
6.96 kgPET/h.  
After depolymerization the partially dissolved reaction mixture is mixed with 
sufficient deionised water to completely dissolve the DST (~130 g/L max.74). 
Afterwards, the undissolved solid residue containing unreacted PET, foreign 
polymers, pigments or fibre is removed by means of filtration up to a limit of 
45 nm.  
This coloured but practically particle free solution is referred to as PET reactant 
throughout this work. In contrast to the process displayed in Figure 3-5, this 
solution is not purified further prior to conducting the precipitation experiments 
in this work, in order to stress and identify the purification potential of the 
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precipitation. However, within the revolPET® process this solution is treated with 
regard to dissolved and colour forming impurities by an activated carbon 
treatment.75 The resulting transparent and colourless solution is acidified with 
sulfuric acid leading to instant precipitation of TA with a Hazen colour index > 10 
in line with industrial specification. By means of filtration the TA product is 
washed and separated from its mother liquor containing the second monomer EG 
and the sodium salt of the precipitation acid residue.  
However, at the current state of development precipitation of TA leads to 
disadvantageously small crystals that significantly inhibit TA recovery by 
filtration and its washing. Furthermore, in contrast to the continuous 
depolymerization, TA precipitation is performed in batches leading to a reduced 
productivity. Additionally, PET packaging commonly contains the TA co-
monomer IA which cannot be removed through the current purification step using 
adsorption. Therefore, next to optimizing the crystal size (and processability) as 
well as a transfer to continuous operation, especially the separation of colourless 
IA (3.1.1 and 3.2.5) is targeted in this research work.  
Regarding the mechanically dehumidified TA after filtration, two possible routes 
are under current consideration. As precipitated TA crystals significantly differ in 
their size and morphology from large and rounded purified TA (PTA) crystals, 
their reapplication as a drop-in product could require recrystallization, prior to 
drying. In the opposite case of industrial suitability regarding precipitated TA 
processability, it can be dried directly.  
Regarding the recovery of the second monomer EG, at the current state of 
development, different technologies are still under consideration (e.g. 
rectification, membrane-based processes). Thus, only partial concentration by 
evaporation of water in the mother liquor is conducted at the pilot plant scale so 
far. The recovered water from the distillate can be reused for the dissolution step 
of the depolymerization product.  
Additionally, the mother liquor contains significant amounts of sodium sulfate by-
product (~0.9 gNa2SO4/gTA). Therefore, different crystallization approaches are 
currently under consideration in order to recover the salt and recirculate the water.  
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3.2 Terephthalic Acid  

The huge worldwide demand of polyester fibre and PET packaging has led to a 
constant growth of production of TA (1,4-benzene dicarboxylic acid [100-21-0]), 
putting it among the top ten organic chemicals produced globally.10 The following 
chapters give an introduction into the decisive properties of the dicarboxylic acid 
with regard to its synthesis from p-xylene and purification but also subsequent 
polycondensation. Next to introducing the solubility data of TA reported in 
literature, its morphological appearance originating from the industrial 
purification process is displayed. Additionally, the alternative production 
approach through precipitation after alkaline hydrolysis is presented. It is 
concluded with the challenges and chances regarding the precipitation process and 
the specific impurities of the PET feedstock.   

3.2.1 Synthesis by p-Xylene Oxidation 

The growing demand for PET in packaging, textile or technical applications was 
the main driver for an increase of p-xylene (PX) production representing the main 
precursor for PTA synthesis. Therefore, from year 2000 until 2020 the annual PX 
production capacity has more than tripled from 20 to more than 70 mio. tonnes.76 
The raw material for PX production mainly consists of C8-aromatic isomers (ethyl 
benzene, o-, m-, p-xylene) whose close boiling points complicate separation by 
distillation. Therefore, the main supply of PX is produced by the simulated 
moving bed (adsorption based) Parex™ process.76  
In a similar manner global production of PTA is mainly based (up to 76 % in 
2018) on the Amoco process which is being introduced in the following.10,77 For 
an extended insight into the reaction mechanisms of the synthesis it is referred to 
the review by Tomás et al..78 Generally, the process is split in two consecutive 
parts – synthesis and purification. In the first stage PX is oxidised at temperatures 
between 180 °C to 220 °C using air as oxygen source under pressures from 15 bar 
to 30 bar. The reaction is homogeneously catalysed by salts of Co(II) and Mn(II) 
mixed with a bromide source in aqueous acetic acid and exceeds yields of 
95 mol%. Despite this nearly complete oxidation of the methyl groups, the 
resulting crude TA is contaminated with partly oxidised intermediates (Figure 
3-6).  
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Figure 3-6 Simplified reaction of PX to TA and intermediates p-toluic acid and 4-CBA 
(from left to right). 
 

Next to a variety of coloured low concentrated by-products, especially the 
presence of critical amounts of 4-carboxybenzaldehyde (4-CBA) demand a 
subsequent purification step.79 As 4-CBA possesses only one carboxylic group for 
esterification, it acts as chain terminator in the polycondensation process and 
drastically reduces chain length and stability of the final polymer.78 The 
purification process uses hydrogenation to reduce 4-CBA to p-toluic acid next to 
reduction of yellow and other impurities. However, as structurally similar 
substances to TA like 4-CBA are incorporated in the crystal matrix, crude TA 
must be dissolved completely in order to access these impurities. At temperatures 
exceeding 260 °C at least 15 wt.-% of crude TA are dissolved in water under 
presence of excess hydrogen and a highly selective fixed Palladium catalyst. In a 
subsequent cascade of crystallizers, the temperature is reduced stepwise by flash 
evaporation of water which induces crystallization of TA. Due to the significantly 
enhanced solubility of the reduced impurities (e.g. p-toluic acid) in comparison to 
TA, these remain in the mother liquor and are filtered off. The resulting purified 
TA displays a white (hazen colour index < 10) powder with less than 25 ppm of 
4-CBA.10,80 Since this PTA is used for PET synthesis, it equally represents the 
raw material for BMR processes. Consequently, rTA is based on a highly purified 
bulk chemical displaying a promising opportunity regarding the necessary 
purification effort in BMR.  
 

3.2.2 Polymorphism and Morphology 

The importance of the crystalline appearance of commercially available TA is 
motivated by its behaviour in PET synthesis. As the single molecules of TA and 
EG co-monomer are alternating in the PET chain, their molar ratio during 
synthesis must preferably be as close to one as possible.21 Regarding weight ratio, 
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this results in a mixture of approximately 70 % solid TA with 30 % EG (volume 
ratio 60/40 TA/EG20). In order to reach a flowable and polymerizable mixture, the 
resulting slurry viscosity must be below 3.5 Pa∙s. It is to mention that the slurry 
viscosity cannot be adjusted by adding surplus EG exceeding a molar ratio of 1.4, 
as undesired condensation of EG molecules to diethylene glycol reduces polymer 
stability (see also 3.1.1).21 Therefore, in order to achieve these requirements, TA 
crystals with a rounded morphology and a low specific surface area are applied, 
as these have been evidenced as the only way to keep the desired molar ratio and 
viscosity in the PET synthesis.20 
Several studies have been conducted to connect the molecular arrangement (in the 
crystal structure) and crystallization behaviour of commercially available TA to 
its macroscopic appearance.81–84 To date, the existence of three different 
polymorphs of TA has been reported, with triclinic polymorphs I and II and the 
monoclinic polymorph III. This chapter will focus on polymorph I and II as their 
transition is reported to be responsible for the rounded morphology developing 
under industrially relevant conditions. For further information on the third 
polymorph, it may be referred to the publications by Sledz et al. and McKinnon 
et al..84,85 
Difficulties in classification of the TA polymorphs have led to inconsistencies in 
nomenclature of these in the literature. As a consequence, the classification on the 
polymorphs by Bailey and Brown, Gerasimov et al. and Träger and Jostmann is 
the reverse to Davey et al. and later publications, which is used hereafter.20,81–83 
Generally, polymorph II is reported to be more stable at room temperature with a 
transition from II to I between 75 and 100 °C. This transition is completed at 
temperatures above 150 °C where the majority of crystals are represented by 
polymorph I.82 Figure 3-7 displays a simplified two-dimensional arrangement of 
single TA molecules in their respective crystal lattices.  

 

Figure 3-7 Molecular arrangement of TA polymorph I and II, adapted from 
Davey et al..81 
 

Both polymorphs consist of chains of TA molecules connected through hydrogen 
bonds between their carboxylic groups. The difference between form I and II is 
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the angular arrangement between TA molecule chains. While the aromatic 
benzene rings in adjacent layers of form I are almost directly in line, they are 
shifted in form II and alternate with the carboxylic groups. This leads to a rhombic 
shape of single form II crystals and a rather rectangular shape of form I in 
equilibrium.81 Although being metastable at room temperature commercially 
available PTA is reported to be commonly found as polymorph I.81 This 
polymorph features a tendency towards crystal twinning allowing for apparent 
growth by merging in lateral direction of its needle axis. Davey et. al revealed this 
microstructure of parallel needles inside PTA by cutting single rounded crystals 
with a microtome knife. 
They assumed a mechanical stabilisation of the otherwise unstable polymorph I 
by adherence of adjacent needle twins making a morphological transformation 
impossible. In their experiments, recrystallization of twinned polymorph I crystals 
was only achieved under presence of p-toluic acid. Additionally, they concluded 
that the high temperature and pressure conditions of industrial purification process 
in combination with high supersaturation lead to twinned form I crystals. The 
original facetted surface could turn into the rounded morphology as the result of 
abrasive forces during production (Figure 3-8).  

  

 

Figure 3-8 SEM image of purified terephthalic acid. 
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Regardless of the polymorph they observed that the direction of growth is not 
along the hydrogen bonded chains but normal to these.81 In accordance with 
earlier work on adipic acid, they assume that the strong binding of water 
molecules to these carboxylic groups inhibit an extension in this direction. 
Instead, the desorption of water molecules from these sites would rule lateral 
growth.86 For general comparison, a particle size distribution of PTA crystals is 
displayed in the Appendix (Figure 8-1). 
 

3.2.3 Precipitation from Alkaline Solution 

This chapter comprises the recent developments and investigations on TA 
precipitation in BMR processes towards adjustment and optimization of its 
properties. A detailed description of the TA precipitation chemistry is presented 
in section 3.2.6. Apart from recycling approaches, precipitation of TA from its 
alkaline salt has also been reported in other fields with a different focus. Thus, in 
the 1950ies the so called “Henkel process” for production of TA used 
hydrochloric acid for precipitation of TA from dipotassium terephthaltate.87 A 
different source of DST solution are effluents from polyester fibre manufacturing 
and dying plants. They apply sodium hydroxide to modify (partly depolymerize) 
the PET surface in order to achieve a silky touch and improved colour durability. 
The objective by TA precipitation through acidification is wastewater treatment 
by reducing the chemical oxygen demand (COD).88,89  
To date, with regard to alkaline hydrolysis, the majority of publications focusses 
on advantageous and innovative depolymerization, showing the  
growing attention on alkaline hydrolysis. These studies apply precipitation of TA 
in order to proof feasibility of their respective depolymerization concept for BMR. 
Apart from purity analysis, no evaluation of TA crystal quality and the industrial 
applicability is reported.12,16,68–71  
In contrast, only a few studies have been published so far with a research focus 
on the recovery of TA by precipitation.17,18,90  
A short overview of these studies and their parameters is given in Table 3-1. In 
the following, a detailed description of the different approaches is presented. The 
DST reactant used by Wu et al. originated from wastewater of polyester fibre 
plants. However, they aimed for the recovery of high purity TA meeting industrial 
specifications instead of mere reduction of COD (see also 3.2.5). Therefore, they 
divided their process into two parts to enhance TA solubility and overcome 
supersaturation issues.19 In their first recovery step, they precipitated TA at 80 °C 
with sulfuric acid directly from wastewater. They reported a mean crystal size of  
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less than 10 µm and a purity of 80 %. In order to improve crystal size and purity 
they applied a cooling crystallization step. 
 
Table 3-1. Overview of research studies focussing TA precipitation. 

 
Hence, crude TA was dissolved and recrystallized in N, N-Dimethylacetamide 
(DMAc) from 70 °C to 30 °C with varying cooling rates (0.78-1.88 K/min). 
Generally, the enhanced solubility in DMAc led to higher purity and significantly 
larger TA crystals. They found that the slower applied natural (not linear) cooling 
rates were able to produce crystals larger than 100 µm. Especially, the rate of 
1.18 K/min resulted in enlarged crystals with a narrow size distribution. 
Microscope pictures showed a rod-like structure of TA crystals. The visually 
assessed aspect ratio appeared to be more equant-shape in comparison to 
precipitated needle-like TA. However, a disadvantage of using DMAc was a 
maximum yield of 86 % due to residual TA at 30 °C in the solvent. Additionally, 
with regard to food packaging of rPET from rTA, the toxicity of DMAc might 
limit its application.  
Lee et al. used aqueous sodium hydroxide to depolymerize mineral water 
bottles.18 However, instead of depolymerization their main focus was to tailor a 
TA that directly meets industrial specifications after a one step process. Therefore, 
they combined several approaches for increasing TA solubility and reducing 
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supersaturation during precipitation. On the one hand, they introduced dimethyl 
sulfoxide (DMSO) as co-solvent being completely miscible with water. In order 
to avoid precipitation of DST by addition of DMSO, they premixed it with their 
precipitation acid (PA), sulfuric acid. Additionally, they dosed the DST solution 
after depolymerization into the crystallizer containing DMSO and the PA. As a 
result, solubility for TA during TA formation was enhanced and antisolvent 
crystallization of DST avoided. Furthermore, they precipitated at elevated 
temperatures up to 75 °C to promote TA solubility and implemented a cubic 
dosing technique to minimise supersaturation. For this technique, a single feed of 
DST solution was dosed in 10 equal amounts but different intervals of time. These 
intervals got shorter over course of the experiment and describe a cubic function. 
The intention behind this cubic dosing technique is avoidance of excess initial 
nucleation while promoting growth on existing TA crystals as the precipitation 
advances. In order to increase the reduced yield due to solubility losses to DMSO 
solvent, they proceeded with a cooling crystallization step in between two feeding 
steps. An additional heating and cooling cycle at the end of the experiment could 
only improve crystal morphology and processability, in terms of filterability, 
slightly. The results of their approach lead to a rounded TA morphology and 
improved filterability evaluated by the pressure drop and depending drying time. 
However, regarding crystal size, the microscopic analysis revealed a maximum of 
20 µm while the average crystal appeared to be smaller than 10 µm. In addition, 
the use of DMSO comes with the downside of a reduced yield, reduced DST 
solubility, and a solvent mixture leading to additional downstream effort stressing 
process economics. Regarding solvent recycling, the proximity to the EG boiling 
point (197 °C for EG vs. 189 °C for DMSO) could complicate its technical 
application.92 Additionally, its decomposition temperature (190°C) is rather low 
and unfortunately catalysed by acids. Nevertheless, their cubic dosing approach 
as a batch procedure could be transferred to a continuous procedure in a reactor 
cascade.  
A similar approach was targeted by Yazaki et al. who invented an entire 
depolymerization process in continuous operation. With regard to precipitation 
they used a cascade of two reactors with sulfuric acid as PA, of which the first 
reactor was held at a constant pH of 6 and the second at target pH 2 to 4. The PA 
was fed through the hollow shaft of the stirrer, in order to reduce concentration 
peaks of the PA upon dosing by improved mixing. Additionally, they mixed the 
PA prior to dosing with mother liquor after the second crystallizer, diluting the 
PA without additional solvent. A subsequent classifier was used to separate and 
recycle small crystals to the first reactor. However, according to Yazaki et al., 
these crystals were dissolved and did not serve as seeds. Next to these instrumental 
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measures, they also crystallized at elevated temperatures up to 85 °C, which 
significantly improved processability of TA. An analysis of the polymorphic state 
crystallized in the transition range was not performed, although the temperature 
hence the rounded morphology could not be correlated to polymorph II.91  
A recent investigation by Marlena et al. focussed on precipitation of TA from 
polyester weight reduction waste water. In a first step they precipitated TA with 
sulfuric acid from purified solution (activated carbon). After washing and drying 
this crude TA was dissolved in sodium hydroxide followed by a semi-batch 
precipitation. Therefore, they precipitated TA from a 0.06 M DST solution in 
batch mode which served as bulk media and did not contain EG. Its condition was 
adjusted to the desired target pH of 3, 4 or 5 and a temperature between 30 °C to 
70 °C. During the subsequent semi-batch precipitation, they fed a secondary DST 
solution of varying concentrations (max. 0.5 M) simultaneously to sulfuric acid 
(0.5 M) into the bulk media. In their experimental variations feeding time 
(duration), feeding rate, stirring rate and temperature hardly affected the particle 
size distribution of TA. Instead target pH and DST concentration influenced 
crystal size most. Especially a pH of 3 showed an interesting behaviour as its 
initially smaller mean crystal size of approximately 4 µm increased significantly 
to 10 µm after 30 minutes of constant stirring. A pH of 4 lead to larger mean 
crystal size initially and dropped steeply afterwards to a similar size as pH 5, 
which remained constantly low. Increasing DST concentration to 0.5 M led to a 
mean crystal size of 9 µm instead of 3 µm for 0.1 M and 0.3 M. They concluded 
with a TA purity analysis that met PTA purity characteristics apart from ash 
content.90  
Summarizing these approaches with regard to the resulting TA crystals, it can be 
derived that none of the procedures leads to a TA similar in size and morphology 
to PTA. This is in agreement with the expectations on a precipitation process 
producing a large number of crystals with a small size due to high supersaturations 
(except from the recrystallization approach by Wu et al.19). With regard to 
reducing supersaturation, the most promising parameters in these studies target a 
solubility increase through elevated temperatures and alternative solvents. 
Second, a controlled reactant dosing and distribution should be mentioned. All in 
all, the given information is scarce and TA crystal size is hardly being analysed 
nor related to its processability characteristics like filterability. Sulfuric acid is 
used throughout these studies without alternative PAs being applied. However, as 
significant amounts of low value sodium sulfate are being produced (3.1.3.2), 
consideration of alternative PAs could promote overall process economics and 
sustainability (3.2.6) as the salt by-product changes.16 Furthermore, the applied 
modes of operation are to batch and semi-batch procedures, disregarding the 
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potential of continuous processes.  
Therefore, this research work targets the identification of operational parameters 
including alternative PAs during precipitation on TA crystal size. Its effect 
regarding an improved TA processability will be evaluated by measuring 
filterability. 
In addition to batch precipitation, finally, a continuous operation is focussed as it 
can provide significant advantages (e.g. reduced supersaturation, secondary 
nucleation, productivity) but also a consistent continuation of a continuous 
depolymerization step.  
 

3.2.4 Solubility 

The solubility of TA and its structural isomers has been part of several 
investigations due to its relevance in industrial applications and its crucial role in 
its crystallization process. From the vast number of possible solvents in which the 
solubility of TA has been studied, here is revisited its solubility on solvents that 
are directly involved in its synthesis and purification - specifically acetic acid, 
water and their mixtures (see also 3.2.1). Additionally, the solubility of the TA 
co-monomer isophthalic acid (IA) is reviewed as its reduction by precipitation 
displays a central aim of this work (3.1.1 and 3.1.3.2).  

 

Figure 3-9 Solubilities of terephthalic and isophthalic acid in water and 
(aqueous) acetic acid.93–98 
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Therefore, Figure 3-9 shows a selection of literature data on TA and IA solubility 
in both solvents. In order to support visualisation, the y-axis is split and scaled 
differently for the respective “low” (<1.5 g/kg) and “high” (>15 g/kg) solubility 
regions. IA is displayed by triangles whereas squares are used for TA, while 
respective fillings and symbol sizes represent solvent and concentration 
respectively.  
Generally, the data shows that both dicarboxylic acids are sparely soluble at 
temperatures below 100 °C with TA being significantly less soluble in either 
solvent. Thus, solubility at around 75 °C is approximately 1 g/kg for IA is instead 
of only 0.1 g/kg for TA. However, TA solubility is significantly improved in 
aqueous and pure acetic acid for which data is presented below 100 °C. On the 
contrary, values for TA solubility below 60 °C in pure acetic acid are lower 
compared to the more concentrated acetic acid mixture. 
A similar effect is revealed for IA in a solvent containing acetic acid shown at 
temperatures exceeding 100 °C. Thus, IA solubility in more concentrated aqueous 
mixtures surmounts pure acetic acid above 100 °C. This effect can be attributed 
to the maximum solubility effect as predicted by the Scatchard-Hildebrand 
Solution theory.99 All in all, the solubility data provides the necessary 
fundamentals for understanding the industrially common high temperature TA 
crystallization (3.2.1) as well as the investigated low temperature precipitation 
(3.2.3). Thus, the low TA solubility comes with the downside of high temperatures 
and pressures for complete dissolution (purification step) of reasonable amounts. 
On the other side, the strong temperature dependence of solubility allows for 
subsequent flash crystallization with no need for additional solvent evaporation 
and almost complete TA recovery. While complete yield is a significant advantage 
when precipitating TA in water, its low solubility promotes nucleation due to high 
supersaturations (3.2.3). However, in addition, its increased solubility in acetic 
acid is a promising starting point for the application of an alternative precipitation 
acid to lower supersaturation (3.2.6).  
With regard to the increased solubility of IA contamination in realistic feedstocks 
it can be deduced that increased temperatures can favour TA precipitation over 
IA. In a similar manner this selectivity can be increased even more upon 
application of acetic acid as PA. This effect could be even more pronounced 
considering that IA is added in small amounts to PET.  
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3.2.5 Impurities and Purification in BMR  

The purity of rTA is challenged by contaminants of various sources that primarily 
accumulate indirectly during the usage of PET. Among these, insoluble 
contaminants (e.g. pigments) can be separated by simple means of solid-liquid 
separation. This is because of the target substances DST and EG after alkaline 
hydrolysis being water soluble. However, instead BMR is challenged by colorants 
(non-pigment) and other water soluble impurities emanating from every possible 
user in the supply chain.62  
These can be classified into four different groups that can be critical in terms of 
monomer processability, consumer safety or legislation as displayed in Table 3-2. 
 
