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Polymers like polyvinyl chloride (PVC) are indispensable in our today’s society. PVC can be used
in various applications like for example flooring, tubing, packaging films, child toys or medical
single use equipment. The annual worldwide demand of PVC is still growing and was exceeding
41.3 million tons in the year 2016 1. Depending on the application, more rigid or soft polymers are
needed. By addition of plasticizers flexible products can be obtained. Here, phthalate based
plasticizers are often used since the 30s of the last century 2, with diethylhexyl phthalate (DEHP)

as the most common example applied 3.

During the last decades, the use of DEHP and other phthalates has been restricted . In several
studies, an endocrine disrupting effect in mammals has been demonstrated. An anti-androgenic
effect of metabolites of the plasticizer DEHP has been shown in rats ® and also an effect on the
reproductive systems was noticed . Therefore, the application of DEHP and other phthalate based

plasticizers have been in the EU and US in the last years.

There are various alternatives available on the market, either fossil-based or based on renewable
resources. As an example for the latter, vegetable oils like soybean or linseed oil can be used "%,
The contained double bonds can be epoxidized °, the resulting oxirane group acts as scavenger
and entraps the hydrogen chloride released by the polymer, thus leading to a stabilization 8. Also
cardanol, a byproduct obtained in cashew production, can be processed to bio-based plasticizers,
which are not in direct competition with the food market °. Further examples are citric acid or
glycerol based esters which are easily biodegradable and its precursors can be produced by

fermentation 1.

Following the 12 Principles of Green Chemistry (PGC), raw materials should be preferred over
fossil feedstock when technically applicable and also economically feasible 2. Recently, the
United Nations (UN) published the 17 Sustainable Development Goals (SDG), which includes the

approach of PGC 13, Substitution of fossil-based plasticizers can decrease the carbon footprint of



plasticized PVC to a high extent and can support transferring the PVC industry into a circular

economy, recycling the polymer and applying plasticizers based on renewable resources 4.

Since the bio-based starting materials are derived from plants processed in a biorefinery, these
can lack of a constant quality '°, which is problematic in view of the process design of the following
reactions. A process with fixed parameters will not be able to compensate these deviations,
leading to a lower yield or selectivity of single reaction steps resulting in a lower efficiency of the
overall process. Here inline analytics in combination with flexible process models can help to

achieve a consistent product quality using raw materials with varying composition *°.

In contrast to offline analytics, like for example gas or liquid chromatography of representative
samples, the inline measurement is carried out within the reactor vessel *’. Often tools like infrared
or Raman spectroscopy are applied inline. Beside the velocity of the measurement, also the high
data density is supporting the process development. Probes working after the principle of
attenuated total reflection (ATR) are often applied. The measurement is not affecting the

composition of the reactor (non-destructive) and no sampling or workup are required 18,

Besides enhancing the process development, according to the 12 PGC, inline analytics are an
enabler for achieving a Greener Chemistry: “Analytical methodologies need to be further
developed to allow for real-time, in-process monitoring and control prior to the formation of
hazardous substances” '°. The inline analytical process control can increase the efficiency of
chemical reactions and at the same time help to prevent side reactions, by this means also the

SDG 12 : responsible consumption and production is addressed *2.

A variety of different plasticizer substituents is available, differing in their content of renewable
resources and also showing large alterations in their chemical structure in respect to the class of
ortho-phthalates. Aim of the project “Bio-Weichmacher” (Bio-plasticizers), is the synthesis of fully
bio-based plasticizers along with conserving the structure of cyclic di-esters with ester groups in
1,2-position. The general workflow of the described process is depicted in Figure 1. As starting
materials so-called platform chemicals derived from biomass in a bio refinery concept are used.
From platform chemicals, different building blocks are synthesized, which are further esterified
with fatty alcohols by application of a biocatalyst. Already in the early stage of process
development, inline analytics are used for a detailed process characterization. Therefore, the time
needed for sampling and the subsequent (offline) analysis can be reduced significantly. The newly
developed plasticizers have to be analyzed in terms of applicability and furthermore on their

ecotoxicity and on possible adverse effects on mammals.
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Figure 1. Workflow of the Project "Bio-Weichmacher" (Bio-plasticizers). From platform chemicals obtained in a bio
refinery building blocks are synthesized, which are esterified with fatty alcohols using a lipase. All steps of the chemo-
enzymatic synthesis are monitored inline in real-time by infrared spectroscopy.

