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Abstract. Combined chemical technologies of microbial fermentation and thermal catalysis provides a hybrid
process for sustainable manufacturing of biorenewable sugar-derived monomers for plastics. In this work,
methacrylic acid (MAA), a target molecule for the polymer industry, was produced from biomass-derived glucose
through the intermediate molecule, citramalic acid. The biosynthetic pathway engineered in E. coli produced
citramalic acid intermediate with a high yield (91% of theoretical maximum) from glucose by overexpressing
citramalate synthase, removing downstream degradation enzyme 3-isopropylmalate dehydratase, and optimizing
the fermentation medium. Thermal heterogeneous catalysis converted the citramalate intermediate to methacrylic
acid (MAA) via decarboxylation and dehydration. A selectivity of ~71% for the production of MAA and its
intermediate a-hydroxybutyric acid was achieved at a temperature of 250 °C and an acidity of 1.0 mol acid/mol
citramalate. An alumina catalyst was found to enhance selectivity to MAA in a single reactor pass from 45.6% in
the absence of catalyst to 63.2%. This limited selectivity to MAA was attributed to equilibrium between MAA and
a-hydroxybutyric acid, but overall process selectivity to MAA was shown to be higher upon separation and recycle
of reaction intermediates. A process flow diagram was proposed of the hybrid route for the conversion of glucose

to the final end product, methacrylic acid, for poly(methyl methacrylate) (PMMA).

1.0 Introduction. The development of biobased
renewable materials is essential in addressing the
environmental and social issues of climate change
and plastic wastel™?%], In addition to producing
novel bio-monomers or bio-polymers, a parallel
effective approach is the drop-in replacement
strategy, whereby existing and commercially
available monomers are synthesized from biomass
feedstocks.*>578 |In the polymer industry, the
physical and chemical properties of these polymers
have been known for decades, and these modern
plastics play an essential role in society. For
example, biobased polyethylene already exists via
bioethanol production, which produces low-cost
two-carbon alcohols that can be dehydrated to
ethylene.®® However, besides bioethanol-derived
monomers, few processes exist for cost effective,
efficient, and environmentally benign
manufacturing of large-volume commodity
monomers.

Methacrylic acid (MAA) has been a target
molecule in the polymer industry as its ester,
methyl methacrylate (MMA), is an important
monomer produced at three billion kilograms
annually for many advanced materials.[*YJ It can be
polymerized with itself into poly(methyl
methacrylate) (PMMA), also known as acrylic
glass,*? which has the functions of being
transparent, durable, and UV tolerant, and is mainly
used as a glass substitute.*® Other copolymers of
MMA, such as styrene methyl methacrylate
(SMMA) and methyl methacrylate-butadiene-
styrene (MBS), have better properties in terms of
moisture absorption and impact strength,!**!
making them widely used in packaging, homeware,
and medical appliances.

The dominant industrial process for MMA
production occurs through the acetone-cyanohydrin
(ACH) reaction.[*® This process in its current form
utilizes toxic reactants, such as hydrogen cyanide,
as well as produces toxic cyanide intermediates.
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Scheme 1. Hybrid fermentation and thermocatalysis to produce Methacrylic acid (MAA) from glucose through

citramalic acid.

Other commercial processes, such as ethylene-
based ‘alpha process’, isobutene oxidation, and
isobutane process are all based on non-renewable
fossil-fuel-derived feedstock.*™ There is an
increasing demand for MAA with its predicted
annual market expected to exceed $8 billion USD
by 2025.1 Thus, both industry and academic
research groups have put more effort in designing
bio-renewable routes to MAA and MMAL!,

Due to their acute toxicity in both eukaryotes
and prokaryotes, few examples have been reported
for the direct production of MAA or MMA through
microbial fermentation of biomass.*® Other
proposed attempts to utilize biomass feedstock have
mainly focused on using biobased chemicals within
existing chemical processes. For example,
methanol, ethanol, isobutene, and isobutyric acid
can all be used as starting materials for MMA
production,*”? all of which can be synthesized
biorenewably  through  direct fermentation
(ethanol)®”, via synthesis gas from biomass
gasification (methanol)?-?2 or from dehydration
of fermentation products (isobutene from
isobutanol)!224,