Table 3-2. Possible impurities and their sources in PET and rTA100 

Group Source Short Description Examples 

1 
Fossil synthesis 

(3.2.1) 

By-products of p-
xylene oxidation, 
critical for PET 
manufacturing 

4-CBA, p-toluic 
acid 

2 
PET 

Manufacturing 
(3.1.1) 

IAS for 
polycondensation 

Antimony catalyst, 
isophthalic acid- 

3 Application 

IAS to tailor and 
restore rPET properties 

(production and post 
production) 

Residues of 
foreign polymers, 
ink, glue, metals, 
flame retardants 

4 
Usage, recycling 

and collection 

post-consumer residues 
after usage, non-

intentional contact 
through mixed 

collection 

Bisphenol A, 
foreign polymeric 

degradation 
products, food 

residue 

 
These groups refer the moment of occurrence of the impurity in the lifecycle of 
TA and PET respectively.  
Generally, BMR is based on PET which is made from highly purified TA, hence 
critical impurities from fossil synthesis pose a theoretical risk for rTA only (Group 
1).  
Next to these critical contaminants, three general sources remain as displayed in 
Table 3-2.The impurities of group 2 are intentionally added substances (IAS) 
which are used during PET manufacturing by polycondensation except for EG 
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and TA (process described in 3.1.1). Within this process, foreign substances are 
represented by metal catalysts mainly antimony and co-monomers like IA or 
1,4 cyclohexanedimethanol.100 On one hand, parts of EG are replaced by 
cyclohexanedimethanol in the polymer chain which promotes toughness, clarity 
and solvent resistance of the final PET. On the other hand, up to 5 % of total TA 
mass is commonly replaced by IA which is added in order to steer PET 
crystallisation behaviour and thus processability and transparency, especially 
desired in food packaging and drinking bottles.6,7,100 On a molecular level this can 
be explained by the angular carboxylic group of IA that interferes with the parallel 
orientation of the polymer chains (Figure 3-10).53,101  

Despite the intentional addition of these substances in order to facilitate 
polycondensation and alter polymer properties, they cannot be disregarded as 
impurities in a BMR process.7,70 On one hand they can degrade, as seen for haze 
caused by antimony in PET recycling57, or participate in disadvantageous side 
reactions. On the other hand, they could stay inert and accumulate upon addition 
of more catalyst or co-monomer during re-polycondensation.  
As for IA, its structural similarity with TA (Figure 3-10), leads to coprecipitation 
with TA after acidification of the alkaline hydrolysis product.68,70 As already small 
amounts of co-monomer suffice to affect the polymer properties, their dosage 
must be controlled during manufacturing.6,7,101 In addition to technical issues, the 
legal perspective of an obligatory registration of recycled monomeric mixtures 
must be considered (e.g. European REACH directive).103 Therefore, a central 
objective of this research work is the identification of precipitation process 
parameters that allow for reducing IA content in rTA. 
While the contaminants of group 2 comprise a manageable number of substances 
which eases their identification, group 3 on application and use is significantly 
larger in consequence of the variety of PET applications. Technical additives have 
two general objectives: maintaining (e.g. antioxidants, heat stabilisers) or 

 

Figure 3-10 Molecular structure of and IA (left) and TA (right).102 
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extending (e.g. flame retardants, antimicrobials) polymer properties.100 As these 
substances tend to migrate out of the polymer matrix during mechanical recycling 
they can pose a risk for consumer safety. Furthermore, application tailored 
packaging often consists of layers of different polymers in order to combine 
individual advantages and improve overall packaging performance (e.g. low 
weight, increased food shelf life).104 
Considering, the substances from group 2 and 3, to date 885 chemicals (incl. 
monomers) are registered in the positive list of the European commission for 
plastic materials intended for food contact.100,105 Although, not all of these 
substances will be used in PET packaging, the sheer number already emphasizes 
the challenges for purification its verification in BMR. Furthermore, this number 
refers to food contact additives and will be even larger in technical PET 
applications. 
The last group 4 of contaminants comprises substances originating from usage or 
collection. This includes for example polyvinylchloride that can depolymerize 
into hydrochloric acid or polycarbonate leaching Bisphenol A or any organic 
matter. In terms of foreign polymers, the impurities of this group coincide with 
tailored packaging made of different polymers (group 3). 
Finally, the substances of all groups can degrade during use or depolymerization 
and could potentially participate in consecutive reactions, adding up to even more 
possible contaminants.100 Nevertheless, a save recycling of PET is possible and 
already widely applied, as displayed in section 3.1.2 regarding the drinking bottle 
feedstock. This is the result of the closed loop (bottle to bottle) recycling limiting 
the number of possible contaminants while preserving the polymer matrix.  
As mentioned before, the contaminant groups in Table 3-2 are ordered according 
to their time of appearance in a PET lifecycle. This order is reversed when any 
kind of recycling is applied. For instance regarding BMR, additives that were 
initially fixed in the polymer matrix are released during depolymerization and can 
now add a risk to consumer safety or to polycondensation.15,100 Therefore, several 
research groups investigated purification of recycled monomers from alkaline 
hydrolysis to produce rPET and prove its quality and harmlessness in laboratory 
and pilot plant scale.15,16,106 
The research group around Karayannidis et al. depolymerized post-consumer-
bottle flakes, common in thermomechanical PET recycling by alkaline 
hydrolysis.70 The monomeric rTA contained about 2 wt.-% of IA which they did 
not consider as impurity. They did not perform any purification treatment apart 
from filtration, rTA precipitation and a consecutive methanol washing step.70 The 
repolymerized PET featured an IV of 0.54 dL/g which is similar in comparison to 
the results by Franco et al..15 Instead of bottle flakes, they depolymerized flakes 
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of PET/PE dual layer trays. They used alkaline hydrolysis with sodium hydroxide 
as a method, first published by Brepohl and Biermann et al.14 They recovered both 
PET monomers EG and rTA which they subsequently used for polymerization of 
rPET. They performed an additional purification step to remove soluble impurities 
before precipitating TA. The rTA contained an IA content of 1.4t wt.-% and EG 
was purified via distillation after rTA recovery. With an IV of 0.599 dL/g their 
PET possessed a comparable value to vPET (IV = 0.606) which they prepared 
from PTA and virgin EG. They also held the industrial standard in terms of the 
measured Hazen colour index being below 10. At last, they tested for non-
intentionally added substances (NIAS) in an external institute proving the 
suitability of their rPET for food contact.15 A similar investigation was conducted 
by Kirstein et al. applying the depolymerization approach which was used by 
Franco et al..106 Instead of packaging, they depolymerized mixed polyester textiles 
of red, blue and black colour. Next to the unknown composition of the polyester 
mix, it contained a white lining fibre of non-PET origin. They applied an 
adsorptive treatment prior to precipitating rTA and a separation of EG by 
distillation as mentioned for Franco et al.15 before. The rTA purity met the 
industrial specifications apart from an IA content below 0.5 wt.-%. They were 
able to successfully repolymerize their recycled monomers to PET, despite having 
EG of antifreeze grade quality. Next to characterizing their rPET by IR spectra, 
they sent PET in for NIAS analysis The results proved their rPET to be suitable 
for food contact despite its non-food textile origin.106 
An enzyme-catalysed depolymerization approach was applied by Tournier et al., 
also using sodium hydroxide.16 They pre-amorphized and micronized PET residue 
from post-consumer bottle flakes. Before precipitating TA, they purified the DST 
solution with activated carbon. In contrast to the aforementioned studies, Tournier 
et al. implemented an additional recrystallization step for rTA at 250 °C which 
could explain the absence of IA in their rTA. With a colour index of 2.9, their rTA 
met the industrial specifications and was subsequently polymerised with virgin 
EG. The PET polycondensation was followed by a SSP leading to a higher IV of 
0.75 dL/g compared to the previous studies.16 Using recrystallization to avoid 
incorporation of chemically similar substances into TA crystals was already 
introduced in the PTA purification step in section 3.2.1. With regard to TA 
purification in BMR this approach was mentioned by Crippa and Morico 
suggesting a stepwise crystallization.6 Such a two-step crystallization process was 
used by Cheng et al. who precipitated TA from alkali reduction wastewater of 
polyester plants, as introduced in 3.2.3.19 For recrystallization, they used DMAc 
as an alternative solvent with improved TA solubility at mild temperatures. The 
application improved crystal size and purity which they proved by IR 



State of the Art 

45 

spectroscopy and HPLC analysis. Additionally, they claimed a successful bench-
scale polycondensation which proved the resulting PET to be of sufficient 
quality.19 A comparable feed of alkali weight reduction wastewater was used by 
Liu and Chen with the objective of recovering highly purified rTA.89 They applied 
coagulation sedimentation with aluminium sulfate and adsorption with activated 
carbon. They evaluated the purification effect of these methods by measuring rTA 
ash content, thermogravimetry and light transmittance at 340 nm. They found that 
adsorption and coagulation generally improve purity individually but their 
combined effect is most effective.89 This investigation was continued by Liu et al. 
focusing on determination of optimal parameters for activated carbon 
treatment.107 They found that at least 4 g/L of active charcoal were necessary to 
reach a high transmittance at 340 nm. They stated that purified TA could be 
precipitated into larger crystals compared to impurified TA through REM imaging 
and laser diffraction measurement. At last, they successfully repolymerized a 
mixture containing 30 % rTA with an IV of 0.61 dl/g.107 Although applying 
neutral instead of alkaline hydrolysis of virgin PET fibres, the study by 
Quartinello et al. contains an interesting purification approach in connection to 
the previously mentioned work by Tournier et al..16,108 Since neutral hydrolysis 
produces oligomeric by-products, subsequent enzymatic depolymerization of 
these residual oligomers was applied for purification.108 Their studies on neutral 
hydrolysis of PET fibres were continued by Valh et al..12 Instead of enzymatic 
depolymerization they dissolved the rTA product in sodium hydroxide and 
removed residual oligomers by filtration of the DST solution. Equal to the product 
of alkaline hydrolysis they precipitated rTA by acidification with hydrochloric 
acid. This rTA substituted parts of virgin PTA in their subsequent 
repolymerization experiments, of which no further details are revealed.12 A 
similar purification approach was applied by Slapnik et al..109 They were supplied 
with rTA from textile PET which was depolymerized by a partner using alkaline 
hydrolysis. In a first step they re-dissolved the crude rTA in sodium hydroxide to 
subsequently remove insoluble impurities by filtration like Valh et al.12 In the next 
step, they applied adsorption by activated charcoal and precipitated the rTA with 
acetic acid. Afterwards, this rTA was dissolved in boiling DMAc and recovered 
by cooling crystallization similar to the recrystallization by Cheng et al.19 They 
also used the transmittance at 340 nm to compare the purity of TA like Liu et 
al..107 Afterwards, in different batches purified and crude TA were successfully 
repolymerized in laboratory scale with virgin EG. Thermograms from differential 
scanning calorimetry proved the significantly higher quality of the purified TA. 
Additional Fourier-transform infrared spectroscopy indicated the presence of 
unreacted TA in PET polymerised from crude rTA. They concluded that their 
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purification step successfully reduced polymerization inhibiting compunds.109  
These examples show the feasibility of BMR for different feedstocks from pure 
PET and bottle flakes to highly contaminated wastewater and coloured polyester 
textiles. The purification approaches, often active charcoal adsorption, suffice in 
improving rTA purity to be re-polymerized and partly reapplied. Among these, 
especially the NIAS investigations by Kirstein et al. and Franco et al. stand out, 
as they recycle a complex feedstock to food grade momoners.15,106 
However, while rTA is precipitated in all of these approaches, the individual effect 
of the precipitation with its process parameters on rTA purification is not 
considered at all. Additionally, co-monomer IA is not considered a critical 
impurity in the cited literature, yet it significantly influences PET properties. 
Consequently, it is necessary to determine the effect of the precipitation on IA 
content in rTA in order to provide strategies for its separation. Thus, the 
purification potential of the precipitation step will be centrally focussed within 
this work. 
Regarding the analytical methods for determination of impurities, it is evident that 
individual determination of substances is hardly being performed (only NIAS). 
This can be reasoned as a result of the sheer number of possible substances which 
can impossibly be individually determined. Therefore, UV/vis spectroscopy 
displays a common approach within these studies, either as transmittance at 
340 nm or for purity determination by colour. The latter is especially relevant 
since impurities in TA are known to provoke discolouration at already very low 
levels.79 For this reason, the Hazen colour index of PTA and PET is a widely 
applied in PET manufacturing analytics and a substantial quality parameter for 
BMR.73,79,110,111 Within this work, the Hazen colour index therefore serves as 
sensitive measure for the purification effect of the precipitation step. Additionally, 
IA will be determined by high performance liquid chromatography (HPLC) 
according to a method developed by Biermann.112 
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3.2.6 Alternative Precipitation Acids Potential 

Considering BMR generally, its advantages regarding infinite recycling cycles 
without quality losses and removal of contaminants already make it a promising 
technological concept for PET circularity. However, in a life cycle assessment 
(LCA) study by Paschetag et al. regarding the revolPET® technology, the sulfuric 
acid used as PA was found to contribute substantially to the environmental impact 
in several categories e.g. ecotoxicity and terrestrial acidification.113 They 
recommend a full recovery and return to the value chain, in order to avoid disposal 
and negative impact of waste sodium sulfate.113 For this reason, any BMR process 
applying rTA precipitation will automatically be producer of the associated PA 
salt. Tournier et al. stated that the recycling of 100,000 t of PET with their process 
produces 60,000 t of sodium sulfate, which would make up for 0.28 % of its world 
market.16  
Consequently, the considerate choice of a PA with regard to its respective salt 
could significantly improve the ecological footprint and equally affect process 
economics regarding a high value PA salt. For the sake of completeness, it shall 
be mentioned that direct electrolysis can offer an alternative approach to avoid 
salt waste.114,115 However, regarding to acidification of rTA, among other issues 
electrode blocking and low yield is reported, questioning its industrial 
applicability.116–118 Instead, a full in-process circularity approach was taken by 
Crippa and Morico.6 They precipitated rTA with hydrochloric acid which allowed 
for subsequent chlorine-alkali electrolysis as a well-established technology. In 
consequence sodium hydroxide solution for depolymerization and hydrochloric 
acid for precipitation can be recycled within their process.6 Apart from the 
approaches on strong acids, the use of weak acids can display a feasible alternative 
for TA precipitation regarding higher value by-products like sodium acetate or 
citrate. However, for theoretically complete recovery of TA during precipitation, 
the amount of PA must be synchronized with regard to two separate reactions - 
neutralisation excess sodium hydroxide and displacement of the sodium ions in 
DST. Disregarding acid strength, this can be summed up as a total molar amount 
of hydronium ions by the PA being equal to the total presence of sodium ions. As 
the provision and thus concentration of hydronium ions can be measured by the 
pH value, similar processes are often referred to as pH-shift crystallizations. For 
these processes the target species is produced in dependence of the maximum 
yield and the influence of the individual acidification agent is usually not 
considered/of interest.62 However, with regard to sparely soluble target substances 
like TA, product formation involves product removal by precipitation. Therefore, 
the dissociation of the PA is affected by the low product solubility.  
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The interdependence of the two reaction equilibria of this pH shift precipitation is 

visualised in Figure 3-11 for TA. 

Due to high local supersaturations and therefore instant precipitation for TA it can 
be assumed that product removal by TA precipitation rules equilibrium KR. A 
similar effect is induced regarding the dissociation equilibrium of the PA. As the 
hydronium ions displace the sodium ions in DST, TA precipitates and the amount 
of hydronium ions in KR is reduced. This shifts the equilibrium Ka towards its 
dissociated species. This effect is minor for strong acids like sulfuric acid that 
independently dissociate nearly completely but gains influence for weaker acids 
like acetic acid for which equilibrium is naturally shifted towards the 
undissociated species. In consequence, the provision of hydronium ions by the PA 
represents the main factor affecting yield, which itself is affected by a product 
removal. This allows for consideration of weaker PAs regardless of their actual 
acid strength or the final pH during addition.17  
In consequence, weak acids extend the variety of suitable PAs which opens up 
opportunities a more sustainable and economical process, eventually promoting 
the general position of BMR as a complementary technology for plastics 
circularity.49 
 

3.2.7 Influence of pH on Speciation and Supersaturation 

Next to the previously described product removal due to low aqueous TA 
solubility, the effect of the pH on supersaturation shall be examined closer in the 
following chapter. Considering an aqueous solvent, TA dissociates into protons 
and different species of its terephthalate ion according to the respective 
dissociation constants Ka1 and Ka2. These constants are commonly found as pKa 

 

Figure 3-11 General reaction scheme of TA precipitation from DST with 
simplified equilibrium of a PA (AR = Acid radical)17 
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values, representing the negative decadic logarithm of these dissociation 
constants.119 The two TA dissociation equilibria can be described with the two 
corresponding laws of mass action displayed in Equations 3-1 and 3-2. 

𝐾ଵ =
[𝐻ା][𝐻𝑇𝐴ି]

[𝐻ଶ𝑇𝐴]
 3-1 

𝐾ଶ =
[𝐻ା][𝑇𝐴ଶି]

[𝐻𝑇𝐴ି]
 

3-2 

Considering mass conservation, the following Equation 3-3 can be derived. 

𝑇𝐴௧௧ = [𝑇𝐴ଶି] + [𝐻𝑇𝐴ି] + [𝐻ଶ𝑇𝐴] 
3-3 

These expressions eventually lead to α as a Factor describing the fraction of the 
respective species as a function of proton concentration and thus pH. 
 

𝛼ுమ் =
[𝐻ା]ଶ

[𝐻ା]ଶ + 𝐾ଵ[𝐻ା] + 𝐾ଵ𝐾ଶ
 3-4 

𝛼ு்ష =
𝐾ଵ[𝐻ା]

[𝐻ା]ଶ + 𝐾ଵ[𝐻ା] + 𝐾ଵ𝐾ଶ
 

3-5 

𝛼்మష =
𝐾ଵ𝐾ଶ

[𝐻ା]ଶ + 𝐾ଵ[𝐻ା] + 𝐾ଵ𝐾ଶ
 

3-6 

 
Plotting these functions over the pH leads to the subsequent Figure 3-12 showing 
the TA species distribution over the pH. Additionally, the course of 
supersaturation over pH is included. 
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At pH values above 7, only ionic terephthalate (TA2-) is present, while below a 
pH value of 5, the proportion of fully protonated TA (H2TA) increases until a pH 
value of 1 is reached, at which H2TA is the only species present. Between pH 1 
and 7 the partially deprotonated hydrogen terephthalate (HTA-) species occurs, 
reaching its peak around a pH of 4.2. Its two intersections with the courses of 
H2TA and TA2- are at the pH values that equal the respective pKa. Focusing on 
the formation of the target species H2TA by precipitation, it can be derived that 
elevated pH values above 1 reduce the fraction of sparely soluble H2TA that can 
be formed. Taking the example of adding a PA to an alkaline DST reactant which 
results in a pH of 3, according to Figure 3-12 about 75 % of H2TA and 25 % of 
the HTA- species is being formed.  
Regarding Supersaturation under these conditions, this reduces the concentration 
in the enumerator in equation 2-4 proportionally to the fraction of H2TA species 
at a given pH as shown be the green dashed line. This dependence is represented 
by the parallel course of the concentration-based supersaturation to the course of 
the H2TA species. In consequence, pH control can promote control of 
supersaturation and therefore precipitation. 
Nevertheless, this represents a theoretical example neglecting local mixing 
deficiencies and thus local pH peaks which lead to higher local supersaturations. 
In consequence, due to the sparingly soluble nature of TA instant precipitation 
can temporarily and locally occur. Additionally, as stated in the previous chapter, 

 

Figure 3-12 Fractions of TA species calculated using a pKa1 of 3.51 and pKa2 of 
4.51 and concentration-based supersaturation for 0.62 mol/L DST 
and 3 mol/L sulfuric acid at 36 °C. 
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the low solubility of TA can affect the dissociation equilibrium of weak PAs. This 
can lead to an underestimation of the formation of a H2TA at elevated pH 
conditions as more PA molecules dissociate than indicated by the pKa. 
 

3.3 Systematic Approach of this Work 

The objective of this work is the development of a concept for precipitation of TA 
from DST. The incentive is based on the essential recovery of rTA after alkaline 
hydrolysis of PET as one approach among several in BMR. Due to the more 
recently aroused interest in BMR, precipitation of TA has only been looked at in 
a couple studies so far (3.2.3). Among these, the approaches on optimization of 
the crystallization step apply an additional recrystallization step, introduce 
mixtures of organic solvents and operate in batches. To date, only two studies 
were published that focus on the optimization of the precipitation step, of which 
only one applies pure water as solvent.18,90 However, high supersaturations during 
TA precipitation commonly lead to small crystals with a challenging 
processability behaviour, demanding for an efficient recovery of TA after 
depolymerization.  
Therefore, the objective of this work is the development of a precipitation process 
with focus on a simple and direct transferability to an industrial BMR process. 
Therefore, a stirred tank reactor setup for precipitation is used, as a standard 
industrial precipitation vessel naturally leading to reduced supersaturations. 
Experimental starting point are parameter studies without additional solvents but 
water in a model reactant system of PTA dissolved in sodium hydroxide solution 
forming aqueous DST.  
In batch operation, the most influencing process parameters are identified and 
their potential is evaluated with regard to a large TA crystal size, yield and 
advantageous processability by fast filtration (without losses).  
In the second step, the identified key parameters are applied in the same batch 
setup but using various depolymerization products. These real depolymerized 
waste fractions contain the second monomer EG in addition to impurities from 
PET application (post-consumer/ production). Next to the validation of the 
influence of these substances on rTA precipitation, the purification potential of 
the precipitation is evaluated. Thus, the potential of precipitation as a purification 
step regarding undesired discolouration and especially IA-content is investigated.  
Finally, following the continuous depolymerization approach of the revolPET® 
process14,15 TA precipitation is transferred to a continuous operation and analysed 
in further parameter studies. With focus on a straight forward and qualitatively 
advantageous implementation in a revolPET® pilot plant, finally an operational 
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precipitation concept is proposed. Since preparatory purification of PET reactants 
and subsequent recrystallization of rTA is essential for drop-in specifications, this 
work concludes with an outlook for future development and research. 
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4 Experimental 

4.1 Equipment and Procedures 

4.1.1 Description of Laboratory Setup 

 

Figure 4-1 Scheme of experimental setup for continuous operation, an image of 
the setup is displayed in the Appendix Figure 8-2. 
 