Biomass is a resource, which is available in high amounts of 10! tons/year worldwide 2°.The main
components of biomass are biopolymers like cellulose, hemicellulose and lignin 2. Platform
chemicals, like for example 5-hydroxymethylfurfural (5-HMF), furfural, sugar alcohols and different
acids like succinic or maleic acid can be produced on the basis of lignocellulose in a bio-refinery 2.
From the various platform chemicals derived from a biorefinery concept, different building blocks
are synthesized, which are esterified with fatty alcohols leading to a fully bio-based plasticizer.
Here, either acid catalyzed or enzymatic esterification can be applied. Biocatalytic esterification
can be done by lipases or other enzymes originating from the enzyme class of hydrolases (EC 3).
Advantage of this enzymatic approach is the significant reduction of the reaction temperature.
Waste can be reduced, since no organic or mineral acids are used as catalyst, which are needed

to be neutralized afterwards 3.

Only a limited number of literature is available describing the enzymatic esterification of di-acids
in 1,2-position. Martin et al. 2* were investigating the esterification of phthalic acid with ethanol
catalyzed by a lipase from the thermophilic organism Geobacillus thermocatenulatus. In an ionic
liquid, 1-butyl-3-methyl imidazolium hexafluorophosphate ([BMIM] [PFs]), they reported a yield of
100% after 6 hours at 120 °C with a ratio of 67% monoester and 33% diester. However, in the
case of plasticizers, a full conversion of both acid groups is required. Therefore, a screening for
biocatalysts showing a low selectivity is needed. Beside commercially available enzyme
preparations, also wild type enzyme libraries are screened for activity towards cyclic substrates
containing two acid groups in 1,2-position. Enzymes can be immobilized on suitable carriers,
which enables an efficient separation after the reaction is finished. The stability of the enzymes
can be increased significantly, enabling a reuse of the enzyme preparation 2°. A large variety of

different carrier materials and immobilization protocols is available 2°.



Due to the reversibility of esterification reactions, an enzyme catalyzing the esterification can vice
versa be able to hydrolyze the ester bond in a (micro) aqueous environment. Here, the identified
enzymes, which are applied in the described reaction sequence, are be tested on the degradation
of the plasticizers contained in the PVC polymer matrix. So far, an enzyme is identified, the

application within the reaction sequence is investigated.

To analyze the single reactions of the chemo-enzymatic sequence by means of inline analytics,
attenuated total reflection Fourier transform infrared spectroscopy (ATR FTIR) is used. Since it is
a relative measurement technology, chemometric models based on reference measurements are
needed. For developing these models allowing a real-time prediction of the actual concentration
within the reactor, pure component infrared spectra are needed. Therefore, the final product and
all intermediates were synthesized and purified. From these reference spectra, pure component
models are designed, which are combined into a resulting Indirect Hard Model 2 describing the
single reaction step. After calibration with respective offline data and a successful validation with
an independent data set, the model can be applied for a detailed thermodynamic and kinetic
process characterization. Based on inline data, kinetic models describing the chemo-enzymatic
reaction sequence are set up. The kinetic models can be applied during the scale-up from lab to
pilot or even production scale 28. Additionally, the developed inline analytics are the basis for an
efficient process monitoring enabling a real-time process control, which allows to detect and
correct deviations in an early stage. ATR FTIR can also be applied to the preparation of plasticized
PVC.? The formulation is controlled precisely and the duration of the formulation process can be
optimized. Consequently, here energy can be saved, reducing the carbon footprint of the
plasticized PVC, which is also addressed by the SDG number 7 3,

Summarizing, a chemo-enzymatic process for the synthesis of alternative plasticizers for
application in PVC is developed. The process development is done according to the PGC: Based
on renewable platform chemicals derived from biorefinery, different possible building blocks are
synthesized. These building blocks are esterified with fatty alcohols. A possible application of
biocatalysts can increase the overall process sustainability. ATR FTIR is used for detailed
characterization of the whole reaction sequence. The single reaction steps are investigated and
respective chemometric models for an inline analytical measurement are designed. Based on the

inline data measured, kinetic models describing the single reaction steps are obtained.

Acknowledgement
We are thankful for the funding by the German Ministry of Education and Research
(031B0585A-B).