Another biorenewable approach to
manufacture MAA and MMA combines hybrid
chemical routes of microbial fermentation and
thermochemical catalysis to utilize biomass-
derived sugars®. Fermentation of glucose has
already been developed to manufacture chemical
intermediates such as itaconic acid in high yield (up
to 0.58 g/g glucose)?®?"28: jtaconic acid can be
decarboxylated to form methacrylic acid!?3%,
Other isomers of itaconic acid, mesaconic acid and
citraconic acid, have also been considered as
potential intermediates in hybrid routes to MAA
through a similar decarboxylation mechanism.*"]
Among the three isomers, the bioproduction of
itaconic acid using fungi such as Aspergillus

terreus and other strains has already achieved
commercial status®*?. Recently, Tehrani et al.
reported a high yield of 0.58 g itaconic acid/g
glucose and maximal production rate of nearly 1.0
g/L-h.B¥ In bacterial system of Escherichia coli
(henceforth referred to as E.coli), the yields towards
itaconic acid were significantly lower with the
highest reported yield of 0.11 g/g glucose using
acetate as starting material.®¥ High yields of bio-
based intermediates mesaconic acid and citraconic
acid have not yet been demonstrated. The catalytic
strategies include the chemical decarboxylation of
intermediates such as itaconic acid to MAA. These
studies have reported high selectivity to MAA (>
90%) from itaconic acid, albeit at a maximum yield
of 50%.5°%) Therefore, it is desirable to maximize
the yields of the final product, MAA, in bio-based
hybrid routes, particularly from fermentation-
derived intermediates like citramalate, which can
be obtained at high yield from glucose.

Herein, the conversion of glucose to
methacrylic acid was achieved through a combined
biotechnological fermentation with heterogeneous
catalysis hybrid approach (Scheme 1). First, E. coli
strains were optimized to maximize the yield of the
intermediate, citramalic acid, an alternative diacid
which can be fermented at higher yield than
existing diacids, such as itaconic or mesaconic acid.
This was achieved through a systematic approach
of gene knockouts to minimize the yield of side
products in competing pathways. Efficient bio-
production of citramalate was previously achieved
in a fed-batch process with glucose (172 g/L in
total) and yeast extract (1.4 g/L).B® Lactate
dehydrogenase and pyruvate formate lyase was
removed to block the metabolism of pyruvate, one
of the precursors to form citramalate. Similarly
another approach is to reduce the metabolism of the
other precursor, acetyl-CoA, through eliminating
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acetate formation.E” The pta, ackA and poxB gene
deletions were found to be critical to reducing
acetate accumulation during aerobic growth. In this
study, we examined the effect of removing 3-
isopropylmalate dehydratase by deleting genes
coding for its subunits from E. coli which
metabolizes citramalate in the leucine biosynthesis
pathway. We discovered that with optimal medium,
the knockout strain achieved high yield (91% of
theoretical maximum), compared to 20% in a
previous study with minimal salt medium. Next, a
systematic heterogeneous catalyst and reaction
parameter design approach controlled for
decarboxylation and dehydration of citramalate to
form MAA. Reaction conditions including acidity
and reaction temperatures were first optimized to
identify the optimum reaction conditions. Finally,
catalysts were tested to study the influence of
catalysis on the selectivity towards desired MAA
and undesired side products. Overall, we
demonstrate that high yields of MAA can be
achieved from glucose through the approach of
combining fermentation to citramalate and
heterogeneous catalysis for decarboxylation.

2.0 Experimental Methods. The overall chemical
route of glucose to citramalate and eventually
methacrylic acid was evaluated through two
separate  experiments: (i)  biotechnological
fermentation of glucose to citramalate, and (ii)
heterogeneous catalysis for citramalate
decarboxylation. Methods for each chemical
technology and the associated experiments and
chemical analysis are described in the sequence of
process chemistry.