The setup of the precipitation experiments is displayed in Figure 4-1, which 
contains the equipment for batch and continuous operation. The precipitation was 
conducted in a 2 L (1 L filling volume, height 110 mm) double jacketed glass 
crystallizer with 4 baffles. Process temperature was measured inside the 
crystallizer by a resistance type temperature sensor (Pt100) and controlled by 
means of a thermostat (T1, CC-205B, Peter Huber Kältemaschinenbau SE, 
Germany). An indirect cooling circuit was established by using a separate 
thermostat (cryostat R20 CS, Lauda, Germany). The dosing of the PAs was 
performed by a peristaltic pump P2 (Ismatec, Switzerland) through a tube with 
2 mm inner diameter and the position of the dosing nozzle located directly (5 mm) 
above the stirrer. The necessary quantity of acid being dosed was controlled with 
a digital scale (S2, HCB 2202, Adam Equipment Co. Ltd., UK). Distribution and 
mixing of the reaction media were performed using a 65 mm four-blade propeller 
(“elephant ear”) at different stirring rates between 150 and 600 rpm by means of 
an overhead stirrer (HT-50DX, Witeg Labortechnik GmbH, Germany). For 
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control of the crystallization process a pH-probe (pH, tecLine HD, Jumo GmbH 
& Co. KG, Germany) with an integrated PT1000 was used. 
During continuous operation the setup was extended by two additional peristaltic 
pumps (503u, Watson-Marlow, UK) denoted as P1 for the PET reactant and P3 
for the product suspension. The outlet of the PET reactant of pump P1 was located 
directly above the stirrer. In order to maintain a constant temperature in the 
crystallizer, the PET reactant flow was preheated by a plate heat exchanger 
(HEX1) before entering the reactor. Furthermore, two digital scales (Signum, 
Sartorius, Germany) were used to measure PET reactant (S1) and product mass 
(S2). The inlet tube of P3 was located 10 mm above the reactor bottom 
withdrawing mixed suspension and avoiding tube blockage by sedimentation. 
 

4.1.2 Batch Precipitation Procedure 

For the batch experiments, 1 L of model or respective model or PET reactant with 
a defined DST concentration (Table 4-3) was filled into the described glass 
crystallizer and heated to the desired process temperature under constant stirring. 
After reaching the respective target temperature, the PA was dosed at a constant 
dosing rate. It was varied during specific parameter screening experiments and 
otherwise set to 30 mL/min, corresponding to a dosing velocity of 0.16 m/s and a 
Reynolds number of Re = 320 at the nozzle outlet. The dosing volume (mass) of 
PA was defined in accordance with section 4.2.3, neglecting individual acid 
strength (equimolar addition) and thus pH. Afterwards the suspension was cooled 
to 36.5 °C and analysed on filterability (4.3.2). In addition, the crystal size was 
measured directly from suspension samples. The suspension was subsequently 
washed and the crystalline rTA from PET reactants was additionally analysed on 
purity regarding colour index (4.3.5) and IA content (4.3.6).17 All experiments 
were conducted as duplicates, if not stated differently in the text. 
 

Example of experimental batch procedure: 1 L of model PET reactant 
containing 21 g/L DST and an excess of 0.4 g/L sodium hydroxide is 
heated to 65 °C. After reaching the target temperature, 41.2 g of 
sulfuric acid with a mass concentration 0.25 gacid/gtotal are dosed at 
30 mL/min with the peristaltic pump P2. This amount is sufficient to 
protonate the terephthalate ion to form terephthalic acid and 
neutralize excess sodium hydroxide (4.2.3). Afterwards the 
suspension is cooled to 36.5 °C. During the entire experiment stirring 
rate is maintained at 300 rpm. 



Experimental 

55 

4.1.3 Continuous Precipitation Procedure 

The general reactor setup of the continuous precipitation procedure can be 
described as a MSMPR crystallizer. Before starting the continuous operation, the 
reactor content (1 L) was preheated to the desired target temperature and held 
constant during the experiments. The subsequent initialization of the precipitation 
was varied in dependence of the reactor starting content as shown in Table 4-1.  
 
Table 4-1. Crystallizer content and respective initialization procedures at start-up. 

 PET reactant (A) Water (B) 

First step  
Batch 

precipitation 
only P2 

Continuous 
precipitation  

P1, P2, P3  
start directly 

Second step 
Continuous 
precipitation 

Start of P1 
and P3 

  

 
For case A (standard procedure) the reactor was initially filled with PET reactant 
of a defined DST concentration. The first step is a batch precipitation (Start P2) 
by acid addition to the chosen target pH with a constant dosing rate as described 
in the previous section. Afterwards, P1 and P3 are started as well. For case B, the 
crystallizer does not contain DST solution and consequently no batch precipitation 
is performed initially. Instead, continuous precipitation begins directly by starting 
P1, P2 and P3.  
Thus, the PET reactant and PA are diluted by the aqueous reactor content. During 
the continuous process the level inside the crystallizer was monitored visually and 
controlled manually by adjusting the flow of product pump P3. Likewise, the pH 
was measured with a pH probe and controlled by changing the flow of the acid 
pump P2. The initial acid flow was estimated according to section 4.2.3 and 
manually adjusted to reach and maintain the desired target pH. Manual adjustment 
was especially relevant as lower yield of depolymerization (YDepoly) induced 
underestimation of the PA demand. This was due to low UV/vis detected DST but 
high undetected sodium hydroxide concentration. Figure 4-2 displays the trends 
of pH, temperature and proportionate acid addition of an exemplified experiment 
with PET reactant for start-up (case A).  
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The continuous operation was performed with 9 L of PET reactant (+1 L at start) 
of a defined concentration. For long-term experiments the triple amount (~27 L) 
was used under otherwise identical conditions. The experimental duration is 
dictated by the larger mass flow of P1 (P3) ruling the residence time. In order to 
compare experimental samples for different residence times �̅�, the samples were 

taken after the same multiple of the dimensionless residence time Θ with ti,exp. in 
Equation 4-1 representing the actual experimental time.  

The resulting actual moments of sampling in dependence of the respective 
residence time are shown in Table 4 2. All experiments were conducted as 
duplicates, if not stated differently in the text. 

  
Figure 4-2 Exemplified trends of pH, temperature and acid addition over time 

during continuous operation. 
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Table 4-2 Actual and standardized sample time for different residence times 

Dimensionless residence time Θ t0 t1.26 t3.87 t7.74 t9 

Residence time 
�̅� / min 

Approximate 
volume flow* 

P1/P2/P3 mL/min 
Actual sampling time ti,exp. / min 

3.5 61/ 3.2/ 64.2 0 4.3 13.3 26.6 31 

7.9 (standard)  121/ 6.2/ 127.2 0 10 30 60 70 

15.7 277/ 14.3/ 291.3 0 20 60 120 140 

*Mass flows of pump P2 and P3 represent example estimations considering DST 
content of 26.6 g/L, Ydepoly = 0.9 and sulfuric acid as PA with 0.25 gacid/gtotal. 
Change of Volume due to solid forming reaction is neglected for P3 and 
calculation of �̅�. 

 
Example of continuous experimental procedure: 1 L of model PET 
reactant containing 26.6 g/L DST and an approximate excess of 
1.1 g/L sodium hydroxide (assuming Ydepoly of ca. 0.95) is heated to 
80 °C. After reaching the target temperature, sulfuric acid with a 
mass concentration 0.25 gacid/gtotal is dosed at 30 mL/min with pump 
P2. In parallel the pH is controlled with a pH probe to assure the 
target pH of 2 being reached. As the final amount of sulfuric acid for 
precipitation is based on an estimation of Ydepoly the actual dosed 
amount can differ from this calculation (4.2.3). In example instead of 
54.9 g, 57.9 g sulfuric acid are dosed to reach the target pH (Ydepoly of 
ca. 0.9). Using equation 4-4 and the target residence time of 7.9 min, 
the approximate mass flow of acid pump P2 for the continuous is 
calculated (7.3 g/min). The approximate mass flow of the PET 
reactant pump P1 for the continuous experiment is 121 g/min. Before 
starting the continuous procedure, the first sample t0 is taken, 
representing the batch precipitation. Afterwards, pumps P1, P2 and 
P3 are started. Over the course of the experiment flow of pump P3 is 
manually adjusted to maintain a constant level at 1 L filling volume 
in the reactor. Likewise pump P2 is manually adjusted when pH is 
starting to drift more than 0.15 one sided of the target pH. Samples 
during the continuous experiment are taken in accordance with Table 

4-2. During the entire experiment stirring rate is maintained at 300 
rpm. After 70 min the last sample is taken and the experiment is 
stopped. The samples are left to cool and analysed subsequently. 
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4.1.4 Experimental Scope 

In the experiments of this work, different parameters were varied which, 
according to chapter 2.5, have an influence on the quality properties, crystal size, 
purity and processability of the precipitated TA. Therefore, in the first part, several 
process parameters were screened using a model reactant system to avoid 
influences on crystal size or processability of impurities. Subsequently, 
investigations were continued on real depolymerized PET waste, allowing an 
additional evaluation of the purification potential of the precipitation step. Finally, 
the setup is transferred to continuous operation during which the most 
advantageous parameters of the batch experiments were applied while opening up 
new possible parameters. Table 4-3 contains the scope of the parameter variations 

of the conducted experiments. Further details regarding the respective reactants 
and PA is displayed the following chapter 4.2.1.  
 

Table 4-3 Experimental parameters. 

 Parameter Variation 

M
od

el
 B

at
ch

 

Model Reactant-
concentration 

Precipitation acid 
 

CH3COOH concentration 
Temperature 
Stirring rate 

Acid dosing speed 

21 gDST/L  
(~ 0.1 mol/L) 

CH3COOH; H2SO4, HCl, H3PO4, 
(COOH)2, Citric Acid  
7.7 wt.-%– 98.5 wt.-% 

8°C – 90°C 
150 RPM- 450 RPM 

6 mL/min – 54 mL/min 

P
E

T
 B

at
ch

 

PET Reactant concentration 
PET reactant 

 
Precipitation Acid 
Acid concentration 

Temperature 

26.6 gDST/L (~ 0.13 mol/L) 
PET light blue, PET/PE, Undersized 

PET 
CH3COOH; H2SO4 

25 wt.-% 
60°C – 90°C 
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P
E

T
 c

on
ti

nu
ou
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PET Reactant concentration 
 

PET reactant 
Precipitation Acid 

H2SO4 concentration 
Temperature 

Residence Time 
Stirring rate 

Start-up content 
Target pH 

26.6 gDST/L- 75.9 gDST/L  
(0.13 ~0.36 mol/L) 

PET light blue, PET/PE 
CH3COOH, H2SO4*,  

*(25 wt.-% - 96 wt.-%) 
80 °C 

3.5 min – 15.7 min 
300 RPM; 600 RPM 

Water, Seed crystals, Reactant 
2 - 4 

 
Additionally, a scope of the supersaturation based on calculations of the maximal 
concentrations (Equation 2-4) is presented in Figure 4-3. It assumes a complete 
dissociation of the PA, disregarding dissociation equilibria.  

For calculation of the solubility product KSP,TA, a TA solubility correlation by Han 
et al. is applied.96 Moreover, 0.1 mol/L of DST refers to the concentration applied 
during model system experiments whereas 0.62 mol/L refers to the approximate 
DST solubility limit around 140 g/L below 100 °C.74,120 Together with the PA 
concentrations of 25 wt.-% (standard concentration) and 96 wt.-% the displayed 
supersaturations are stretched over several orders of magnitude in dependence of 
temperature. However, as these are based on (maximal) concentrations and not 

 

Figure 4-3 Maximal supersaturation based on concentrations29 over 
precipitation temperature, 0.62 mol/L refers to DST solubility 
limit74,120, solubility product KSP,TA was calculated using solubility 
correlation by Han et al.96. 
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activities, their range overestimates the supersaturations under realistic 
conditions. This overestimation would be particularly pronounced for weak acetic 
acid. Nevertheless, the diagram clearly emphasizes the influence of temperature 
on solubility and consequently supersaturation.   
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4.2 Materials 

4.2.1 Reactants for Precipitation Experiments 

The following table contains the reactants used for preparation of the model 
reactant and the used PAs. The concentrations of the respective PAs applied in the 
experiments were prepared on mass basis by dilution with deionised water. Thus, 
all displayed percentages refer to weight- % (wt.-% = gsubstance/100 gtotal). Where 
applicable, PAs were diluted to the target concentration of 25 wt.-% before usage, 
unless stated differently. 
 

Table 4-4 Chemical substances used as reactants in precipitation experiments. 

Substance (concentration) Manufacturer Purity 

Terephthalic acid (solid) Acros Organics ≥ 99 % 

Isophthalic acid (solid) Sigma Aldrich ≥ 99 % 

Sodium hydroxide (solid) Carl Roth ≥ 98 % 

Sulfuric acid (25 %; 96 %) Carl Roth; Sigma Aldrich ≥ 98 % 

Acetic acid (99.7 %) Sigma Aldrich ≥ 99.85 % 

Oxalic Acid (solid) Sigma Aldrich ≥ 98 % 

Orthophosphoric acid (25 %) Carl Roth ≥ 99 % 

Hydrochloric acid (25 %) Carl Roth ≥ 99 % 

Citric acid (solid) Carl Roth ≥ 99.5 % 
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4.2.2 Analytical  

The substances contained in Table 4-5 were applied during purity analysis of 
rTA. This comprises suitable solvents to facilitate rTA liquid analytics as well as 
reagents for chromatographic analysis as described in section 4.3.6  
 
Table 4-5. Chemical substances for analytical purposes. 

Substance Manufacturer Purity 

Dimethyl formamide Carl Roth ≥ 99.8 %, p.a.; ACS 

Orthophosphoric acid (85 %) Carl Roth ≥ 99 %, p.a. 

Ammonia solution (25 %) 
Carl Roth; Thermo 

Fisher scientific 
≥ 99 %, p.a. 

Acetonitrile VWR 
≥ 99.9 %; HPLC 

Grade 
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4.2.3 Dosage Quantity of Precipitation Acids 

 The dosage quantity of the respective PA can be calculated using Equation 4-3 
derived from molar balance in Equation 4-2.  
This equation is used for the examination on yield and pH effect for the different 

PAs in Section 5.1.3.1 (model reactant with YDepoly = 1). With regard to PET 
reactants, the yield of depolymerization has to be considered, since complete PET 
conversion cannot be reached. Additionally, sodium hydroxide is added 
stoichiometrically with regard to the PET material input and its amount is not 
adjusted to the PET content of the polymeric material. Therefore, the mere 
measurement of DST concentration by UV/vis spectroscopy (4.3.4) does not 
suffice for determination of PA dosage quantity. In other words, TA precipitation 
from a PET reactant with a low DST concentration and low depolymerization 
yield requires the same amount of PA for a high yield depolymerization with the 
same throughput. The influence of varying concentrations of sodium hydroxide 
of PET reactants was targeted by a manual adjustment of the pH to the desired 
target value during the experiment.  
A close approximation and validation of the PA mass flow during continuous 
operation was additionally adopted from the initial batch precipitation 
(“titration”). By using the PA quantity during the Batch start-up (case A) and the 
expected residence time with regard to the DST flow, the PA flow could be 
estimated applying Equation 4-4. 

  

𝑛ேశ = 𝑛ேைு,௫௦௦ + 2 ∙ 𝑛ௌ் = 𝑛 ∙ 𝑧ுశ, 4-2 
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4.2.4 PET Reactants 

The PET reactants used within this work were produced through the revolPET® 
process. A detailed description of the depolymerization procedure for production 
of the PET reactants is found in Section 3.1.3.2. The provided PET reactants 
varied in their degree of depolymerization and thus DST concentration. In order 
to maintain constant experimental conditions, the reactants were diluted to the 
desired target DST concentration with demineralized water prior to precipitation 
(4.1.4). Table 4-6 provides a short overview on the applied PET reactants and their 
original supply prior to depolymerization by RITTEC 8.0 Umwelttechnik GmbH.  
 
Table 4-6. Overview of the original application and source of the used PET reactants. 

PET 
reactant 

Original application Source 

PET light 
blue 

blue/colourless mono layer PET, 
washed and shredded bottle flakes, 

used in bottle recycling, post-
consumer 

Source One GmbH 

PET/PE 
Dual layer of PET with PE, 

colourless cuttings of food trays, 
post-production 

W.u.H. Fernholz 
GmbH & Co. KG 

Undersized 
PET 

Lightly blue coloured, mono layer 
PET, sieve residue (< 2 mm) of 
bottle recycling, post-consumer 

Veolia environmental 
services S.A 

Model 
reactant 

Made from PTA  

 
The model reactant used for comparative reasons was produced by dissolving TA 
in aqueous sodium hydroxide solution. Sodium hydroxide was used at a hyper 
stoichiometric factor of 2.1 moles per mole TA in order to ensure complete 
dissolution. For the initial parameter screening studies, a reference concentration 
of ~21 gDST/L equalling 0.1 mol/L for the model reactant was used.17 
  



Experimental 

65 

4.3 Analysis 

The following section contains the conducted analytical procedures for evaluation 
and preparation of the precipitation experiments and reactants. The first group 
presents the analytical equipment and procedures used for determination of 
processability correlated parameters crystal size, morphology and filterability. 
The second group comprises tools and procedures for determination of yield and 
TA purity in terms of colour index and IA content. 
 

4.3.1 Particle Size Measurement 

Particle size was determined using a laser diffraction spectrometer with wet 
dispersing unit by (Helos Kr + Quixel, Sympatec GmbH, Germany). Due to the 
alkalinity of tap water which partially dissolved TA crystals, measurements were 
performed in deionised water. Ultrasound was applied for 15 s to homogenize 
sample conditions while avoiding crystal breakage. Analysis and calculation of 
particle size was done by proprietary software (Windox 5, Sympatec GmbH, 
Germany) in accordance to the Fraunhofer diffraction model. Despite the limits 
of the model in terms of particle size, it is reported to be more applicable to needle 
shaped crystals.121 Thus, it has to be considered that the measurement results refer 
to an equivalent mean particle diameter of a sphere, while precipitated TA 
possesses a pronounced needle or rod shape. Therefore, measured distributions 
can appear wide or bimodal as they represent varying dimensions (e.g. length and 
width) of a non-spherical needle crystal.17,122  
For presentation of the resulting broad distributions the logarithmic volume-
related density q3

* and cumulative distributions as functions of the equivalent 
mean particle diameter x are used. For the density distribution it is assumed that 
the logarithm of the particle size and not the particle size itself is expected to be 
normally distributed.17 In order to display the time dependent courses of the 
continuous precipitation experiments, the 10 %, 50 % and 90 % quantiles (= wt.-
% for constant product density) of the volumetric cumulative distribution Q3 are 
used, also known as x3,10, x3,50 and x3,90.  
 

4.3.2 Filterability 

Filtration of TA suspension was performed using a 750 mL stainless steel vacuum 
suction strainer with a filtration area of 56 cm². A polypropylene (PP) filter cloth 
(PPD3143, Markert Filtration GmbH, Germany) with 19 µm mesh openings was 
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inserted as filter media.123 Vacuum was supplied by a vacuum generator (VP20-
150 H, Sommer-Technik GmbH, Germany) and initially set to 500 mbar vacuum 
pressure by leak air valve adjustment.  
The setup is displayed in Figure 4-4. It was adopted from an industrial setup used 
for testing and design of belt and pressure filters.124 

The time for filtration was determined for 500 mL of suspension in batch 
experiments and 200 mL for continuous experiments. At the start of the filtration 
time measurement, the valve below the strainer was opened. Stop watch time was 
stopped when solid filter cake appeared at the bottom and slightly contracted 
towards its centre. Subsequently, the filter cake was washed twice, each time 
applying 200 mL distilled water. Due to the manual procedure, unwanted cracks 
in the filter cake could not always be avoided. Although, the filter cloth was 
washed between experiments and rinsed regularly with sodium hydroxide 
solution, partial blockage of the filter probably occurred. In consequence, exact 
filtration time can be partially compromised and must only be compared (absolute 
values) within an experimental series. 
In order to compare filtration times for different PAs with different TA yields 
inducing different filter cake mass, the filtration time is normalized with the yield 
of the respective PA at equimolar addition shown in Equation 4-5 (5.1.3.1). 

 

Figure 4-4 Vacuum suction strainer setup for filtration time determination. 
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This normalization puts a potentially faster filtration time due to less crystal mass 
into perspective with a slower filtration of a high yield PA. 

4.3.3 Morphology 

The results of the laser diffraction measurements refer to the equivalent diameter 
of spherical particles. These differ substantially from needle shaped TA crystals 
and demand for qualitative verification. Therefore, scanning electron microscopy 
(SEM) was performed (Evo LS 25, Carl Zeiss AG, Germany) to visually analyse 
the TA crystals. The crystals were separated from mother liquor first, then washed 
and slurried in deionised water in order to remove residual acid residue salt and 
DST. Afterwards, a drop of the slurried suspension was placed on SEM Sampling 
plates and dried prior to microscopy. 
 

4.3.4 Concentration Measurement 

Measurements were performed with a UV-spectrometer (Specord 210 Plus, 
Analytik-Jena GmbH & Co. KG, Germany). Particle free samples were 
transferred in UV-capable glass cuvettes with 10 mm light path length and 
measured at 270 nm. The corresponding calibration data for DST dilutions 
between 6∙10-4 gDST/L and 8∙10-2 gDST/L is shown with its linear fit in the 
Appendix, Figure 8-3.  
This method was applied for determination of initial DST content and adjustment 
to the desired concentration of depolymerized PET reactants (Equation 4-6). 

Yield of precipitated TA (YTA) was determined by measuring the residual DST 
cDST,residual concentration in the mother liquor of the filtered samples, using 
Equation 4-7 with the initial DST concentration cDST,initial.  