References

1

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Plastics Insight, Polyvinyl Chloride (PVC) Properties, Production, Price, Market, and Uses, available at:
https://www.plasticsinsight.com/resin-intelligence/resin-prices/pvc/, accessed 10 March 2020.

P. R. Graham, Environmental health perspectives, 1973, 3, 3-12.

C. E. Wilkes, J. W. Summers, C. A. Daniels and M. T. Berard, eds., PVC handbook, Hanser; Hanser Gardner, Miinchen,
Cincinnati, Ohio, 1st edn., 2005.

Britt E. Erickson, EU members agree to restrict 4 phthalates, available at: https://cen.acs.org/policy/chemical-regulation/EU-
members-agree-restrict-4/96/i30.

T. Stroheker, N. Cabaton, G. Nourdin, J.-F. Régnier, J.-C. Lhuguenot and M.-C. Chagnon, Toxicology, 2005, 208, 115-121.
A. J. Martino-Andrade and |. Chahoud, Molecular nutrition & food research, 2010, 54, 148-157.

U. Riaz, A. Vashist, S. A. Ahmad, S. Ahmad and S. M. Ashraf, Biomass and Bioenergy, 2010, 34, 396—-401.

S. Kumar, Ind. Eng. Chem. Res., 2019, 58, 11659-11672.

S. Kern, A. Himmelspach, K. Grammann, O. Thum and A. Liese, Org. Process Res. Dev., 2016, 20, 1930-1936.

A. Greco and A. Maffezzoli, Polymer Degradation and Stability, 2016, 132, 213-219.

P. Jia, H. Xia, K. Tang and Y. Zhou, Polymers, 2018, 10.

P. T. Anastas and J. C. Warner, Green chemistry. Theory and practice, Oxford Univ. Press, Oxford, 1st edn., 2000.

United Nations, Transforming our World: The 2030 Agenda for Sustainable Development. A/RES/70/1, 2015.

C. A. Correa, C. R. de Santi and A. Leclerc, Journal of Cleaner Production, 2019, 229, 1397-1411.

F. Fava, G. Totaro, L. Diels, M. Reis, J. Duarte, O. B. Carioca, H. M. Poggi-Varaldo and B. S. Ferreira, New biotechnology,
2015, 32, 100-108.

Z. Chen, D. Lovett and J. Morris, Journal of Process Control, 2011, 21, 1467-1482.
C. Minnich, S. Hardy and S. Kramer, Chemie Ingenieur Technik, 2016, 88, 694—697.

C. B. Minnich, P. Buskens, H. C. Steffens, P. S. Bauerlein, L. N. Butvina, L. Kipper, W. Leitner, M. A. Liauw and L. Greiner,
Org. Process Res. Dev., 2007, 11, 94-97.

P. T. Anastas and J. B. Zimmerman, Environmental science & technology, 2003, 37, 94A-101A.
Z. Zhang and Z. K. Zhao, Bioresource technology, 2010, 101, 1111-1114.
I. Delidovich, K. Leonhard and R. Palkovits, Energy Environ. Sci., 2014, 7, 2803.

a) K. Kohli, R. Prajapati and B. Sharma, Energies, 2019, 12, 233; b) S. Takkellapati, T. Li and M. A. Gonzalez, Clean
technologies and environmental policy, 2018, 20, 1615-1630;

A. V. Metre and K. Nath, Polish Journal of Chemical Technology, 2015, 17, 88—96.

J. R. Martin, M. Nus, J. V. S. Gago and J. M. Sanchez-Montero, Journal of Molecular Catalysis B: Enzymatic, 2008, 52-53, 162—
167.

Z. Knezevic, N. Milosavic, D. Bezbradica, Z. Jakovljevic and R. Prodanovic, Biochemical Engineering Journal, 2006, 30, 269—
278.

A. A. Homaei, R. Sariri, F. Vianello and R. Stevanato, Journal of chemical biology, 2013, 6, 185-205.
E. Kriesten, F. Alsmeyer, A. Bardow and W. Marquardt, Chemometrics and Intelligent Laboratory Systems, 2008, 91, 181-193.
V. Fath, S. Szmais, P. Lau, N. Kockmann and T. Roder, Org. Process Res. Dev., 2019, 23, 2020-2030.

A. Marcilla, M. Beltran, J. C. Garcia and D. Mang, J Vinyl Addit Technol, 1995, 1, 10-14.