2.1 Microbe Design and Preparation.
Microbial strains (E. coli) used for fermentation
were derived from the wild type E. coli K-12 strain
BW25113. E. coli strains used for transformation
were purchased from Stratagene (XL10-Gold). The
leuC and leuD knockout strains along with P1
phage of ackA were obtained from the Keio
collection.®®! Phage was used to transfect the
corresponding strains for construction of targeted
knockout strains.*% Kanamycin markers were
removed after the strains were transformed with
pCP20 plasmids. Colony PCR was performed after
transformation to verify the knockouts. The E. coli
strains were grown in glass test tubes at 37 °C in
2xYT rich medium (16 g/L tryptone, 10 g/L yeast
extract, and 5 g/L NaCl) supplemented with
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appropriate antibiotics (100 mg/L ampicillin or 50
mg/L kanamycin).

Chemicals used in the study were purchased
from Sigma-Aldrich, unless otherwise specified.
All plasmids and primers used in the study are listed
in Table S1. PCR reactions were carried out with
Q5 High-Fidelity DNA polymerase (New England
Biolabs) according to the manufacturer's
instructions. FastDigest restriction enzymes were
purchased from Thermo Scientific. Sequences of all
the plasmids constructed were verified by
restriction mappings and DNA sequencing.

2.2 Fermentation Process. Conical flasks (125
mL) were used for all 48-hour fermentations.
Overnight cultures (200 pL) were transferred into
the fermentation medium, which contained 5.0 ml
M9 minimal media supplemented with 5.0 g/L
yeast extract, 20 g/L glucose, 5.0 UM coenzyme
B12, and 100 mg/L ampicillin. lIsopropyl-B-D-
thiogalactoside (IPTG) was added at a final
concentration of 0.4 mM to induce the
overexpression of introduced genes for the
production of (R)-citramalate. 0.5 g CaCO3; was
added to all flasks as a buffer. Fermentations were
carried out in a shake incubator set at 30 °C, rotated
at 250 rpm. Error bars indicated the standard
deviation obtained from two independent
experiments by picking different colonies for
fermentation.  Fermentation  products  were
guantified by the parameter titer (see equation 1
below).

mass of product formed in g

Titer (g/L) =

volume of fermentation brothinlL

M)

The titer values represented the concentration of the
product in the fermentation broth and is another
metric for the yield of fermentation products for
comparison with existing literature.

2.3 Catalyst Pretreatment and
Characterization. Chemicals used in the study were
purchased from Sigma-Aldrich, unless otherwise
specified. (x)-Potassium citramalate monohydrate
(K2CsH70s-  H20), purchased from VWR
International, was used as a starting substrate for
the batch-phase reactions and used without further
treatments. Itaconic acid, citraconic acid, acetic
acid, a-Hydroxyisobutyric acid, pyruvic acid,
propanoic acid, and methacrylic acid were used as
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Figure 1. (A) Biosynthetic pathway for (R)-citramalate in E. coli. Pyruvate and acetyl-CoA, two major metabolites
derived from glycolysis pathway, are condensed by citramalate synthase (CimA) to produce (R)-citramalate. Knock
out of key enzyme prevents downstream conversion of citramalate (LeuC, LeuD) or reduces acetate accumulation
(ackA). (B) Plasmid map of the pZElac_mjCimA plasmid. It has a replication origin (initiation of replication) from
ColE1, pLIlacO1 promoter (drives transcription of the target gene), lac repressor Lacl (inhibits the metabolism of
lactose), and ampicillin resistant marker (antibiotic selectable marker). It carries gene CimA encoding the citramalate

synthase.

organic standards for product analysis. Several
commercial catalysts were utilized for the batch-
phase conversion of potassium citramalate to
products, including 10% Pd/C (Acros Organics),
5% Pd/C, 1% Pd/C, 5% Pd/Al,Os, 5% Ru/C, 10%
Pt/C (STREM Chemicals), carbon, and gamma-
alumina (STREM Chemicals). The supported metal
catalysts were treated in H, at 300 °C for three hours
prior to reaction. Hydrochloric acid (HCI) was used
without any further treatment.