Y = 1 −
cୈୗ,୰ୣୱ୧ୢ୳ୟ୪

cୈୗ,୧୬୧୲୧ୟ୪
 4-7 

 

𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 =
𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

𝑒𝑞𝑢𝑖𝑚𝑜𝑙𝑎𝑟 𝑌𝑖𝑒𝑙𝑑 
  4-5 

𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 (270 𝑛𝑚)  =  9.5524 ∙ 𝑐ௌ் − 0.005 4-6 
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4.3.5 Hazen Colour Index 

The Hazen colour index was adopted as quality parameter from industrial PET 
and PTA manufacturing. It is used as a general approach on determination of the 
degree of rTA impurification. Values below 10 meet the industrial specifications 
and imply a practically white TA.125 Samples exceeding a colour index of 10 
possess an undesired yellow discolouration. In order to determine the colour 
index, the washed rTA samples were dried at ca. 70 °C until weight remained 
constant. The dry rTA was subsequently homogenized with a mortar. 0.5 g of the 
resulting powder were dissolved in 10mL of 2 mol/L (2 N) ammonia solution or 
dimethyl formamide (DMF) and centrifuged to separate undissolved solid 
residues.14,102,106,110 Transmission measurements were performed between 360 nm 
and 830 nm with a spectrometer (Specord 210 Plus, Analytik-Jena GmbH & Co. 
KG, Germany). Automatic calculation of the Hazen colour index was conducted 
with proprietary software (Aspect UV Analytik-Jena GmbH & Co. KG, Germany) 
in accordance with ASTM5385-05 and ASTM-E-313.  
 

4.3.6 Isophthalic Acid Content 

In order to determine the IA content in TA, the samples prepared in the previous 
section 4.3.5 were diluted with ultrapure water by 1:25. The subsequent analysis 
was performed with an HPLC (ULTIMATE 3000, Thermo Fisher scientific, US), 
equipped with a UV detector (240 nm) and a reversed Phase column (Gemini 3u 
C18 110A, Phenomenex Ltd., Germany). The eluent consisted of 82 % 
phosphoric acid (cH3PO4 = 1.01 g/L) and 18 % acetonitrile with a flow rate of 
0.4 mL/min. Column temperature was set to 35 °C 106 and total measurement time 
25 min. Retention time of TA was 3.4 and IA 4.3 min under these conditions. The 
linear fit used for determination of the IA content is displayed in the Appendix in 
Figure 8-4.   
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5 Batch Precipitation of Terephthalic Acid  

In the first part of this investigation a model reactant system is used, consisting of 
purified TA dissolved in sodium hydroxide to form an aqueous DST solution. This 
particular reactant is employed for parameter screening in batch operation. This 
allows for identification of the most influencing parameters on TA precipitation 
independent from reactant provision by depolymerization and impurities. Hence, 
in accordance with section 2.5, solvent properties through varying temperature 
and PA as well as reactant concentration, stirring rate and dosing strategies 
affecting dispersion are focused as target parameters in controlling 
supersaturation. The efficacy of the parameters is evaluated regarding large TA 
crystal size and good filterability, representing central TA quality features within 
this work. Subsequently, parameters with the highest potential are applied on 
precipitation in (real) PET reactant systems.  
 

5.1 Screening of Optimal Parameters in Model System 

Parts of the results presented in this chapter have been published in the ACS 
journal of Industrial and Engineering Chemistry Research.17 A significant part of 
the experimental work and raw data originates form the master thesis by Carina 
Heck.126  
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5.1.1 Effect of Temperature and Precipitation Acid 

In accordance with literature for the first experiments, sulfuric acid as a strong 
protonation agent was chosen as reference precipitation acid (PA). As dilution of 
reactant concentration leads to large process streams, instead TA solubility 
increase was targeted for reduction of supersaturation. Despite the low absolute 
TA solubility below 100 °C (see 3.2.4), its significant relative increase by factor 
~3 can equally reduce supersaturation. Thus, as displayed in Figure 4-3, 
concentration-based supersaturation is reduced from ~4000 to ~600 for sulfuric 
and similarly acetic acid between 36.5 °C and 90 °C.  
This influence of TA precipitated with sulfuric acid (0.25 gacid/gtotal) from aqueous 
DST solution according to the method described in 4.1.2 was determined. Figure 
5-1 shows the cumulative volume-related particle size distribution (PSD) Q3 of 
TA precipitated at temperatures between 36.5 °C and 90 °C. 

 

Figure 5-1 Volume-related cumulative PSD of TA after precipitation with 
sulfuric acid at different temperatures.17 
 

In accordance with increasing temperature, the particle diameter equivalent x 
increases as well, being a prove for the effect of an increasing solubility of TA 
with temperature on crystal size. Thus, supersaturation is reduced, leading the 
system to lower nucleation rates, which reduce the formation of excessive fine 
material, characteristic of higher nucleation rates.29 Thus, while at 36.5 °C about 
70 % of the crystal population are smaller than 10 µm, for 90 °C it is only 35 %.  
Moreover, the crystal growth predominates over the nucleation and is fostered by 
a faster diffusive mass transport due to the temperature increase.127 The x3,10 
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values increase from 0.8 µm to 2.3 µm, x3,50 from 4.6 µm to 16 µm and x3,90 
values 18 µm to 57 µm. In consequence, a reduction of supersaturation by 80 % 
leads to a similar increase of quantile values by factor 3. 
Another effect between solubility and particle size can be retrieved from the 
almost identical 36.5 °C and 45 °C curves, as solubility remains almost constant 
in this region (Figure 3-9). Instead the 65 °C and 90 °C distributions widen and 
show larger crystal sizes.17 The effect of temperature on the crystal size of TA is 
significantly more pronounced in comparison to a study reported by Marlena et 
al. who varied temperature between 30 °C and 70 °C in a similar setup.90 
 
As introduced in 3.2.6, the low solubility of TA represents a quasi-removal of the 
crystalline reaction product which consequently affects the dissociation 
equilibrium of weaker PAs. Thus, the application of weak acetic acid, as PA and 
simultaneous solubility enhancer represents an interesting alternative. Following 
the previously shown results for sulfuric acid, the same procedure was applied for 
precipitation with acetic acid. The respective results are shown in Figure 5-2 for 
temperatures between 8 °C and 90 °C.  
The distributions show an even more pronounced effect of temperature compared 
to sulfuric acid. The acetic acid distributions are clearly separated and show a 

distinct temperature influence. Thus, for 36.5 °C about 40 % of the population 

 

Figure 5-2 Volume-related cumulative PSD of TA after precipitation with acetic 
acid at different temperatures, 8 °C acetic acid represents single 
measurement only.17 
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consist of fines smaller 10 µm, while for 90 °C, it is less than 10 %. Additionally, 
the width of the distributions, the absolute difference between the x3,10 and x3,90 
quantiles increases significantly, from 27 µm at 36.5 °C to 117 µm at 90 °C. This 
indicates a more pronounced longitudinal growth of the TA needles, as shown in 
Müller et al..17,122 Thus, in addition to a reduced supersaturation growth rate 
increases with temperature as well. The separate effects of temperature and 
supersaturation were shown by Mullin and Osman for nickel ammonium 
phosphate.128 At moderate but constant supersaturations, the increase in growth 
rate due to increased temperature contributed significantly to an increase in crystal 
size. Likewise, a reduction of supersaturation from 5 to 1 at constant temperature 
almost doubled mean crystal size. As both effects are simultaneously exploited on 
TA here, their results appear reasonable. 
Figure 5-3 shows SEM images at 1000 x magnification for TA precipitated with 
both acids at 90 °C. While maintaining an overall needle-shape with visible steps, 
TA crystals obtained in acetic acid are also about 10 times thicker and longer than 
the ones obtained by sulfuric acid.  

The significant difference in crystal size is induced by temperature leading to 
enhanced TA solubility and consequently reduced supersaturation through acetic 
acid. While this reduces nucleation rate and the generation of fines, the elevated 
temperature additionally promotes diffusive mass transport and thus crystal 
surface growth.127 These differences in crystal appearance are also visible in the 
crystallization behaviour when adding the PA during experiments. For sulfuric 
acid, dosing instantly results in formation of white precipitate and initial 
flocculates. Instead, dosing of acetic acid shows a significant induction time with 
a gradually increasing turbidity as crystallization advances. This shows that the 

 

Figure 5-3 SEM images of TA precipitated with acetic (left) and sulfuric acid 
(right) precipitated at 90 °C.  
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initial concentration of freely available hydronium ions is too low to form clearly 
visible amounts of TA crystals as weak acetic acid remains undissociated. This 
retarded hydronium ion provision reduces the effective supersaturation and is 
subsequently affected by the mentioned quasi-removal of the TA product.  
From a processability perspective these differences in crystal size are also 
reflected by the filtration behaviour. Figure 5-4 shows the respective normalized 
filtration times in dependence of the respective precipitation temperature and acid.  
The results do not contain the data for 8°C acetic acid, as it could not be filtrated 
successfully due to the displayed 90 % of fines. As precipitation experiments were 
conducted with equimolar PA addition, the TA crystal mass for acetic acid is 
~20 % lower than for sulfuric acid (see yield in 5.1.3.1). As these differences in 

yield promote apparently shorter absolute filtration times for acetic acid, they 
were normalized with the yield of the individual PA (Yacetic ~ 0.78; Ysulfuric ~ 1) as 
explained in 4.3.2. Nevertheless, the main contributor for filtration time is the 
significant difference in crystal size.  
Thus, at 36.5 °C TA obtained by sulfuric acid contains about 70 % of fines 
compared to 40 % for acetic acid. At 90 °C sulfuric acid passes the 40 % limit 
which is also reflected by similar filtration times to acetic acid at 36.5 °C. 
Nevertheless, for sulfuric acid, filtration times decrease as precipitation 
temperatures increase. Accordingly, a relative decrease in supersaturation by 

 

Figure 5-4 Normalized filtration times and residual cake moisture of TA 
precipitated with sulfuric and acetic acid at different 
temperatures. 
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factor ~5 induces 5 times shorter filtration between 36.5 °C and 90 °C. It can be 
deduced that the reduction of fines primarily contributes to the reduction in 
filtration time. Additionally, as the decrease in filtration time also continues for 
36.5 °C and 45 °C, it proves the sensitivity of filterability as a quality parameter, 
since almost no differences in PSD could be observed in this region.  
This was also shown by Lee at al. who precipitated TA with sulfuric acid and 
additionally using DMSO as a co-solvent.18 Despite similar crystal sizes for their 
25 °C and 60 °C experiments the specific cake resistance was almost halved for 
the higher temperature.  
Regarding acetic acid, the almost proportional relation between filtration time and 
temperature dependent solubility is less pronounced, despite the generally larger 
differences in solubility and crystal size. While this can be attributed to the 
significantly lower amount of fines for all samples, it can similarly be due to 
limitations of the experimental setup for vacuum filtration. Thus, for the applied 
system parameters (pressure, airflow, solids content, suspension volume) the 
maximum filtration speed is already reached and the filter cake does not 
significantly contribute to the filter cake resistance. With regard to residual 
moisture in the filter cake as a measure for the necessary drying effort, significant 
PA differences appear in Figure 5-4. While sulfuric acid TA remains at ~70 % 
moisture regardless of temperature, acetic acid TA moisture is reduced from 60 % 
to ~30 % with increasing temperature. This is the clear result of the reduced 
specific surface of acetic acid TA as displayed in Figure 5-3 in comparison to 
sulfuric acid TA. However, this parameter appears not as sensitive as filtration 
times for evaluating processability. 
In conclusion, the two investigated parameters (PA and temperature) display 
promising results. In contrast to approaches applying solvent mixtures or 
recrystallization leading to improved processability, the displayed method does 
without additional organic solvents.18,19 Instead, the system inherent temperature 
dependence on solubility and a solubility enhancing PA are advantageously 
exploited. Additionally, the usage of a stirred tank naturally reduces 
supersaturation as the reactants are diluted and direct contact is avoided.129  
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5.1.2 Reactant Dispersion 

As introduced in chapter 2.4, dispersion of reactants displays a key parameter for 
controlling precipitation processes. This is due to its potential in providing even 
reactant distribution and thus, avoidance of local concentration and 
supersaturation peaks that induce strong nucleation events in precipitation. 
Additionally, it can support mass transport of otherwise diffusion limited 
reactions. On the other hand, increased energy input can lead to crystal abrasion 
and breakage increasing fines and possibly induce additional secondary  
nucleation. In this chapter, dispersion is targeted through variation of different 
parameters, namely stirring rate, dosing velocity and PA concentration.  
At first, the effect of an increased stirring rate on precipitation of TA is displayed 
in Figure 5-5.  

The volume-related cumulative PSDs are displayed for TA precipitated with 
sulfuric acid at 45 °C and acetic acid at 65 °C. The distributions for sulfuric acid 
are almost identical for stirring rates (circumferential velocity utip) of 250 rpm 
(utip= 0.85 m/s) upwards with about 70 % of fines. 
The 150 rpm curve instead, shows a slight reduction to 60 % of fines and higher 
deviations for values exceeding 10 µm. Additionally, these distribution values are 
slightly shifted towards larger particle diameter equivalents. Since, no increase in 
fines occurs at higher stirring rates it can be deduced that under the given low 

 

Figure 5-5 Volume-related cumulative PSD of TA after precipitation with 
sulfuric (45 °C) and acetic acid (65 °C) at different stirring rates, 
lines are shown to guide the eye. 
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supersaturations no significant secondary nucleation could be induced. 
Nevertheless, the lowest stirring rate promoted growth of longer needles despite 
a potentially uneven reactant concentrations and higher local supersaturation 
peaks.  
For acetic acid, the contrary effect can be observed as the lowest stirring rate leads 
to a slightly shifted distribution towards smaller sized crystals. Thus, the amount 
of fines increases from 10 % to around 15 % for 150 rpm. Similar to sulfuric acid, 
the respective deviations between repetitive experiments are also higher for these 
experiments. However, the deviations for precipitation with acetic acid are 
increased for all distributions, which can be traced back to the irregular dendritical 
structure presented before. Nevertheless, within the varied parameter range an 
increased energy input leads to more homogeneous distributions, regardless of the 
PA. Additionally, higher stirring rates do not induce significant particle breakage, 
neither for larger acetic acid crystals nor for smaller sulfuric acid TA. Generally, 
the results lead to the conclusion that mixing in the chosen stirred tank reactor 
setup displays a low impact in increasing particle size within the experimented 
parameter range. This is in congruence with the results on TA precipitation by 
Marlena et al.. They found that mean crystal size slightly decreased when 
increasing paddle impeller revolutions from 120 rpm to 420 rpm in their semi-
batch setup.90 In extensive studies on the semi-batch precipitation of chemically 
similar benzoic acid by Åslund and Rasmuson as well as Torbacke and Rasmuson 
covered a wide range of mixing related conditions.42,45 As they applied strong 
hydrochloric acid on sodium benzoate, their results can rather be compared to 
sulfuric acid within this work. Thus, with increasing stirring rate, mean crystal 
size increases at first while a further increase induces a reduction which they 
correlated to secondary nucleation, attrition and crystal breakage. They state, that 
especially an increased mixing intensity at the feed point and macroscale 
circulation promote a large mean crystal size. The small differences observed in 
the experiments of this work, lead to the conclusion that the varied mixing 
intensities did not suffice to significantly disturb the crystallization behaviour.  
 
However, next to a desirable process robustness regarding mixing conditions, an 
additional explanation can be limitations due to the chosen range of further mixing 
related parameters. Therefore, additional experiments were conducted to stress the 
impact of mixing by changing the standard dosing rate of 30 mL/min. The 
respective volume-related cumulative PSDs are displayed in Figure 5-6.  
For precipitation with sulfuric acid, a change in PA dosing speed does not 
significantly affect PSD. Within the investigated parameter range, supersaturation 
peaks cannot be avoided, leading to a PSD being unaffected by slow dosing or  
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increased mixing. A stronger influence on particle size by dosing variation is 
revealed for acetic acid precipitation. The curves for 6 mL/min dosing are shifted 
significantly towards larger sizes compared to faster dosing. Thus, for 54 mL/min 
the amount of fines with x ≤ 10 µm doubles to more than 10 % compared to 
6 mL/min. However, for 30 mL/min and 54 mL/min observed differences are 
minor. Consequently, a mixing limitation can occur and increase nucleation as a 
result of local supersaturation peaks.  
The reason for this pronounced effect for acetic acid in contrast to sulfuric acid 
can be the instant and complete dissociation of sulfuric acid leading to available 
hydronium ions and thus protonation of TA. On the other hand, the provision of 
hydronium ions from acetic acid relies on the shift of the dissociation equilibrium 
of weak acetic acid by product removal representing a supply limitation. In case 
of applying a dosing strategy that promotes inhomogeneous reactant dispersion, 
dissociation is retarded. Instead local supersaturations occur and lead to a reduced 
mean particle size. The general effect of a slower feed rate is in congruence with 
the studies on precipitation of benzoic acid by Åslund and Rasmuson as well as 
Torbacke and Rasmuson.42,45 However, the fact these observations using 
hydrochloric acid do not apply for sulfuric acid here, can be correlated with their 
investigated parameter range. They applied the acid with ~5 wt.-% instead of 
25 %wt.-% here, and varied the feed rate between 0.3 mL/min and 12 mL/min. 
Coupled with the fact that benzoic acid displays a low-soluble but not sparingly 

 

Figure 5-6 Volume-related cumulative PSDs of TA after varying dosing 
rate for precipitation with sulfuric and acetic acid at 65 °C. 
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soluble product, supersaturation can be considered substantially lower compared 
to this work.  
High supersaturations are also more likely to occur when increasing the mass 
fraction of the PA.42,130,131 This effect is displayed in Figure 5-7 for three different 
acetic acid concentrations. 

While only small differences between the PSDs of the two curves for lower 
concentrated acetic acid occurs, its pure addition results in a significant drop in 
size together with a strong generation of fines. Thus, from around 10 % of the 
crystal population being smaller than 10 µm, the amount increases to more than 
30 %. These results are the consequence of increased supersaturation due to the 
increased provision of hydronium ions promoting nucleation. It also shows the 
limitations of increasing TA solubility on crystal size (see 3.2.4) considering a 
higher acetic acid concentration in the solvent. Nevertheless, this undesired 
nucleation effect can be reduced by reducing dosing speed as shown for acetic 
acid in Figure 5-6. This was already shown for other precipitation systems like 
salicylic acid and benzoic acid.42,130,132,133 
The incentive to use concentrated reactants targets the volume reduction of the 
process streams which is especially useful, as real PET reactants still contain the 
second monomer EG which has to be separated from low boiling water. Thus, 
water input should be limited to an extent at which it does not negatively affect 
the processability behaviour of TA. Thus, alternatively stirring rate could be 

 

Figure 5-7 Volume related cumulative PSD of TA after precipitation with acetic 
acid of different concentrations (mass fractions) at 65 °C.17 
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increased in order to reduce local concentration peaks of acetic acid. These results 
could not be conducted for sulfuric acid in batch operation as dosing of 
concentrated sulfuric acid leads to significant generation of heat. However, the 
observed fundamental effects are expected to be equally applicable.  
In conclusion, the screening experiments revealed that process parameters that 
directly affect TA solubility exhibit the most pronounced influence on TA crystal 
size and in consequence, on its processability. While the general effect is in perfect 
congruence with crystallization fundamentals, the extent to which acetic acid 
improves precipitation appears exaggerated. With regard to the available TA 
solubility data for 65 °C, an acetic acid content of ~0.42 g/kg leads to an increase 
in solubility by factor ~2.5 (Figure 3-9). The reference precipitation with acetic 
acid of 0.25 g/g, at equimolar addition to 0.021 g/L DST solution, induces an 
average acetic acid content of ~0.014 g/kg. Consequently, either already low 
concentrations of acetic acid significantly enhance solubility or locally higher 
concentrations due to imperfect mixing of 0.25 g/g acetic acid occur. As indicated 
by the lower 0.077 g/g acetic acid concentration curve in Figure 5-7, only minor 
differences are visible in comparison with reference 0.25 g/g acetic acid. This 
confirms that a low acetic acid content in the solvent is already sufficient in 
significantly promoting solubility.  

5.1.3 Extended Screening of Alternative Precipitation Acids 

As shown for acetic acid, the PA affects the composition of the solvent, having an 
enhancing effect on solubility and consequently increases crystal size. Thus, for 
the case of acetic acid a carefully chosen PA can additionally act as solubility 
enhancer. However, added substances can also have the opposite effect, reduce 
solubility and thus, increase supersaturation. This perspective extends the single 
application of a PA as provider of hydronium ions to a co-solvent or additive to 
tailor the product properties. On the other hand, neutrally acting PAs can be 
economically interesting e.g. as low-cost by-products of neighbouring processes 
in a chem-park environment. As seen for acetic acid, this does not exclude weaker 
acids as TA precipitation can shift the dissociation equilibrium towards the 
product side. In order to identify the effect of alternative PAs on the final 
precipitate, experiments were extended to further potentially suitable organic and 
inorganic acids. Table 5-1 shows the different PAs applied within this work and 
their respective acid strength together with the individual molality. All PAs were 
used at 25 wt.-% mass fractions, except for oxalic acid with 7.7 wt.-% because of 
aqueous solubility limitations.  
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Acid molH+/kgPA pKa (I) pKa (II) pKa (III) 
Terephthalic 
(isophthalic) 

- 3.51
(3.46)

4.82 
(4.46) 

Phosphoric 7.65 2.12 7.21 12.32 

Citric 3.9 3.09 4.75 5.41 

Sulfuric 5.1 -3 1.99 

Oxalic 1.71 1.23 4.19 

Hydrochloric 6.85 -8 
Acetic 4.16 4.76

With regard to the theoretical availability of protons, shown in the second column, 
the applied PAs possess clear differences, as well as the individual values for acid 
strength. Considering phosphoric acid, it has the highest molality but represents 
the weakest average acid strength. Citric acid appears similar to acetic acid while 
offering two more protons. From its molecular appearance the similarity between 
oxalic and acetic acid is even more pronounced with oxalic acid offering two 
protons. Hydrochloric acid was chosen as an alternative strong precipitation agent 
which has been applied for TA precipitation by other groups (3.2.3).  

5.1.3.1 Yield 

Since the respective PAs possess an individual dissociation behaviour they differ 
substantially in their provision of hydronium ions for the reaction with DST to 
TA. At the same time the precipitation of TA represents a quasi-irreversible 
chemical reaction with product removal, affecting the dissociation equilibrium. In 
order to deliver an insight on the interplay between dissociation of PA and TA 
precipitation, the pH and yield of different PAs over the standardized addition of 
hydronium ions is displayed in Figure 5-8.  

Table 5-1. Acid dissociation constant pKa of the PAs, TA and IA.119
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The addition is standardized to the respective molar availability of hydronium ions 
of the PAs with respect to the TA demand, as explained in the experimental 
procedure (“number of functional acid groups per mole”). Thus, at a standardized 
H+ addition ratio of 0.7 for example, the respective PA theoretically provides 
sufficient hydronium ions to reach a  maximum TA yield of 0.7. Considering one 
mole of acetic acid (one hydronium ion per mole), it could theoretically precipitate 
only 0.5 moles of two-protonic TA. Consequently, at the same standardized H+ 
addition ratio of 0.5, one mole of acetic acid is added and only 0.5 mole of two-
protonic sulfuric acid. Full lines represent continuous pH measurement during 
dosing of the respective PA (left Y-axis). Symbols with dotted lines show the yield 
of TA at specific stoichiometric ratios with the pure dashed line representing the 
maximum possible yield in dependence of PA assuming a complete PA 
dissociation. Initially, the pH drops steeply at low stoichiometric ratios which 
emphasizes the sensitivity of the system during acid addition. Together with the 
dynamic measurement, this sensitivity leads to the apparent initial differences in 
the slope of the various PAs. After the first transition point at pH ~8 the pH 
remains almost constant at ~5 for all applied PAs. Explanation is provided through 
theory of the buffer equation by Henderson and Hasselbalch for weak acids and 
their salts. Thus, regarding TA buffering can be observed around the pKa(II) value 

 

Figure 5-8 pH and yield over stoichiometric ratio of H+ provision from 
different PAs and TA demand, results are from single dynamic 
measurements at 36.5 °C (adapted from Müller et al.).17 
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(Table 5-1).134 For strong hydrochloric and sulfuric acid also a clear second 
transition point can be observed. The influence of the PAs on lowering the pH and 
the maximum observable pH reduction is in accordance with their respective 
average dissociation constant. However, although the pH is defined as hydronium 
ion concentration, which equals yield in pH shift reactions, it differs for different 
PAs. Taking the buffer region at a stoichiometric ratio from 0.3 to 0.7, all applied 
PAs lower the pH to ~5. In this region, the strongly dissociating PAs provide 
sufficient hydronium ions leading to the theoretical maximum yield being 
reached. Instead, the weaker acids do not reach the maximum yield but show an 
increase in yield when adding more PA despite a constant pH. The similar pKa 
value of citric and acetic acid leads to almost identical pH curves over the whole 
course of the measurement. Regarding yield, pronounced differences at equimolar 
addition equilibrate at hyper stoichiometric dosing. This effect can be associated 
with the third hydronium ion of citric acid with the weakest dissociation constant 
being ineffective for TA protonation but considered in the stoichiometric ratio. 
The yield of phosphoric acid, which was excluded from particle size measurement 
as unreproducible, also proves its apparent unsuitability for TA precipitation. It 
contributes only one proton, thus demanding an approximate threefold excess for 
full yield. However, as the samples were not taken at equilibrium, changes of 
yield, especially for the weaker acids cannot be ruled out. However, in consecutive 
experiments with acetic acid, the yield at equimolar addition remained constant 
after stirring for 5 hours. Nevertheless, TA yield is generally in accordance with 
the average dissociation constants. Additionally, weaker acids asymptotically 
approach full TA yield at hyper stoichiometric ratios, which is comprehensible 
despite the almost constant pH. Thus, the beforementioned theory on product 
removal affecting the dissociation equilibrium provides a valid explanation for the 
high yield of the weak Pas (see 3.2.6). Regarding parameters for process control 
in a batch or continuous setup the pH has to be considered in its acid-individual 
behavior with respect to the used PA.  
 

5.1.3.2 Alternative Precipitation Acids 

In the second part of this evaluation the respective acids were compared in their 
effect on TA crystal size distribution. Experiments with phosphoric acid have 
been conducted as well. However, with regard PSD measurements, these were not 
reproducible and are therefore not considered here. Figure 5-9 shows the PSDs of 
TA from the respective PA, precipitated at 65 °C.  
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Generally, the displayed distributions are in a similar range of size, with the 
exception of acetic and oxalic acid. On one hand, acetic acid precipitates crystals 
that are larger by factor 10 on average with around 10 % of fines. Oxalic acid on 
the other hand, produces the smallest TA crystals with 90 % of the population 
being smaller than10 µm, although it has been applied diluted at 1/3 of the 
concentration of the other PAs. The citric acid PSD is almost identical to sulfuric 
acid while hydrochloric acid is shifted towards larger values as well. Nevertheless, 
all PAs show an individual impact on the final TA precipitate size. Considering 
the strong dissociation tendency and molality and thus high theoretical 
supersaturation induced by hydrochloric acid, the resulting larger TA crystals are 
unexpected. 
However, in comparison to acetic acid the increase is minor and does not 
positively impact filtration time as shown in Figure 5-10. The normalized 
filtration time (Equation 4-5) allows for a second perspective on the previously 
displayed PSDs. In congruence with the distribution and while having an average 
filter cake height, acetic acid TA filters at least twice fast as any other PA, despite 
considering that lower yield of weak acids results in smaller filter cake reducing 
filtration resistance (5.1.3.1). 

 

Figure 5-9 Volume-related cumulative PSDs of TA precipitated by different 
acids, double measurements at 65 °C, lines are shown to guide the 
eye (adapted from Müller et al.).17 
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The comparison between strong sulfuric and hydrochloric acid reveals that the 
resulting apparently larger crystals of do not lead to a faster filtration. However, 
the apparent faster filtration for strong oxalic acid is compromised due to the large 
number of fines passing the filter cloth during filtration. While the same leakage 
was partially witnessed for citric acid, the normalized filtration time is close to the 
normalized filtration time by sulfuric acid. This is in congruence with the similar 
PSDs shown before. With regard to an industrial implementation of PAs in a 
product-recovery-focussed precipitation step, primarily sulfuric and acetic acid 
can be considered. These positively affect crystal size which transfers to short 
filtration times.  
Nevertheless, the yield of acetic acid of ~78 % when added at equimolar ratio with 
regard to the proton demand of TA is a significant disadvantage and must be 
assessed to its promising crystallization behaviour. This includes the economical 
perspective with the cost of the PAs as well as the cost for process operation. Thus, 
while more acetic acid is needed for full yield, higher temperatures and thus 
energy cost are necessary for a similar processability with sulfuric acid. 
Furthermore, the process costs for recovery of the complementary sodium acid 
salts and the revenue cannot be neglected. Taking a holistic perspective on a 
recycling process that should offer a sustainable solution, everything should be 
incorporated in a lifecycle assessment to evaluate the benefit of each process.113 

 

Figure 5-10 Normalized filtration time (upper bars) and respective filter cake 
height (lower bars) of TA precipitated by different acids at 65 °C 
(adapted from Müller et al.).17 
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5.2 Application to PET Reactants 

The presented screening experiments revealed an elevated precipitation 
temperature and the PA as key parameters to improve crystal size and 
processability of precipitated TA. Particularly, acetic and sulfuric acid at 
temperatures above 65 °C show promising effects for precipitation of TA.  
In the following these parameters are applied in precipitation of TA from 
depolymerized PET reactants of different sources. These depolymerized PET 
fractions have not been purified apart from solids separation up to 0.05 µm. This 
allows for additional evaluation of the precipitation step in its purification 
potential and validation of the process parameter effects on crystal size and 
filterability.  
A significant part of the data presented in the following originates from the 
experimental work of the bachelor thesis by Dirk Wilhelm Franke-Hameke and 
were published in the De Gruyter journal of Green Processing and Synthesis.102,135 
 

5.2.1 Purification Potential 

As introduced in 3.2.5, all PET recycling processes are challenged by a numerous 
variety of impurities from different origins. While mechanical recycling must only 
cope with surface and surface migrated impurities, BMR is confronted with 
impurities that were added during manufacturing and are released (and degraded) 
during depolymerization. Unlike the model system, the validation of the 
precipitation parameters found in 5.1 is potentially challenged by its purification 
performance. As the individual identification of the impurities surpasses the scope 
of this work, in particular two properties are evaluated, the Hazen colour index 
and the isophthalic acid (IA) content. The Hazen colour index or colour index 
(4.3.5) is a measure for the yellowness of TA due to contained impurities 
(3.2.5).14,79,125 As highlighted in section 4.3.5, the assessment of purity can be 
efficiently and reliably conducted using the Hazen colour index. Lower values 
within this index signify reduced traces of impurities, while higher values indicate 
the opposite. Thus, it is necessary that fossil-based PTA does not exceed colour 
index values above 10. Additionally, it must be considered that the Hazen colour 
index represents only one quality parameter of several in the PTA industry as it 
cannot assess colourless impurities.125  
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Hazen Colour Index 
In Figure 5-11 the effect of temperature on precipitation with acetic and sulfuric 
acid on the Hazen colour index of TA is displayed.  

With regard to temperature, a tendency of increasing precipitation temperature 
leading to a reduction of the colour index can be observed. A possible explanation 
can be an increased mass transfer of colouring impurities into the bulk. Thus, 
impurities do not accumulate in the boundary layer after rejection from crystal 
incorporation and remain in solution at higher temperatures.23 Additionally, the 
reduced supersaturation (Sc,6090 ~1600  650) promotes a slower growth of TA 
reducing the incorporation of impurities.23 The purifying effect of an increasing 
crystal size due to the reduced surface volume ratio can only be considered 
assuming a pronounced surface integration of colourants. Otherwise, smaller 
crystals are reported to reduce the tendency to form inclusions.23 These effects 
and their possible mechanisms can be observed for both PAs. Nevertheless, acetic 
acid reduces the colour index in direct comparison to sulfuric acid to a larger 
extent. While this could be due to the significantly larger TA crystals (reduced 
surface) after precipitation with acetic acid, solubility and supersaturation are 
probably more dominant. On the one hand, precipitation of TA with acetic acid is 
a slow and gradually increasing solids formation process, whereas sulfuric acid 
acts fast. A slowed down growth reduces the probability of inclusion 

 

Figure 5-11 Hazen colour index of TA precipitated with sulfuric and acetic 
acid at various temperatures, single measurements for model 
reactant only, lines are shown to guide the eye.102 
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incorporation.23 Additionally, it is possible that acetic acid also promotes 
solubility of impurities that are chemically similar to TA as seen for its isomer IA 
(3.2.4). A higher temperature and also the application of acetic acid as PA also 
show a purifying effect for the model reactant prepared from PTA (single 
measurement). However, in the investigated temperature region the absolute 
reduction of the colour index is low and shows strong deviations for repetitive 
measurements. Additionally, the colour index values differ significantly between 
the respective depolymerized PET reactants as consequence of individual levels 
of impurities. Thus, PET light blue and PET/PE reactant show higher levels of 
yellow coloured impurities being incorporated than in TA precipitated from 
undersized PET. This is the result of the conditions during alkaline hydrolysis, 
favouring discolouration of TA which is for example sensitive to torque and 
process temperature.13,14,110 A similar undesired colouration is caused by oxidative 
and hydrolysing conditions during thermomechanical PET recycling as described 
in 3.1.2. 8 In the revolPET® approach, the highly alkaline solid-solid reaction and 
elevated temperatures additionally favour EG degradation, partially decomposing 
into yellow coloured fragments. Nevertheless, the general TA colour index from 
colourless packaging depolymerized in the revolPET® process is between 100 - 
140 at depolymerization temperatures from 100 °C – 160 °C as reported by 
Biermann et al.. Their results represent an approximate base value for the colour 
index of TA from PET light blue reactant, as they precipitated TA for purity 
analysis at room temperature.110 Thus, it can be concluded, that discolouration is 
significantly reduced for precipitation at more than 60 °C instead of room 
temperature. Furthermore, TA colour primarily depends on the initial reactant 
colour whereas an increase in temperature displays a secondary influence only. 
Additionally, it was found that discolouration of PET reactants decreases with 
storage time, which complicates comparison of single parameter effects for 
different reactants. Nevertheless, the results reveal a general potential of the 
precipitation step for TA purification on one hand. On the other hand, its limits 
are shown as precipitation cannot replace additional decolouration measures. A 
suitable approach applied for dyed polyester is reported to be adsorptive pre-
treatment with active carbon.106,107,136 Alternatively, originating from the 
purification step during synthesis of TA from p-xylene, also selective 
hydrogenation can be used to reduce the amount of colouring impurities.  
 
Isophthalic acid content 
In addition to coloured impurities also present in crude TA, for which alternative 
purification measures exist, rTA especially of packaging origin is commonly 
contaminated with IA, making it a recycling specific impurity. This is because TA 
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precursor p-xylene is practically free of m-xylene, the reactant for IA production, 
as it is separated from its isomeric mixture by the highly selective 
chromatographic Parex™ process (3.2.1).137 However, PET manufacturers adjust 
IA content to the respective demand with regard to the final PET application. With 
regard to BMR control of IA content can be accomplished by mixing feedstocks 
with different IA amounts until reaching a mixture with the desired content as 
patented by RITTEC Umwelttechnik GmbH.138 This approach comes with the 
downside of mixing low ( or no) IA containing feedstocks like polyester textiles 
with high IA content PET of food packaging origin, which might limit the 
monomer reapplication regarding legislation.100 Consequently, it is of importance 
for BMR to provide measures for controlling IA content in rTA. In the following, 
the potential of the precipitation step on IA reduction is analysed.  
Therefore, Figure 5-12 displays the influence of PA in dependence of the 
precipitation temperature on the IA content in the TA precipitate for different PET 
reactants.  

As the amount of IA added during PET manufacturing is chosen to meet the 
desired properties (e.g. crystallinity, transparency53) of the respective application, 
the initial isophthalate content varies between the PET reactants. Thus, TA from 
PET light blue reactant, originating from bottle-to-bottle recycling, contains the 
highest amount of IA. TA from undersized PET and PET/PE contain a 
significantly lower and almost identical amount of IA. In contrast to the colour 
index values shown previously, the trends of IA content show an unambiguous 

 

Figure 5-12 IA content in TA precipitated with sulfuric and acetic acid at 
various temperatures, lines are shown to guide the eye.102 
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dependence of temperature and PA. Thus, at higher temperatures a significant 
reduction of IA content can be observed regardless of the IA content of the applied 
PET reactant. Additionally, the relative degree of IA reduction appears to be 
constant for each PA respectively regardless of the PET reactant and its initial IA 
content. Thus, IA in TA precipitated with sulfuric acid is reduced by 
approximately 9.5 % and by around 45 % for TA precipitated with acetic acid 
between 60 °C and 90 °C. This effect can be clearly connected to the steeper 
inclination of IA solubility with temperature next to its generally higher solubility 
in comparison to TA (3.2.4). While IA solubility more than triples from 0.45 to 
1.52 g/kg C, TA solubility only doubles from 0.08 to 0.176 g/kg between 55 °C 
and 85 °. Consequently, a larger amount of IA remains in solution without co-
precipitating with TA. As the samples are cooled to room temperature in the 
mother liquor prior to analysis, they will become supersaturated for IA during 
cooling. However, under the applied conditions, it could be influencing for more 
concentrated PET reactants near the DST solubility limit and higher IA content. 
Additionally, performing solid/liquid separation at higher temperatures under 
such conditions could increase the amount of IA remaining in solution. This IA 
could subsequently be recovered by cooling crystallization even though at high 
dilution. 
In addition to the impact of temperature, acetic acid as precipitation agent reduces 
IA to an even larger extent. In comparison to sulfuric acid, acetic acid TA 
incorporates up to 80 % less IA under otherwise identical conditions. This effect 
also persisted upon addition of hyper stoichiometric amounts of acetic acid. 
Therefore, the reduced yield is not responsible for this effect. Instead, it can be 
related to the promoted solubility of IA in aqueous acetic acid as shown in 3.2.4. 
Even though, acetic acid enhances TA solubility as well, its effect on IA solubility 
is significantly higher. However, in screening experiments with alternative PAs it 
was found that citric and phosphoric acid reduced the IA content in TA at 
equimolar addition to an identical extent as acetic acid.139 As this cannot be 
explained by solubility enhancement (Figure 3-9) it can theoretically be the result 
of the interplay between proton provision by weak acids and proton acceptance 
between TA and IA. As shown in 5.1.3, acid dissociation constants for IA are 
lower compared to TA, making IA the stronger acid isomer. However, protonation 
without solubility induced product removal would demand for a stronger acid in 
order to substantially protonate a weaker one. Thus, considering a competition for 
protons provided by a weak acid, the protonation barrier for weaker TA is lower 
than for protonation of stronger IA. Simulation of species distribution with 
software CurTiPot© revealed 50 % more TA than IA being protonated at pH 4. 
Instead at pH 2 as for sulfuric acid, the degree of IA/TA protonation is almost 
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identical.140 Considering acetic acid as the weak PA of interest, hyper 
stoichiometric addition did only increase overall yield but did not affect the IA 
content in the final precipitate while the pH dropped only slightly. Thus, the mild 
pH of acetic acid at hyper stoichiometric ratios promotes a selective TA 
precipitation. However, higher concentrations of acetic acid also lead to a higher 
IA solubility for which reason the different IA/TA protonation acceptance cannot 
be considered separately from solubility differences.  
On the opposite, sub stoichiometric amounts of sulfuric acid could not induce an 
IA reducing effect in batch operation.141 It can be assumed that the local pH at the 
dosing nozzle is too low and direct precipitation of IA and TA takes place. This 
direct precipitation could only be reduced by measures that avoid high local 
supersaturations e.g. a high PA dilution. 
Concluding the displayed results, the final IA content in precipitated TA highly 
depends on the respective depolymerized reactant. Thus, even PET of similar 
applications, e.g. PET light blue and undersized PET of bottle recycling origin, 
possess completely different IA levels. Therefore, when assuming precipitation as 
the last crystallization step, r-TA should be reapplied in products demanding for 
similar IA levels, under the terms of successful certification (e.g. REACH).103 
Nevertheless, acid strength induced pH and TA solubility impact of acetic acid 
result in an apparent selectivity for precipitation of TA. Thus, acetic acid 
significantly reduces IA content in the final TA. Additionally, as hyper 
stoichiometric dosing hardly affects pH, high TA yield is possible without 
compromising IA content. 
 

5.2.2 Validation of Temperature and Precipitation Acid Influence 

Apart from r-TA purity, its processability and particle size are main qualitative 
parameters considering recovery and reapplication as already mentioned. As 
shown for the model reactant, larger TA crystals lead to faster filtration and also 
improve rheological behaviour.17 The latter gains importance during TA 
polycondensation as mixtures with equimolar amounts of EG must be capable of 
flowing (see also 3.1.1 and 3.2.2).17,20 As stated before purity can be affected by 
particle size, but reversely impurities can also affect particle size e.g. if reducing 
target solubility (2.5.1). Since critical impurities must not necessarily be 
detectable by the applied analytical measures, validation of the previous results 
(5.1.1) was conducted. For comparison and improved visualisation of the broad 
distributions the volume-related logarithmic density distribution q3

* over the 
equivalent mean particle diameter x is used. It expects the logarithm of the particle 
size being normally distributed instead of the particle size itself. Conversion can 
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of a normal mean distribution into a log-mean distribution can be conducted by 
substituting the abscissa (see also Müller et. al.17 Figure 5-13 displays the 
logarithmic volume-related density PSDs of TA of different reactants precipitated 
with sulfuric and acetic acid at 60 °C and 90 °C. In order to simplify qualitative 
comparison and visualization, the distributions are stacked along the y-axis and  
displayed as continuous and dashed lines instead of single points.  
In accordance with the model reactant, the effect of a higher precipitation 
temperature causing larger TA crystals is confirmed for PET reactants as well.17 
Furthermore, the distribution of depolymerized reactants and model reactants 
without EG show a good comparability. Thus, the sulfuric acid precipitated TA 
distributions represent an almost congruent curvature with only the PET light blue 

reactant at 90 °C clearly deviating towards larger crystals. A similar shift is 
especially pronounced for the results of PET light blue with acetic acid. However, 
a significant impact on the distribution measurements of acetic acid TA can be 
observed for the remaining reactants as well. Opposed to the similar distributions 
of sulfuric acid, all acetic acid distributions differ substantially. Regardless of the 
applied temperature, PET light blue and subsequently undersized PET show their 
distribution peak at a larger crystal size than PET/PE. The model reactant appears 
to crystallize in a similar size like PET/PE.  
A reason for the behavioural differences between PET and model reactants could 
be EG known to reduce DST solubility.74 On the other hand, EG represents a less 

 

Figure 5-13 Logarithmic volume-related density PSDs of TA precipitated by 
sulfuric and acetic acid from different PET reactants at 60 °C and 
90 °C, lines are shown to guide the eye.17,102 
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polar solvent compared to water which could positively affect solubility off non-
polar TA which could contribute an explanation for the smaller model reactant 
crystals. However, this does not explain the differences between model reactants 
nor why these differences appear for precipitation with acetic acid only. While the 
PET reactants did apparently not contain critical amounts of contaminants 
negatively affecting the crystallization of TA, they differed substantially with 
regard to the IA content. Additionally, only precipitation with acetic acid had an 
IA reducing effect as IA is generally more soluble in water than TA and even more 
in acetic acid. With the PET light blue reactant containing five times more IA in 
comparison to the other reactants, the mean benzene carboxylic acid solubility is 
higher. Consequently, the solubility of the final crystalline product being a TA/IA 
mixture is higher for PET light blue as well. As shown in 3.2.4, IA solubility 
temperature dependence is substantially more pronounced than for TA which 
leads to increasing solubility differences between IA and TA as temperature 
increases. This could deliver a possible explanation for the larger PET light blue 
distribution peak at 90 °C for acetic acid. In order to examine the described 
differences of both PAs in their effect on processability, Figure 5-14 visualises 
the normalized filtration times for the respective PET reactants.  

The results from acetic acid are represented by the lower dark coloured bars and 
refer to the right y-axis, while the results for light sulfuric acid are displayed by 
the light-coloured bars on the left y-axis. The general faster filtration for 

 

Figure 5-14 Normalized filtration times of TA precipitated by sulfuric acid (left y-
axis) and acetic acid* (right y- axis), acetic acid is displayed by dark 
coloured bars. 
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increasing precipitation temperature can be validated for PET reactants 
precipitated with sulfuric acid. Nevertheless, in contrast to the almost identical 
crystal size distributions, the  
filtration times between reactants vary substantially. Especially for 60 °C the PET 
light blue reactant appears to filter almost twice as slow as the model reactant, 
which displayed the largest crystals in the distribution in Figure 5-13. These 
differences equilibrate at higher temperatures and almost vanish at 90 °C. For 
PET/PE and undersized PET differences are minor and lie within the experimental 
deviations. For acetic acid, no significant tendency can be deduced, as filtration 
times for PET light blue and PET/PE appear to increase with temperature while 
Undersized PET and the model reactant remain almost constant. However, this is 
in accordance with the ambiguous results on the parameter screening in 5.1.1, in 
which a temperature increase from 65 °C to 90 °C did not reduce filtration time 
further. Consequently, the displayed fluctuations and inconsistencies for acetic 
acid precipitated TA can be attributed to the limitations of the filtration setup.  
Nevertheless, these results on real depolymerized PET reactants reveal that a 
higher precipitation temperature balances influences on crystallization behaviour 
of possible contaminants. The use of acetic acid shows great potential as it leads 
to significantly larger crystals and reduces IA content and probably discolouration 
as well. Industrially common amounts of IA do not critically affect crystal size 
and subsequent processability. Instead, it can be deduced that PET reactants 
crystallize similarly to the model reactant (see Appendix, Figure 8-6). However, 
within the variety of PET applications, the investigated reactants represent only a 
small sample group. Therefore, it can cannot be excluded that some additives 
possibly complicate TA crystallization. On the other hand, these might be 
removed beforehand by adsorptive treatment or in a subsequent recrystallization 
step.   
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6 Transfer to Continuous Operation 

The second part of this work focusses on analysis and establishment of a 
continuous operation of the precipitation step. Next to the general advantages of 
continuously operated processes (e.g. constant quality, reduced start-up/shut-
down time, higher capacities142) over batch operation, the continuous 
crystallization in a stirred tank reactor also has additional benefits. Thus, its setup 
inherently induces an additional dilution of reactants which reduces effective 
supersaturation. Furthermore, residence time distribution leads to the constant 
presence of crystal seeds in the reactor which potentially provide surface for 
secondary nucleation. Furthermore, continuous precipitation displays the 
consequential operational mode regarding a continuous depolymerization as 
conducted within revolPET® technology (3.1.3.2). Therefore, the following 
chapters present the results of the parameter studies in a continuous setup, 
conducted in continuation of the previously shown batch investigations.  
The experimental procedure follows the method described in 4.1.3., introducing 
the dimensionless residence time which is applied throughout the following 
results, in order to compare results for experiments with different residence times. 
A significant part of the experimental work has been conducted during the master 
thesis of Michelle Biermann, the student research project of Saskia Gottwald and 
the bachelor thesis by Henrik Schneemann and Yunis Jansen.111,143–145  
 

6.1 Precipitation Acids Comparison 

Following the most influencing parameters of the initial parameter screening in 
model reactants and their transfer to real PET reactants, an elevated precipitation 
temperature of 80 °C was chosen as starting point. The experimental duration 
(70 min) and reactant volumes were adjusted to allow for approximately ninefold 
reactor volume exchange and the possible establishment of a steady state (see also 
4.1.3).146 The parameters of the standard procedure are displayed in Table 6-1. 

This standard procedure starts with a batch precipitation up to the target pH at 
equimolar addition of the respective PA (see 5.1.3.1) after which the first sample 
at t0 is taken. By simultaneously starting product and feed pumps the continuous 
process is initiated.  
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Table 6-1. Standard parameters for reference experiment during continuous operation. 

 
Figure 6-1 shows the logarithmic volume-related density PSD of TA after the 
reference precipitation at 80 °C for acetic and sulfuric acid at three different 
moments.  

The initial distributions of acetic and sulfuric acid precipitated TA are comparable 
to the already presented distributions after batch precipitation. While the acetic 
acid remains almost constant over the course of the experiment, the distribution 
of sulfuric acid changes substantially. Thus, the number of fines is reduced and 
the overall shape approximates the acetic acid distribution. Additionally, the entire 
distribution is shifted towards larger values leaving the final distribution of 

Parameter Value 

Temperature  80 °C 
Precipitation acid | conc. | volume 

flow 
Sulfuric acid | 25 gacid/gtotal | 

6.2 mL/min 
PET reactant | conc. | volume flow PET/PE | 25.6 gDST/L | 121 mL/min 

Residence time 7.9 min 
Reactor hold up 1 L 

pH 2 

 

Figure 6-1 Logarithmic volume-related density PSDs of TA from PET/PE 
reactant after precipitation with acetic and sulfuric acid at 80 °C, 
samples taken at the beginning t0, middle t3.87 and end t7.74 of the 
experiment. 
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sulfuric acid similar to acetic acid. This behaviour for sulfuric acid can be traced 
back to two conditions induced by the continuous operation. First the precipitation 
is conducted in a media already containing TA crystals. 
These crystals represent surface for growth of dendritic crystal structures, shown 
in Figure 8-7. Second, the PA and reactant concentration is continuously diluted 
as precipitation is performed in desaturated media, assuming instant and complete 
precipitation. As this dilution drastically reduces supersaturation, secondary 
instead of homogeneous nucleation and crystal growth can occur which eventually 
supports formation of larger crystals. These effects have already been stated by 
O’Hern and Rush for continuous precipitation of barium sulfate.147 Thus, even for 
concentrated barium hydroxide and sulfuric acid reactants no decrease in crystal 
size was observed in contrast to batch and T-mixer produced crystals.  
Another sign of crystal growth is also visible in Figure 8-7, where the central stem 
of the dendrites appears significantly thicker at the end of the experiment. In 
accordance with the distributions, this effect is especially pronounced for sulfuric 
acid whereas acetic acid partially induces dendrite formation in batch operation 
already. As stated before, this is the result of the retarded and reduced provision 
of hydronium ions for protonation of DST to form TA and solubility 
enhancement, reducing supersaturation. However, these effects could not be 
witnessed in batch experiments by addition of crystal seeds nor by mere 
application of diluted reactants. It can be concluded that the combination of 
dilution and seeding, inherent for MSMPR operation is the prerequisite condition 
for this change in TA crystallization behaviour. Moreover, the distributions for 
t3.87 and t7.74 for sulfuric acid appear almost congruent, indicating a stationary state 
after t3.87 while distributions for acetic acid appear almost unchanged throughout 
the experimental duration.  
In order to improve temporal resolution of the continuous process and crystal 
growth while maintaining a clear and comprehensive presentation, the x3,10, x3,50 

and x3,90 quantile values of the cumulative Q3 distributions were chosen for 
subsequent presentation. Figure 6-2 shows these quantile values at five different 
moments for the respective precipitation experiments. It also includes 
comparative results with model reactant.  
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As indicated by the distributions of the previous diagram, acetic acid quantiles 
remain almost constant during the experimental duration. Next to fluctuations for 
the 90 % quantiles, a slight inclination can be initially seen for x3,10 and x3,50 until 
reaching t3.87. Within the same time span, all quantiles for sulfuric acid increase 
substantially. Especially the x3,10 and x3,50 almost grow by factor ~5 whereas x3,90 
almost triples. Thus, initially 50 % of the population (x3,50) consists of fines while 
at the end of the experiment, it drops to 10 % of the population (x3,10). However, 
the inclination changes after t3.87 with approximately four times reactor volume 
exchange and the values stay almost constant, which consequently leads to 
assuming a constant supersaturation. The comparison between PET/PE and model 
reactant additionally reveals a slightly reduced size for the model reactant. 
However, these small differences do not appear significant in the respective SEM 
images (Figure 8-7). Instead SEM images show that the continuous operation 
leads to a morphological and size convergence between acetic and sulfuric acid 
precipitated TA.  
  

 

Figure 6-2 x3,10, x3,50 and x3,90 quantiles of TA from PET/PE reactant after 
precipitation with acetic and sulfuric acid at 80 °C, empty symbols 
represent synthetic model reactant, lines are shown to guide the eye.  
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This is also represented by the processability of TA, measured as normalized 
filtration time and displayed in Figure 6-3.  

Thus, after batch precipitation at t0 filtration time for sulfuric acid is about double 
in comparison to sulfuric acid, which agrees with the previously presented batch 
results. Nevertheless, sulfuric acid filtration times significantly drop after t3.87 and 
stay almost constant, confirming the stationary state. On the contrary, acetic acid 
filtration times are low initially but appear to increase over the course of the 
experiment. Due to its lower filter cake mass and yield the normalized filtration 
time after the stationary state is about double the filtration time of sulfuric acid, 
despite generally larger crystals. As the possibility of clogging of the filter cloth 
cannot be excluded, the differences should be regarded with reservation.  
However, precipitation process with acetic acid was additionally complicated as 
the large dendritic crystals showed a tendency of blocking the tubes of the 
peristaltic product and acid pump. While this could only be a problem of the small-
scale laboratory setup, it could instead indicate a pronounced fouling issue for 
acetic acid too.  
  

 

Figure 6-3 Normalized filtration time of TA from PET/PE reactant after 
precipitation with acetic and sulfuric acid at 80 °C. 
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Next to crystal size and processability, TA purity is of major concern regarding 
its later reapplication. As introduced in 5.2, yellow colouring and recycling 
specific IA content are used as markers representing the purification potential of 
the precipitation. In order to evaluate the risk of impurity incorporation Figure 6-4 
presents the results of purity analysis for both acids.  

With regard to the colour index, no significant differences occur between the 
different PAs, although acetic acid appears to reach lower values as indicated by 
the batch results before. However, these values approach each other over the 
course of the experiment and consequently indicate a slight increase in 
discolouration. A similar, yet stronger fluctuating effect can be seen for IA content 
in TA precipitated with sulfuric acid. Acetic acid instead shows a constant but 
significant IA reduction of up to 70 % compared to sulfuric acid, which is in a 
comparable order of magnitude with the batch experiments (Figure 5-12). 
Likewise, the IA content does not appear to change with time. In contrast, after 
batch precipitation at t0, sulfuric acid leads to a lower IA content, compared to its 
stationary state after 3-4 dimensionless residence times.  
As crystal size for acetic acid TA does only slightly increase with time as well, 
constant TA purity might be connected to TA crystallization behaviour, while 
sulfuric acid changes morphology from thin needles to thicker needles with 
branching dendrites. As stated in 2.5.2, larger crystals possess a higher tendency 
for incorporation of inclusions and impurities. Therefore, as crystal size remains 
constant, purity reaches a steady state too. Together with a good repeatability of 

 

Figure 6-4 Colour index and IA content of TA from PET/PE reactant after 
precipitation with acetic and sulfuric acid at 80 °C. 
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the experiments, the stationary state represents the fundamental requirement for a 
successful transfer of the precipitation step towards continuous operation. This 
steady state for crystal size and purity was also confirmed in long-time 
experiments shown in for sulfuric acid (shorter residence time of 3.5 min vs. 
7.9 min).  

While the colour index fluctuates significantly, IA content displays a clear course 
of an initial inclination ending up in a steady state concentration below 
1.5 gIA/100gtotal after threefold residence time. The quantile values show a similar 
development with the x3,10 and x3,50 quantiles flattening after about 3 times reactor 
volume exchange. This confirms reaching of the steady state which is in 
agreement with literature.146 While the colour index initially displays a 
comparable course, it significantly fluctuates towards the end of this experiment. 
As the purity analysis was conducted for a single experiment only, handling errors 
cannot be excluded. Nevertheless, it can be confirmed that during initial batch 
precipitation, less impurities are incorporated into the crystal in comparison to 
continuous operation. These long-time results could not be confirmed for acetic 
acid as clogging and fouling of tubes already occurred during short-time 
experiments due to the larger crystals and a pronounced fouling effect. All in all, 
impurities remain constant over the course of the experiment and are only affected 
by the choice of PA, since an elevated process temperature is already applied.  
This reduced impact emphasizes again the necessity of prior purification measures 

 

Figure 6-5 Quantile values and purity of long-time experiment with 
sulfuric acid at 80 °, for PET/PE reactant and a residence 
time of 3.5 min, purity values were measured once only. 
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like adsorptive activated carbon treatment of the raw PET reactant in order to meet 
TA colour specification. However, these measures do not affect IA content which 
instead could demand for an additionally recrystallization step as during PTA 
purification (3.2.1). While acetic acid exerts a promising purification effect it also 
led to significant issues regarding crystal fouling as well as blockage of tubes and 
pumps of the experimental setup. It can be assumed that these effects especially 
represent small-scale issues only. Nevertheless, for consecutive experiments, the 
main focus was set to sulfuric acid which showed beneficial growth after 
continuous operation.  
 

6.2 Variation of Throughput 

Considering the initially presented results, continuous TA crystallization induces 
crystal growth resulting from a lowered supersaturation as reactants are diluted by 
the reactor content and from seed crystal presence. However, this diluting effect 
is directly connected to the dispersion of the reactants to avoid local 
supersaturation. Thus, higher reactant mass flows stress possible mixing 
limitations. Additionally, despite the fast reaction kinetics, TA crystals require 
time to grow. A generally higher throughput reduces the time for crystals to grow 
on existing crystals which could reduce crystal size and deteriorate processability. 
Therefore, throughput and thus residence time for continuous precipitation with 
sulfuric acid at 80 °C was varied aiming for identification of residence time 
limitations and the determination of its optimum. In order to facilitate the 
comparison between different residence times, samples were taken at normalized 
sampling times as introduced in 4.1.3. Consequently, samples for analysis were 
taken at moments of identical multiples of the dimensionless residence time but 
different absolute time. Considering experimental duration, the 3.5 minutes 
experiment lasted 31 minutes whereas the 15.7 minutes precipitation lasted more 
than 120 minutes. During each of these experiments, a constant reactor volume of 
1 L was exchanged 9 times.  
Figure 6-6 displays the 10 %, 50 % and 90 % quantile values of the cumulative 
Q3 distribution over the normalized time. Generally, the development of the 
quantile values is similar for the different residence times. Thus, the initial 
inclination of the x3,50 and especially x3,90 quantiles appear almost identical for all 
residence times. Nevertheless, some differences occur which could be a result of 
the changed residence time. Thus, at t3.87, the x3,10 and x3,50 quantiles arrange in 
order with the samples for the longest residence time being significantly larger. 
These values of the 16 minutes residence time experiments fall subsequently for  
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both quantiles leading to an average x3,50 value but the x3,10 remaining slightly  
larger. Such effects cannot be seen for the 90 % quantile, which instead appears 
more constant after t3.87. Instead the shorter residence time quantiles apparently 
grow over the entire course of the experiment, although their inclination drops 
after t3.87 as stated before.  
A positive effect of longer residence times on crystal size has also been reported 
for barium sulfate and salicylic acid.130,148 Pohorecki and Baldyga pointed out that 
this is due to a lowered mean reactant concentration and thus supersaturation 
during continuous operation.148 This was also shown by Franke and Mersmann in 
an extensive study on the effect of operational conditions on precipitation.41 They 
additionally determined nucleation and growth rates for calcium carbonate and 
sulfate dihydrate. Thus, by prolonging residence time from ~10 min to ~80 min, 
the nucleation and growth rate were substantially reduced. For calcium sulfate 
dihydrate at low mean specific power input of 0.1 W/kg, this induced a steep 
increase in median particle size from ~90 µm to ~150 µm after ~30 minutes 
residence time. Longer residence times induced a slight decrease. They explain 
this maximum by different phenomena like a higher probability of crystal 
breakage and attrition for longer residence times in addition to the previously 
stated reduction in growth rate due to the lowered mean concentration and thus 
supersaturation. Moreover, local supersaturations cannot be avoided completely 
in real crystallizers, for this reason nucleation rates remain higher than under ideal 

 

Figure 6-6 x3,10, x3,50 and x3,90 quantiles of TA from PET/PE reactant after 
precipitation with sulfuric acid at 80 °C for different residence 
times, connecting lines are shown to guide the eye. 
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conditions, even for significantly longer residence times.41 
It can be concluded that also for TA precipitation longer residence times promote 
the formation of larger crystals, as indicated by the larger x3,10 and x3,50 quantiles 
at t3.87. On the other side these values almost equilibrate until the end of the 
experiment. Considering the expectations from literature, longer residence times 
should be evaluated to confirm the negligible influence.  
Additionally, the starting point of the steady state regarding crystal size is not 
altered within the investigated residence time range. Consequently, a shorter 
residence time can accelerate reaching a steady state regarding crystal size. 
However, a longer residence time demands for less volume exchange to reach 
steady state, which eventually produces less off-spec precipitate. Considering 
integration in an overall continuous process, the start-up phase represents only a 
relatively short period. Instead a faster production through shorter residence time 
leads to smaller reactors that ease scale up effects like heat transfer and reactant 
dispersion. Nevertheless, in order to determine advantages of a larger or smaller 
reactor, further experiments with constant throughput but varying reactor volume 
could be conducted. 
Next to crystal size, residence time can also affect crystal purity considering a 
more controlled and slower growth next to possible ripening effects as introduced 
in 2.5.2. Therefore, Figure 6-7 shows the colour index and IA content for three 
different residence time experiments for the respective normalized sample times.  
The 4- and 8-minute experiments show strong deviations in colour index and are 

Figure 6-7 Colour index and IA content of TA after precipitation with sulfuric acid 
at 80 °C for different residence times 
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additionally more than double in comparison to the 16-minute experiments. 
However, the PET product for the latter experiment originated of a different 
depolymerization batch with the same PET/PE material. As these colour 
differences significantly exceed expectations, the stronger impact of the overall 
level of discolouration of PET reactant probably represents the major contributor 
(5.2.1). Despite these ambiguous results, one effect can be drawn regarding 
discolouration since the colour index values do not appear to increase over the 
course of the 16-minute experiments. Thus, the longer residence time and reduced 
mean concentration, applying to the impurities as well, and slower growth might 
reduce accumulation of impurities in the crystal. Nevertheless, as colour index 
values are commonly higher, a contribution of the low impurity level cannot be 
excluded as an explanation.  
This is also applicable for IA, which clearly increases with time but also differs 
for the different experiments. Thus, the amount of IA incorporated in TA 
decreases as the residence time increases, which can be correlated with a reduced 
mean IA concentration for longer residence times, as for the main component 
TA/DST too.41 The shortest applied residence time of 3.7 min leads to almost 
1.5 gIA/100gtotal and consequently almost no reduction regarding the original 
reactant ratio. On the other side, for the 16 min residence time, IA content is 
reduced substantially. to almost 80 % of the original content.  
Due to limitations of the setup and the manual control of the process, longer or 
shorter residence times could not be tested. Instead, a linear extrapolation of IA 
content over residence time was applied to estimate the theoretical residence time 
for a complete IA removal (Appendix, Figure 8-8). This results in a possible 
optimal residence time range between 60 and 75 min for complete removal. 
However, it has to be considered that the IA purifying effect of longer residence 
times does probably not follow a linear trend and cannot be exploited indefinitely. 
This is especially relevant with regard to application of higher concentrated PET 
reactants and higher IA contents. For these conditions, an increase in residence 
time ( larger vessel size/-number/ hold-up) might not be economically feasible, 
yet it could promote TA crystal size next to purity. Therefore, the effect of a longer 
residence time of at least 30 and 60 min should be tested and confirmed for higher 
PET reactant concentrations.  
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6.3 Reactant Concentration and Dispersion 

While the reduction of reactant water content displays a promising approach 
generally, it also leads to disadvantages regarding TA crystallization. Thus, 
supersaturation increases for higher reactant concentrations and additionally, the 
overall concentration of impurities grows which can lead to more accumulation in 
the TA crystal. Moreover, a higher solid crystal content can complicate a 
homogeneous distribution while demanding a higher energy for agitation. On the 
other side, the targeted reduction of process streams can lead to reduced 
investment and operational costs (smaller pumps/ vessel size). 
Next to these generally crystallization applicable facts, the mother liquor after TA 
precipitation still contains the second target monomer EG. As a high boiler, the 
remaining water must be separated first before allowing for EG recovery 
(max. ~0.035 gEG/gwater) and purification by rectification. Furthermore, this stream 
displays an even more complex mixture as it contains sodium sulfate (or acetate) 
with high aqueous solubility, demanding for cooling or evaporative crystallization 
for recovery. This additionally emphasizes the general motivation to reduce 
process water input. 
In contrast to the stated disadvantages regarding crystal size, Marlena et al. found 
that a higher PET reactant concentration of 105 gDST/L leads to significant 
increase in mean crystal size in their double feed semi-batch experiments (with 
5 wt.-% sulfuric acid). On the other hand, their results for 21 gDST/L and 83 gDST/L 
revealed no differences. Regarding stirring rate, no significant impact was found 
between 120 rpm and 420 rpm, as stated before.90 In order to identify the interplay 
between reactant concentration and energy input during continuous TA 
precipitation and evaluate its impact on the crystalline properties, experiments 
with increased stirring rate and reactant concentration were conducted. Since 
300 rpm did not sufficiently mix in 75.9 gDST/L experiments, deduced from 
optically visible segregated zones at the reactor wall, stirring rate was doubled to 
achieve homogeneous dispersion.  
Figure 6-8 shows the respective quantile values for the 75.9 gDST/L experiments 
with 300 rpm (utip = 1.02 m/s; Rei = 5.80∙104) and 600 rpm (utip = 2.04 m/s; 
Rei = 1.16∙105) together with the equivalent values for standard PET reactant 
concentration within this work of 26.6 gDST/L. The initial quantile values at t0 are 
almost identical for all experiments and only show slightly larger 90 % quantile 
for the 300 rpm samples. These results represent the crystal after semi-batch 
precipitation and confirm the findings by Marlena et al. on the model reactant 
(5.1.2). However, over the course of the continuous operation, the TA crystals 
develop differently. 
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Generally, for the 50 % and 90 % quantile, the increased stirring rate leads to 
crystal breakage, probably due to pronounced secondary nucleation. However, 
this effect does not appear for the 10 % quantiles which do not show an impact 
for the different stirring rates, regardless of the respective concentration or time.  
Thus, smaller crystals do not develop due to mechanical abrasion but because of 
increased supersaturation indicated by the course of the high concentration x3,10 

values lying below the standard concentration or both stirring rates. The fact that 
higher concentrated reactants generally lead to smaller crystals due to the increase 
in supersaturation is also widely reported in literature.41,43,131 This effect can be 
partially compensated through increased mixing as shown by Caro et al. for 
salicylic acid and Åslund and Rasmuson for benzoic acid.42,43  
Another effect can be seen by comparing the 300 rpm results at 75.9 gDST/L in 
comparison to all other test series. While the quantiles of the remaining 
experiments indicate an apparent steady state after t3.87, as the inclination bends 
down and flattens, the 300 rpm at 75.9 gDST/L quantiles continue to grow. They 
surpass the x3,50 and x3,90 quantiles of almost all distributions and maintain a linear 
slope, until reaching t7.74 after which the slope kinks. Thus, for this experimental 
run a steady state was probably not reached and a further increase in crystal size 
possible.   

 

 

Figure 6-8 x3,10, x3,50 and x3,90 quantiles of TA from PET/PE reactant after 
precipitation with sulfuric acid at 80 °C with different 
concentrations and stirring rates, lines are shown to guide the eye. 
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The comparison of the SEM images displayed in Figure 6-9 reveals the effect of 
reactant concentration and dispersion on the morphological appearance of the TA. 

In congruence with the quantile development, especially the crystals precipitated 
at high concentration and 300 rpm possess a significant resemblance with the low 
concentration 600 rpm samples. The central “trunk” needle and the “branches” 
show a similar thickness while the low concentration and low speed sample is 
even thicker. Additionally, the dendritical structure appears to be more 
pronounced as a higher number of “branches” is visible. On one hand, this can be 
attributed to the reduced probability of collision under these conditions in 
comparison to higher stirring speed and crystal mass inducing abrasion. 
On the other hand, it could be an indicator for a pronounced nucleation as a result 
of shear or mere supersaturation due to reactant concentration. Additional 
evidence for this interpretation is also given by the needle tips being flat and the 
smoother crystal surface only visible for the low concentration and low speed 
sample. 
The remaining samples show dendrites with pointed tips and rough surface, which 
also promotes nucleation over a smooth surface. While this appearance can be the 
result of faster growth, it also leads to higher nucleation rate. In addition, the more 
intense mixing and higher reactant concentration reduce the diffusion limitation 

 

Figure 6-9 SEM images of TA samples (t9) precipitated with sulfuric acid at 
80 °C for different reactant concentrations and stirrer speed. 
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of the precipitation. Together with a micro-mixing controlled reaction this can 
lead to a reduction in mean crystal size, as stated in 2.5.1.41 These results indicate 
that a moderate mixing intensity promoting macro-mixing is advantageous for TA 
crystal size.24  
In order to evaluate its impact on crystal purity, Figure 6-10 displays the colour 
index values and IA content for the respective reactant concentrations and stirring 
rates.  

In contrast to the crystal size, purity primarily depends on reactant concentration. 
Thus, the results for IA content and colour index do not show significant 
differences, regardless of the stirring speed. This is in contrast to the expectation 
that diffusion of impurities from the crystal into the bulk would be promoted by 
increased stirring rate and a thinner diffusion boundary layer. On the other hand, 
IA content and colour index increase with increasing reactant concentration and 
also over the course of the experiment as before. Regarding colour index, tripling 
of the reactant concentration leads to a 10 % increase which is the result of a 
higher concentration of impurities and thus a higher probability of incorporation. 
The reduced correlation between colour index and reactant concentration is 
evidence for the purification effect of the precipitation.  
However, IA content is ~50 % higher for the high DST concentration despite 

Figure 6-10 IA content and colour index of TA from PET/PE reactant after 
precipitation with sulfuric acid at 80 °C with different concentrations 
and stirring rates, lines are shown to guide the eye. 
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constant TA/IA ratio in the PET reactant. Similar to results with 4.1 min residence 
time, the IA content in the 75.9 gDST/L solution of ~1.5 gIA/gtotal represents the 
original TA/IA ratio of the PET reactant. This can be interpreted as the 
consequence of multiple factors. Although IA solubility is generally higher, it can 
be assumed that IA solubility in mixtures with TA is reduced. Coupled with the 
higher reactant concentration, both effects induce a higher supersaturation for IA 
and therefore an increased probability of its incorporation in the crystal.  
In a subsequent analysis the purification effect has been stressed even more 
through application of concentrated (96 %) sulfuric acid and a PET light blue 
reactant with a higher original IA content of ~3.5 %. The purification results are 
shown in Table 6-2. 
 
Table 6-2. IA content and colour index of reactant/ PA concentration combinations. 

                                    PA                        

Reactant 
25 %sulf. acid 96 %sulf. acid   

26.6 gDST/L 2.95 ± 0.07 3.01 ± 0.13 
IA content / 
gIA/100 gtotal 

75. 9 gDST/L 3.52 ± 0.01 3.62 ± 0.08 

26.6 gDST/L 114.1 ± 5.1 130.4 ± 1.8 

Colour index 

75. 9 gDST/L 133.4 ± 0.1 137.9 ± 2.6 

 
With regard to decolouration potential, the results confirm that diluted PET 
reactants lead to a lower TA colour index, which also applies to the diluted PA. 
Consequently, the use of concentrated sulfuric acid provokes a similar TA 
discolouration in diluted PET reactant and vice versa. Regarding IA, the limits of 
the purification effect described before are even clearer. While IA content does 
not correlate with PA concentration, it is significantly lower for the diluted PET 
reactant. The absolute reduction of ~0.5 gIA/100 gtotal is almost identical to the 
results stated before. Considering absolute IA solubility of almost 1 gIA/kgsolvent at 
80 °C (3.2.4) and the IA content for the concentrated reactant of 2.1 gIA/kgsolvent, 
a higher reduction could be possible. However, it can be assumed that the applied 
sampling method contributes to the accumulation effect. As the samples are taken 
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hot and left to cool prior to analysis, the samples become supersaturated for IA 
due to the higher absolute IA concentration. This could induce subsequent 
crystallization and thus a higher IA content. In an industrial process this issue is 
likely to be overcome by hot separation of the IA containing mother liquor. 
However, as the effect on IA reduction probably remains low, its advantage must 
be carefully balanced of the technical effort.  
For sake of completeness, the respective PSDs are displayed in the Appendix in 
Figure 8-9. They show, that the tripled DST concentration with 25 % sulfuric acid 
leads to smaller crystals in comparison to the higher acid concentration dosed in 
diluted reactant. In extended investigations the PET reactant concentration 
(PET/PE) was increased to 127 gDST/L near DST solubility limit. While the colour 
index shows a comparable behaviour as before, IA content does not differ in 
comparison to 75.9 gDST/L. The development of the quantile values shows only a 
slight decrease of the x90 value in the apparent steady state (Figure 8-10 and Figure 
8-11). 
In conclusion, these results show that TA quality benefits from higher dilution, 
which is in agreement with its fundamental effect on supersaturation. Thus, crystal 
size is larger and impurities like IA and discolouration are reduced. Nevertheless, 
the magnitude of quality improvement through dilution appears negligible when 
considering the potential of adsorptive purification and the possible reduction of 
process streams. Additionally, as stated before, a lower DST equally represents a 
lower EG concentration which has to be recovered subsequently from the mother 
liquor. Thus, from a holistic process perspective the benefit on TA quality from 
the use of low concentrated reactants does not compensate the consecutive 
downstream effort (e.g. water recycling, EG recovery).  
Nevertheless, the industrial applicability must also be confirmed with regard to 
neighbouring unit operations (dissolution time, neutralization, adsorption, 
filtration, washing) that can be critically affected. 
 

6.4 Start-up and pH Effect 

The results presented in the previous chapters on the transfer towards a continuous 
operation are based on an initial batch precipitation and the same base parameters 
of 80 °C process temperature at a target pH of 2. Regarding precipitation 
temperature, further experiments between 87 °C (max.) and 40 °C have been 
conducted as well and show a similar behaviour as reported for batch operation 
(5.2). Thus, higher temperatures lead to larger crystals with higher purity (Figure 
8-12 and Figure 8-13).  
However, a closer determination of the optimal precipitation temperature will not 
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be focused further in this work. Instead the influence of the start-up procedure and 
target pH on the steady state and crystal properties are focussed.  
 

6.4.1 Variation of Start-up 

As the initial batch precipitation start-up procedure can be regarded as a crystal 
seeding step providing crystals for subsequent growth, a variation of these seeds 
was investigated. Therefore, temperatures were changed from 40 °C during initial 
batch precipitation to 80 °C during continuous operation while maintaining pH 2. 
However, the intention to provide a larger number of smaller seed crystals with 
consequently more crystal surface did not significantly affect TA crystal size. 
Instead the necessary time to reach steady state was prolonged in comparison to 
the standard procedure at constant temperature (Appendix Figure 8-14). In 
extensive studies regarding the application of seed crystals of different origin (e.g. 
PTA, ground PTA, ground needles), no effect on TA crystal size nor morphology 
could be induced.149  
During these experiments the initial reactor content was replaced by distilled 
water at 80 °C in order to avoid dissolution of seed crystals in the alkaline PET 
reactant during start-up (Case B; 4.1.3). Afterwards, feed and product pumps were 
initiated simultaneously and the continuous process started directly as reactants 
contacted in the distilled water. While seeding itself did not affect crystallization, 
the high initial dilution of the reactants with water reduced supersaturation 
substantially. This led to longer crystals (>> x90; see also Figure 8-5) initially. 
However, over the course of the experiment these trends equilibrate and reach a 
comparable scale to the standard batch procedure (Figure 8-15). An application of 
this start up procedure can be useful to avoid crystallization fouling and 
encrustation due to high initial supersaturations which can dramatically affect 
process runtime.24,150 Furthermore, a short start-up time of the continuous process 
in addition to avoidance of supersaturation peaks is desired, which can equally be 
accomplished by using the product suspension itself.150  
This short description of the different applied start-up procedures demonstrates 
that the final TA crystal size apparently only depends on process parameters 
during continuous operation. Thus, the provision of different seed crystals or the 
initial reduction in supersaturation did not change the properties of TA crystals. 
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6.4.2 pH Variation 

Next to these approaches that partly facilitate a temporary reduction of 
supersaturation during start-up, a permanently lowered supersaturation can be 
induced through changing the pH through the PA dosing amount. By decreasing 
the provision of hydronium ions, supersaturation and thus nucleation is mitigated. 
While this induces a lower yield on one side, a higher pH has already 
demonstrated an IA reducing effect on the other side, shown in 5.2.1.  
In consequence, next to acetic acid, also phosphoric and citric acid significantly 
lowered IA content in TA. This influence of pH was not seen for sulfuric acid so 
far as high local supersaturations at the dosing nozzle and thus, a temporary low 
local pH cannot be avoided during batch precipitation. However, the diluting 
effect of the continuous crystallizer operation facilitates analysis of this effect 
during application of sulfuric acid.  
Therefore, Figure 6-11 shows the IA content and colour index of TA together with 
the respective pH courses that were increased or decreased stepwise during 
continuous operation.  

Both variations start with a batch precipitation, differing with regard to the 
respective target pH. At pH 2, the highest IA content is observed regardless of the 
previous procedure. On the other side, at pH 4 the IA content is almost 50 % lower 

 

 

Figure 6-11 IA content and colour index of TA from PET/PE reactant after 
precipitation with sulfuric acid at 80 °C with variation of pH, lines 
are shown to guide the eye. 
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while IA reduction apparently already starts at pH 3 for both variations. However, 
due to the short time interval at pH 3 together with a residence time of 7.9 min. 
the total magnitude of the pH effect cannot be individually derived. In 
contradiction to the previous results on IA reduction during sub stoichiometric 
amounts of sulfuric acid, the initial pH 4 reduces IA content for IA directly. Since 
pH has not been monitored for the respective batch studies (5.2), operational 
errors cannot be excluded. In contrast to IA the colour index does not show a 
significant impact upon variation of pH. It remains constant and only shows 
elevated deviations for the last sample at pH 2.  
Nevertheless, these results are in congruence with the previous explanation on the 
protonation behaviour of weaker PAs favouring precipitation of TA over IA due 
to the milder pH. It can be assumed that application of sulfuric acid at a similar 
pH as acetic acid at TA-equimolar addition would similarly reduce IA content in 
TA. According to Figure 5-8 this would induce a TA yield of ~50 %, assuming 
no partially protonated TA species.  
Next to purity, the influence of pH variation on crystal size of was analysed. The 
quantile values are displayed in Figure 6-12 together with the respective pH 
courses as before.  

After the batch precipitation the quantile values are all in a comparable range for 
both pH values which also continues for the next sample at t1.26. Afterwards the 
pH is adjusted to pH 3 by adjusting the PA flow. This leads to a slight positive 

 

Figure 6-12 x3,10, x3,50 and x3,90 quantiles of TA from PET/PE reactant after 
precipitation with sulfuric acid at 80 °C with variation of pH, lines 
are shown to guide the eye. 
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kink in the development of the quantiles of the dropping pH curve (42). 
While the x3,10 quantile appears to be almost 20 µm for both, the x3,50 and x3,90 
quantiles even surpass the quantiles of the inclining pH (24). SEM images show 
a strong aggregation of the needles. This appears to occur also partly along the 
longitudinal axis (Appendix Figure 8-16). The subsequent second adjustment of 
the pH to the final target pH of 2 and 4 respectively, leads to a substantial decrease 
of the quantile values for both courses. While the x3,90 quantile of the inclining pH 
course remains constant as before, the quantiles of the declining pH course drop. 
Especially the x3,10 quantiles drop below 10 µm, which represents a significant 
increase of fines. The SEM images of the t7.74 samples show only a few aggregates 
or dendrites primarily for the experiment with dropping pH curve. However, the 
crystals of the inclining pH appear to be thicker with hardly any singe needles 
occurring (Appendix Figure 8-16). Generally, as for the purity before, the region 
around pH 3 appears to have a significant impact on the crystal growth as well. 
Additionally, the stability of the aggregates appears to be sensitive to changes of 
the pH. Moreover, it can be possible that this disturbance of the continuous 
operation induces a different stationary state, which is for example reported for 
reactive distillation (multiple stationary states).142  
However, proving this assumption requires long term experiments, which have 
not been conducted in the present work for pH variation. Instead, the findings of 
the previous chapter on start-up procedures have been applied in combination with 
a pH adjustment. Therefore, Figure 6-13 displays the quantile values for three 
different initial reactor contents.  
“Standard” refers to the initial batch procedure (case A; 4.1.3) and 
“conti. crystals” refers to TA crystals produced in a previous continuous 
experimental run with pH 2 for start-up. Acetic acid refers to the results from 6.1 
and is displayed for comparison only. The procedure using “water” (Case B; 4.1.3) 
was conducted without initial seed crystals as introduced in 6.4.1, which is why 
the first sample was taken 90 seconds after start of the experiment. The application 
of water as start-up media results in an initially large x3,90 quantile and generally 
larger crystals compared to the standard procedure, as already stated before. 
Starting with the product of a previous continuous precipitation leads to a 
generally narrower absolute quantile distance between x3,10 and x3,50. However, 
the higher number of measurements for the conti. crystals reveal an initial growth 
lag-phase which can be correlated with its initial pH of 2 adjusting to target pH of 
3.5. Instead, the water and standard procedure lead to a direct increase in crystal 
size. 
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This quantile growth continues for the standard procedure (x3,50 and x3,90) almost 
until the end of the experiment but apparently stops for the water start-up after 
t1.26. On the other side, the conti. crystal procedure induces a steep growth after 
the lag phase, which is especially pronounced for the x3,50 and x3,90 quantiles. 
However, the x3,10 quantiles reach a maximum above 20 µm after 20 % of the 
experimental duration and slowly drop afterwards.  
Nevertheless, at the end of the experiment, all start-up procedures lead to similar 
quantile sizes, although a stationary state is probably not reached for the standard 
procedure for this experimental run. This can be connected to individual 
procedure deviations between different operators. Additionally, regardless of the 
start-up content at pH 3.5 especially the x3,50 and x3,90 quantiles are substantially 
larger in comparison to the standard procedure at pH 2. Thus, instead of an x3,50 

and x3,90 of ~45 µm and ~100 µm, the quantiles reach ~70 µm and ~135 µm 
respectively. Due to the pH adjustment, almost identical values compared to acetic 
acid are reached during continuous operation.  
SEM images reveal that the needles and dendrites aggregate to larger structures 
that align along the needle direction and its “branches” (Appendix Figure 8-17). 
While these aggregates appear to grow to substantial scales, the attractive forces 
between needles represent a rather week connection. Thus, application of 
ultrasonication during particle size measurement, increased the optical density 
measured by the instrument significantly (10 %  20 %). This did not occur for 

 

Figure 6-13 x3,10, x3,50 and x3,90 quantiles of TA after precipitation at pH 3.5 with 
sulfuric acid at 80 °C, variation of reactor content at start-up, lines 
are shown to guide the eye. 
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standard precipitation procedure at pH 2 and delivers an alternative explanation 
for the dropping crystal size. Due to the dynamic behaviour of the continuous 
precipitation an oscillating behaviour can occur before a steady state is reached. 
According to Lewis et al., a drop in crystal size reaching a maximum is caused by 
more large crystals being removed from the crystallizer than are able to grow into 
the larger size.151 An alternative explanation can be the increased attrition 
probability of larger crystals leading to an increase in secondary nucleation. 
Nevertheless, the amplitudes of the resulting oscillations eventually decrease and 
end into a steady state.151 In further similar experiments, pH was varied after an 
initial batch precipitation (pH 2) to a pH of 3 and 3.5 respectively. This resulted 
in a rounded aggregates of TA needles, displayed in Figure 6-14.  

The majority of these rounded aggregates features an average diameter of 100 µm 
and appear very homogeneous in their morphological appearance. The single 
needles at the outside of these aggregates appear significantly slimmer in 
comparison to previously shown dendrites. Examples of larger spherical 
agglomerates revealed their inside which was again filled with spherical dendrites 
(Figure 8-20). However, this example also resembles a gas bubble which could be 

 

Figure 6-14 SEM images of rounded TA morphology after precipitation 
with sulfuric acid at 80 °C at constant pH of 3 (75.9 gDST/L) 
and 3.5 (26.6 gDST/L), left images show 500 x and right 50 x 
magnification.  
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an experimental artefact or evidence for surface nucleation on gas bubbles. 
Additionally, the elevated pH favours agglomeration as a consequence of a 
reduced zeta potential. Thus, Berg et al. reported a strong tendency of 
nanoparticles to agglomerate and increase size for a zeta potential approaching 0 
at their isoelectric point.152 For dicarboxylic TA this can be estimated to be at a 
pH of ~4 which provides explanation for the occurrence of these aggregates. 
Besides this fact, these aggregates could not be reproduced intentionally during 
every experiment when applying similar conditions by different operators. This 
again can be attributed to the sensitivity of their formation process. Despite their 
fragile appearance these aggregates remained stable during filtration and washing. 
This resulted in a significant improvement of processability with regard to 
filtration and washing time reduction, displayed in the Appendix Figure 8-19. 
Thus, a pH 2 batch precipitation reduced filtration and washing time to ~8-10 % 
of the initial filtration time at t0. Instead, the rounded morphology at pH 3.5 
induced an even higher reduction to 2-3 % of the initial filtration and wash time. 
For the sake of completeness, it has to be considered that wash time does only 
refer to the time for 200 mL of distilled water to pass the compressed filter cake, 
but does not evaluate its efficiency. This efficiency could by particularly 
compromised due to the very pronounced dendritical appearance as stated in 2.5.2. 
It can be concluded, that the choice of pH displays a crucial role for an 
advantageous TA precipitation, whereas parameters like residence time or 
reactant concentration appear almost negligible. Considering BMR process 
implementation, precipitation at elevated pH facilitates a partial removal of IA 
using sulfuric acid. Additionally, it induces growth of large dendritical crystals 
that can aggregate to a spherical morphology which significantly reduces the 
filtration effort. However, an elevated pH precipitates less TA and consequently 
reduces yield, which must be considered in a precipitation concept. 
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6.5 Precipitation Concept 

Apart from the previously presented pH influence, several parameters have been 
analysed throughout this thesis in their influence on a high TA purity, high yield 
as well as large crystal size promoting TA processability. A qualitative overview 
and summary of these parameters is displayed in Table 6-3. 
Generally, the most influencing parameters have been found to be precipitation 
temperature, the applied PA and the pH during application of sulfuric acid. The 
impact of the remaining parameters was found to be comparably low, while 
inducing significant operational consequences. Thus, for example a high dilution 
of reactants increases the overall downstream effort and a high residence time 
demands for significantly larger reactors. Based on these findings, a precipitation 
concept for continuous precipitation of TA is derived. 
 
Table 6-3. Qualitative effects of process parameters on TA quality parameters. 

                          Effect           

Parameter 
Large Crystal Size High Purity High Yield 

Temperature high high (low) 

Precipitation Acid Acetic acid Acetic acid Sulfuric acid 

Concentration low low - 

Agitation low - - 

Residence time high high - 

pH high high low 

 
However, although the use of acetic acid leads to especially large crystals and a 
significant reduction of IA content, it is not considered for application in this 
concept which is instead focused on sulfuric acid. This is justified by several 
issues that can partially be resolved during scale up.  
Thus, a fouling issue occurred in lab scale during continuous operation leading to 
blockage of tubing and pumps, which could be resolved as the dimensions during 
scale up increase. Furthermore, in order to overcome the reduced yield, hyper 
stoichiometric amounts of acetic acid or partial recirculation of mother liquor 
would have to be applied, questioning the economic advantages of acetic acid 
application. Moreover, as the residual sodium acetate acts as a buffer, the 
precipitation potential of additional acetic acid might be reduced even further, 
indicated by experimental results outside the scope of this thesis. Nevertheless, 
sodium acetate represents a high value by-product that also can compensate higher 
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procurement costs for acetic acid if recovered in sufficient purity (see also 3.2.6). 
These acetic acid specific counter-arguments complicate its industrial 
implementation at this stage of development.  
Additionally, the application of sulfuric acid has been found to benefit 
substantially from continuous operation as the reduced supersaturation induced 
dendritical growth of TA crystals with advantageous filterability compared to 
acetic acid. Moreover, a pH adjustment to values between 3 and 4 leads to a 
significant reduction of IA content to almost a similar extent like acetic acid. 
Under these conditions, the TA dendrites partially developed a spherical structure 
which promoted filterability even more. Thus, as an interim conclusion, 
continuous precipitation with sulfuric acid at elevated temperature (e.g. 80 °C) 
and a pH between 3 and 4 can be derived as starting point of a precipitation 
concept.  
Despite of these significant benefits, precipitation at an elevated pH reduces TA 
yield, caused by the insufficient provision of hydronium ions for protonation of 
TA. However, this represents a substantial opportunity for the separate recovery 
of an IA enriched TA which can be separately applied to tailor the final PET 
properties to individual demand. Thus, considering the reduced IA content in 
crystalline TA after precipitation between pH 3 to 4, the residual IA must 
consequently accumulate in the liquid mother liquor. This IA enriched mother 
liquor can subsequently be isolated and separately precipitated at pH 2 for 
recovery of an IA enriched TA(2). In this second monomeric product, TA would 
represent the impurity as a maximum IA content is targeted.  
However, the degree of IA enrichment depends on the ratio between residual IA 
and TA in the mother liquor, which is simultaneously represented by a low IA 
content in the first TA(1) recovered and its yield, both depending on ph. 
Therefore, in order to identify a suitable parameter window for the pH cut between 
both steps, several continuous precipitation experiments with varying target pH 
values were conducted. As pH in the region of interest is highly sensitive to 
changes in PA flow, pH fluctuations during steady state occurred due to manual 
handling (pH curves in Appendix Figure 8-20). The results regarding purity, yield, 
and processability of these experiments are displayed in Figure 6-15. The 
respective pH ranges due to the described fluctuations are displayed as error bars 
in the diagram. They represent the pH range which was averaged over one 
residence time before the sample was taken (t2.87→ t3.87; t8→ t9, Figure 8-20). All 
experiments started with a batch precipitation to pH 2 and were subsequently 
adjusted to the respective target pH while samples were taken at times t3.87 and t9 
assuming a steady state. With regard to Figure 6-15, the displayed quality 
parameters for IA purity, TA crystal size and filterability were modified to relative 
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parameters for improved comparability according to the following Equations 6-1 
to 6-3. 

Thus, the filtration time reduction correlates the filtration time at the sampling 
time (t3.87 and t9) with the filtration time at t0 after batch precipitation at pH 2. The 
same comparative approach applies for the IAresidue at t3.87 and t9 which is 
connected to the initial content at pH 2. The span is a common measure for 
evaluation of the width of a distribution. It combines all three previously used 
quantile values and serves as a measure for a homogeneous crystal size 
represented by small span value. In order to visualise it in one diagram it has been 

𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝑡ଷ.଼ | 𝑡ଽ)  = ቆ
𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 (𝑡ଷ.଼ | 𝑡ଽ)
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Figure 6-15 Yield, IA residue, normalized span and filtration time 
reduction of TA after precipitation at 80 °C with sulfuric 
acid over respective pH, all values refer to pH at t3.87and t9 
according to Figure 8-20, lines are shown to guide the eye. 
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Transfer to Continuous Operation 

Starting with the normalized span, a steep reduction with increasing pH with a 
minimum around pH 3.5 can be observed. This span minimum is in congruence 
with the occurrence of spherical aggregates shown in the previous chapter. 
Similarly, the filtration time reduction drops steeply until reaching pH 3 and 
remains almost constant upon further increase of pH whereas span rises again. As 
this increase does not negatively affect the filtration time reduction, consecutive 
focus is set on the optimal ratio between yield and IA residue. Despite the 
scattering of the values, the relation between TA yield and IA residue over pH 
appears concise. Thus, in congruence with 5.1.3.1, yield decreases drastically 
between pH 3.5 and 4.5. Likewise, IA residue drops to values between 45 % to 
35 % of the original IA content, apparently representing a minimum (grey 
horizontal marking). On the contrary, IA appears to accumulate at pH values 
between 2 and 3 where overall yield is at its maximum. For comparison, acetic 
acid led to an even lower 20 % IA residue without accumulation as shown before 
(Figure 6-4). Consequently, in order to achieve a maximal reduction of IA in 
TA(1), a pH between 3.5 to 4.5 must be chosen in a first precipitation step, 
representing a yield between ~96 % and 83 %. Assuming a constant IA residue 
between 35 % and 45 % of the initial IA content after batch precipitation IA0, it 
can be derived that IA accumulates in the subsequently precipitated TA(2). This 
derivative is based on a theoretical mass balance assuming complete yield 
possible and a sharp separation between mother liquor and crystals without 
residue. By assuming a constant IA residue percentage, the IA content in TA(1) 
remains constant over yield in the pH range between 3.5 and 4.5 and can be 
calculated using Equation 6-4 (derived from mass balance in Appendix Equation 
8-1 to 8-4). Together with the directly obtained IA residue in TA(1) the IA 
partition coefficient KIA can be calculated with Equation 6-5 (Appendix Figure 
8-21).

In order to visualise the interplay between yield and IA content in TA(1) after a 
first precipitation and TA(2), Figure 6-16 displays an example for 3 different 
initial IA contents IA0 of possible PET reactants.  
IA content in TA(1) is displayed by dotted lines and for TA(2) with continuous 

𝐼𝐴்(ଶ)  = 𝐼𝐴 ∙
 (1 − 𝑦𝑖𝑒𝑙𝑑 ∙ 𝐼𝐴௦ௗ௨)

(1 − 𝑦𝑖𝑒𝑙𝑑) 6-4

𝐼𝐴 𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑒𝑛𝑡 𝐾ூ =
𝐼𝐴்(ଶ)

𝐼𝐴்(ଵ) 6-5
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lines. Different shades of colour refer to two different levels of IAresidue in TA(1) 
according to Equation 8-3.  

As declared before, this IAresidue remains constant at a pH between 3.5 and 4.5 
indicated by the parallel dotted lines. As a result of this condition, the absolute IA 
content in TA(1) remains constant over yield. On the other side, the IA content in 
TA(2) increases with increasing yield of the first precipitation step as residual IA 
allocates on less TA. It can be deduced that a high yield of the first precipitation 
step promotes a higher IA content and thus isomeric purity of TA(2). For the 
Example of a high IA0 content of 5 %, TA(2) eventually consists of more than 
80 % IA, making TA the impurity. For a TA(2) precipitated from a 3 % IA0 PET 
reactant at 96 % TA(1) yield, could already contain ~50 % IA. 
However, this theoretical balance is based on the results of one PET light blue 
reactant with a comparably high IA content of ~3-3.5 %. For lower IA contents a 
different IA residue percentage could apply. On the contrary, the present results 
are based on a temperature of 80 °C only. As IA solubility significantly increases 
with temperature (ΔcIA[80 °C-90 °C] ~0.5 gIA/kgwater), a higher precipitation 
temperature would drastically promote IA separation (Appendix Figure 8-13).  
Nevertheless, a possible subsequent IA supersaturation caused by cooling should 
be avoided by performing solid liquid separation for TA(1) preferably at the 
precipitation temperature. To summarize, a simplified block flow diagram of the 
proposed precipitation concept is shown in Figure 6-17. Additionally, it contains 

Figure 6-16 Distribution of IA between TA (1) and TA (2) of two consecutive 
precipitation steps for two different levels of IA residue and 3 different 
initial IA contents IA0, calculated from mass balance  
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the values of a mass and component balance for IA (Appendix Equation 8-1 to 

8-4) for a PET reactant with 3wt.% IA content. Total masses mTA(i) refer to the 
hourly production of rTA from 6.9 kg PET. 

In consequence, of the total IA mass of 180 g of TA(0), about one third is 
incorporated in TA(1); while the remaining two thirds are incorporated in TA(2). 
While this concept primarily facilitates substantial reduction of IA in TA(1) and 
the parallel recovery of a second IA enriched product TA(2), the final products 
still differ from PTA (and purified IA) in shape and isomeric purity. 
Consequently, a subsequent recrystallization step similar to flash crystallization 
after fossil synthesis (3.2.1) must be applied in order to meet industrial 
specifications. Therefore, the necessity of applying an additional precipitation 
step is questionable, if recrystallisation for altering crystalline morphology and 
separating IA is needed in any case.  
In order to explain the advantages of prior IA reduction, the subsequent Table 6-4 
displays the limit temperatures for IA to remain in solution after recrystallization. 
Thus, if the solid/liquid separation after recrystallization falls below the stated 
temperatures, IA crystallizes and impurifies rTA. 
  

  

Figure 6-17 Block flow diagram of two-step precipitation concept with mass 
balance example for a PET reactant with an initial IA0 of 3 %. 
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Table 6-4 Solubility limit temperatures for different IA0 contents in TA after recrystallization 
of 100 gTA+IA/kgsolvent at 270 °C. 

IA0 content / gIA/100 g Solubility limit / °C 

1 81 
2 102 
3 114 
4 122 
5 129 

 
The values of the example refer to an initial complete dissolution at 270 °C of a 
TA/IA mixture with different IA0 contents. This is in line with the fossil 
purification, during which crude TA is completely dissolved in water at 
temperatures exceeding 250 °C preferably between 15- 30 wt.-% of TA.153 The 
solubility temperatures were approximated using the single component solubility 
data for IA and TA by Sheehan.10 It is shown that an increasing IA0 content 
demands for higher temperatures to avoid crystallization of IA. Consequently, for 
IA0 contents exceeding 2 %, the IA enriched mother liquor must be separated from 
crystals above 100 °C and 1 bar to avoid crystallization of IA. As a mutual 
solubility interference between IA and TA can be expected, the limit temperature 
can be expected to be even higher. Moreover, local IA supersaturation and thus 
its incorporation could occur during rapid flashing.  
In consequence, additional effort must be applied by using rotary pressure filters 
for separation of IA, comparable to separating p-toluic acid during PTA synthesis 
which in contrast to IA displays a polymerization critical impurity.154 However, 
this could be overcome by reducing IA content in rTA before recrystallization 
simplifying its purification.  
Furthermore, in additional experiments beyond the scope of this thesis, an IA 
residue of 20 % after recrystallization in water at 205 °C was achieved despite 
dissolving only 1/3 of TA crystals (2/3 excess) at a residence time of 30 min (+ 
~1 hour heat up).155 This can be explained by crystal aging mechanisms which 
have also been reported for purification of crude TA from 4-CBA.156,157 For the 
sake of completeness, it is stated that a complete dissolution in consecutive 
experiments led to a 2% IA residue for a TA with 1.35 gIA/100g IA0.155 In 
consequence, post-precipitation purification of TA does not necessarily demand 
for complete dissolution if IA content of TA input is sufficiently low to benefit 
from a 20 % IA residue after recrystallization. Another key point is the fact that 
IA does not display a critical impurity acting as a chain terminator in 
polymerization as IA is intentionally added for desired transparency in packaging 
and avoided for textile applications. Thus, IA does not necessarily have to be 
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removed if the polymer application demands its addition.158 Instead, BMR 
processes must be able to control and adjust IA content (e.g. by mixing TA(1) and 
TA(2)) but not separate it completely.  
As a result, the developed concept extents the possibilities of BMR to control IA 
content in rTA while sustaining the application of strong sulfuric acid. It 
additionally promotes an advantageous TA filterability after precipitation, reduces 
effort for subsequent recrystallization and provides a starting point for the separate 
recovery of a second recycled co-monomer IA. While final adjustment of crystal 
morphology is still necessary, eventually this concept can extent the applicability 
of BMR processes and improve the overall economic efficiency through recovery 
of another valuable recycled monomer that can replace fossil-based IA. 
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7 Conclusion and Outlook 

7.1 Conclusion 

In this work, the reactive precipitation of terephthalic acid (TA) as the product 
recovery step within PET back-to-monomer recycling (BMR) based on alkaline 
hydrolysis (revolPET®) was investigated. Fundamentally, this precipitation 
consists of dosing a mineral or organic precipitation acid (PA) into a disodium 
terephthalate (DST) solution leading to instant crystallization of TA.  
In order to crystallize a TA with a larger crystal size, improved filterability and 
purity, the influence of different operational parameters was analysed. Starting 
point was an experimental parameter screening in a model reactant system 
focussing on crystal size and filterability. The most promising parameters were 
subsequently applied on real depolymerized reactants from PET waste and 
additionally evaluated regarding their purification potential. Next to the objective 
of reducing coloured impurities, especially separation of isophthalic acid (IA) was 
focussed as the control of its concentration in PET synthesis is crucial. Finally, 
these results obtained in a batch setup were transferred to a continuous operation 
in continuation of a continuous PET depolymerization step (revolPET®). This 
development concludes in conceptual procedure for an optimized exploitation of 
the precipitation step for TA purification and recovery.  
 
Batch Precipitation in Model System 
The results after batch precipitation show that an increase in process temperature 
substantially improves TA crystal size and filterability. Although absolute TA 
solubility hardly changes between 36.5 °C and 90 °C, its relative increase suffices 
to induce this processability improvement. While these results were obtained 
using sulfuric acid, this effect was even more obvious upon application of acetic 
acid as precipitation agent. In accordance with literature data on solubility, acetic 
acid precipitates TA crystals that are up to 10 times larger in all dimensions than 
needle crystals after precipitation with any other acid (oxalic, hydrochloric, 
phosphoric, citric, sulfuric).  
Similarly, the filtration times were generally shorter for acetic acid but 
approximated for sulfuric acid precipitate at higher temperatures. However, 
weaker acids provide less hydronium ions for protonation of the terephthalate ion 
which reduces product yield at equimolar addition (~78 %) in comparison to 
stronger dissociating acids. Nevertheless, this effect is attenuated by low solubility 
of TA which represents an artificial product removal, advantageously shifting the 
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dissociation equilibrium of the PA. Therefore, hyper stoichiometric amounts of 
acetic acid (e.g.) also lead to higher yield and potentially complete TA recovery 
despite maintaining an almost constant pH around 4. 
 
Batch Precipitation in Real System 
The behaviour on crystal size and processability was also confirmed for reactants 
from real depolymerized PET waste fractions originating from post-consumer 
PET bottles and post production multilayer trays. These reactants additionally 
contain IA intentionally added to promote packaging transparency by reducing 
PET crystallinity. It could be shown that an increasing temperature reduced 
incorporation of IA in the precipitate. An even more pronounced effect was 
induced during application of acetic acid which reduced IA to 20 % of the original 
content. With regard to the yellow discolouration of the PET reactants, only 
elevated temperatures lead to a significant reduction, while differences between 
PAs were negligible.  
Generally, impurities could be reduced by the same parameters which promote 
larger TA crystals and faster filterability (acetic acid and elevated temperatures). 
However, the primary degree of purity is defined by the original PET reactant, 
since operational parameters during precipitation could not restore virgin TA 
purity.  
 
Continuous Precipitation in Real System 
Finally, the batch precipitation was transferred to continuous operation 
maintaining the general stirred tank reactor setup. This setup reduced the effective 
concentration of the reactants and provided growable crystal seeds which were 
initially provided through a batch precipitation followed by continuous operation. 
Monitoring the development of the quantiles of the cumulative crystal size 
distributions showed a steep initial inclination reaching a stationary state after 
approximately 3-4 times reactor volume exchange. Microscopic images revealed 
formation of dendrites which significantly improved filterability after sulfuric 
acid precipitation.  
For acetic acid, no significant increase in crystal size was evidenced and likewise 
filterability remained constant. The reducing effect of acetic acid on incorporation 
of IA was sustained during continuous precipitation as well while sulfuric acid 
showed no purification effect. 
In consequence of higher yield, crystal size and faster filterability, the subsequent 
focus was set to sulfuric acid for precipitation. While a longer residence time and 
a higher dilution promoted crystal purity, a significant effect on crystal size was 
not witnessed. However, an increase in energy dissipation through higher stirring 



Conclusion and Outlook 

128 

rates at higher reactant concentrations reduced the crystal size at the stationary 
state whereas at lower stirring rates crystal growth continued not reaching 
constancy.  
In continuation of the applied batch precipitation at start-up, a variation of the 
crystal seeds was considered which did not affect crystal morphology nor size. 
Instead, a substantial effect on crystal size and purity was induced by increasing 
the target pH which simultaneously represents a constant reduction in 
supersaturation. Thus, at a pH between 3 and 4 and a reduced yield, the dendrites 
adopted a spherical shape of outward pointing needles. These aggregates possess 
an improved filterability while on the other side washing efficiency could suffer. 
However, especially at a pH above 3.5, IA content was reduced to up to 35 % of 
the initial content at a yield around 96 %, adopting the IA purification of acetic 
acid (~20 %) to sulfuric acid at a higher yield.  
The transfer of this crystal purification effect into a mass balance, infers the 
consequential accumulation of IA in the residual mother liquor. This raises the 
opportunity for a separation of this mother liquor and a subsequent recovery of 
the residual IA enriched TA as a separate product. Thus, next to an improved TA 
recovery by filtration, its isomeric purity is substantially reduced in addition to 
the possible separation of an IA enriched TA. This IA enriched TA can possibly 
open up new economic perspectives for BMR processes by replacing fossil-based 
IA.  
 
In conclusion, within this work the influencing operating parameters on the 
precipitation of TA have been identified and studied extensively. As result, a 
continuously operated two-step precipitation concept is proposed which combines 
the crystallization of TA showing significantly improved filterability with a 
significant reduction of incorporated IA. Additionally, this isomer can be 
recovered in a separate precipitation step. While the morphology of precipitated 
rTA impedes its direct application (“drop-in readiness”), the advantageous 
recovery substantially contributes to a universal utilization of rTA from BMR 
processes in packaging or fibre applications. 
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7.2 Outlook  

Fundamentals 
Generally, this research work primarily consists of phenomenological findings 
that are directly applied in process development. Thus, a more fundamental 
perspective could be investigated regarding the individual crystallization 
behaviour (nucleation and growth) during precipitation of TA. This also 
comprises the extension of solubility data for the system IA/TA/water together 
with the determination of activity-based supersaturations. While this contributes 
to a more fundamental understanding of the precipitation in model reactant, it 
could be extended by intentional addition of common impurities and co-
monomers of PET reactants in order to identify their individual impact on rTA 
quality. 
 
Concept Validation 
As the proposed two-step concept is partially based on assumptions, future 
research should confirm the theoretically derived mass balance regarding IA. 
Additionally, the exploited effect of the pH on reduction of IA should be extended 
and validated for pH 3.5 and above, since an even greater impurity reduction could 
be possible. Likewise, reduction on PET reactants with different initial IA 
contents should be confirmed. Next to this focus on the crystals of the first 
product, crystallization of the second IA enriched product should be optimized as 
its different composition could affect its crystallization behaviour.  
 
Scale-up 
Furthermore, a central objective of this research is the provision of an industrially 
relevant concept, as its motivation is derived from a global recycling challenge. 
Therefore, the developments regarding precipitation of TA must be transferred 
and validated in an industrial level (scale-up). Thus, application of a continuous 
crystallizer cascade should be considered reducing residence time width and 
possible distribution and heat transfer issues to achieve a constant product quality. 
 
Recrystallization 
Apart from precipitation for product recovery a subsequent recrystallization step 
can be necessary in order to produce an industry conforming TA being drop-in 
ready for existing polycondensation plants. While this displays an additional 
effort, stressing overall process economics, it also inherits a significant advantage, 
since reaction intermediates of crude oil TA synthesis have already been removed 
during its purification by hydrogenation. Moreover, separately conducted 
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experiments indicate, that precipitated TA does not necessarily have to be 
dissolved completely during recrystallization to cope with drop-in requirements. 
Thus, future research should also focus on recrystallisation of recycled TA which 
can additionally influence the precipitation due to potentially different quality 
requirements for recrystallization.  
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8 Appendix 

8.1  Appendix A – General 

 

 

Figure 8-1 Volume related logarithmic density and cumulative crystal size 
distributions of PTA 
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8.2 Appendix B – Experimental 

 

 

Figure 8-2 Image of experimental setup for continuous operation. 
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Figure 8-3 Linear fit of absorbance at 270 nm over DST concentration for 
determination of initial and residual DST content.  

 

 

Figure 8-4 Linear fit of chromatogram area (mAU*min) over IA content for 
determination of IA content in rTA.  
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8.3 Appendix C – Batch Operation 

 

Figure 8-5 SEM images of TA precipitated with sulfuric acid at 45°C. 0.0021 
gDST/gtotal (left), 0.021 gDST/gtotal (centre) and 0.063 gDST/gtotal (right). 
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Figure 8-6 SEM images of TA precipitated with acetic acid at 60 °C, adapted 
from Müller et al..102 
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8.4 Appendix D – Continuous Operation 

 

 

 

Figure 8-7 SEM images of TA after precipitation with acetic and sulfuric acid 
at 80° C, t0 (left) and t7.74 (right) for PET/PE and model reactant. 
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Figure 8-9 PSD of TA after precipitation at 80 °C in PET light blue reactant 
of different concentrations, t9 samples. 
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Figure 8-8 IA content of TA over residence time with extrapolated linear fit. 
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Figure 8-10 Quantile Values of TA after precipitation with 25 % sulfuric acid at 80 °C 
in PET/PE reactant of different concentrations. 
 

 

Figure 8-11 Purity of TA after precipitation with 25 % sulfuric acid at 80 °C in PET/PE 
reactant of different concentrations. 
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Figure 8-12 Quantile values of TA after precipitation with 25 % sulfuric acid at 
different temperatures from PET/PE reactant. 
 

 
 

Figure 8-13 IA content and colour index of TA after precipitation with 25 % 
sulfuric acid at different temperatures from PET/PE reactant. 
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8.4.1 Start-up 

 

Figure 8-14 x3,10, x3,50 and x3,90 quantiles of TA after precipitation with sulfuric 
acid with different initial precipitation temperatures, lines are 
shown to guide the eye. 
 

 

 

Figure 8-15 x3,10, x3,50 and x3,90 quantiles of TA after precipitation with sulfuric 
acid at 80 °C with different initial reactor content, lines are 
shown to guide the eye. 
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8.4.2 pH Variation 

 

Figure 8-16 SEM images of TA from for PET/PE reactant after precipitation 
with sulfuric acid at 80 °C, after pH variation, t3.87 (left) and t7.74 

(right). 
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Figure 8-17 SEM images of TA from for PET/PE reactant after precipitation 
at pH 3.5 with sulfuric acid at 80 °C, start-up variation, t3.87 (left) 
and t7.74 (right). 
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Figure 8-18 SEM images of TA aggregate inside, after precipitation with 
sulfuric acid at 80 °C, pH 3.5. 

 

 

Figure 8-19 Filtration time reduction (Equation 6-1) after precipitation with 
sulfuric acid at 80 °C, pH 2 and pH 3.5 (with rounded 
morphology). 
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8.4.3 Precipitation Concept  

 

Figure 8-20 pH courses over dimensionless residence time for precipitation with 
sulfuric acid at 80 °C with pH variation, grey bars represent duration of 
“one dimensionless residence time” for calculation of pH average.  
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Figure 8-21 Partition coefficient of IA content between TA(1) and TA(2) over 
yield of the first precipitation step. 
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