2.4 Catalytic Conversion of Potassium
Citramalate. The catalytic conversion of potassium
citramalate was conducted in a 100 ml high-
pressure batch reactor (PARR Instruments). In a
typical experiment, 242 mg of potassium
citramalate monohydrate (1.0 mmol) was dissolved
in 30 ml of deionized (DI) water and loaded inside
the glass liner of the batch reactor. The reactor was
then heated to the set temperature. The timer for the
reaction (time zero) was started when the set
temperature was achieved. At the end of the
reaction, the reactor was quenched by cooling with
immersion in an ice bath. The reactor was
depressurized at 4 °C to prevent loss of products in
the vapor phase.

2.5 Chemical Analysis of Catalytic Products.
Both the fermentation mixtures and catalytic
products were quantified with the aid of high-
performance liquid chromatography (HPLC,
Agilent 1260 Infinity). The HPLC was equipped
with the Aminex HPX 87H column (Bio-Rad,
USA), and all products were detected by the
refractive-index and the DAD detectors. The
mobile phase was H,SO4 (concentration 5 mM) at a
flow rate of 0.6 ml/min. Proton *H spectral analysis
was performed on a AM-400 Bruker Avance 111 HD
NMR spectrometer, and data were processed using
MestraNova NMR software. The conversion of
reactant and selectivity to the products were
quantified using the following formulae.

Conversion (mol%) =
moles of reactant consumed

moles of initial reactant * 100 @
Selectivity (mol%) =
moles of product formed . 4 ®)

moles of reactant consumed
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Figure 2. De novo production of (R)-citramalate from glucose in E. coli. (A) CMO0: Wild type BW25113 (F') with
cimA (B)CM1: AleuC strain with CimA overexpressed by the pZE plasmid (C) CM2: AleuD strain with CimA
overexpressed by the pZE plasmid (D) CM3: AleuCAleuD strain with CimA overexpressed by the pZE plasmid. (E)
CM4: AleuCAackA strain with CimA overexpressed by the pZE plasmid.

3.0 Results and Discussion. The efficiency of the
hybrid chemical route to methacrylic acid (MAA)
and ultimately methyl methacrylate (MMA)
depends on the independent catalyst and biocatalyst
technologies to achieve high selectivity. As shown
via economic sensitivity analysis within full
process techno-economic analysesi“#142l the loss
of feedstock carbon due to side reactions in large-
scale commodity processes is the single most
impactful metric for economic viability of a
chemical technology. For this reason, the two
sequential reactions, fermentation of sugars to
citramalate and decarboxylation of citramalate, are
presented in order with a focus on catalyst
performance.

3.1. Metabolic pathway design for maximizing
the yield of (R)-citramalate. The metabolic pathway
for producing (R)-citramalate in E. coli is depicted
in Figure 1A. The heterologous expression of the
key enzyme, citramalate synthase, from
Methanococcus jannaschii (CimA; EC 2.3.1.182)
in metabolically engineered E. coli allowed the
efficient de novo production of (R)-citramalate
from glucose. The two intermediates in the
glycolysis pathway, pyruvate and acetal-CoA,
combine to form (R)-citramalate from glucose,
catalyzed by the citramalate synthase enzyme.

Since M. jannaschii is a thermophilic archaeon,
the CimA isolated from M. jannaschii has the
highest activity at 70 °C. To increase both the
activity and stability at moderate temperatures,
directed evolution of this citramalate synthase was
conducted by Atsumi and Liao.”®! CimA3.7, the
variant which was expressed in E.coli for
hyperproduction of 1-propanol and 1-butanol, was
found to have the most improved activity and was
also insensitive to feedback inhibition by
isoleucine. It was also shown that this variant is also
active during fermentation at E. coli’s optimum
growth temperature (37 °C). CimA3.7 was inserted
into the plasmid pZElac with pLlacO1l promoter
and replication origin from ColE1l. The detailed
plasmid map is shown in Figure 1B. Specifically,
the plasmid had a replication origin (initiation of
replication) from ColE1, placO1 promoter (drives
transcription of the target gene), lac repressor Lacl
(inhibits the metabolism of lactose), and ampicillin
resistant marker (antibiotic selectable marker). It
carried gene CimA that encodes the citramalate
synthase.

The fermentation capability of different E. coli
strains containing citramalate synthase to convert
glucose to (R)-citramalate is depicted in Figure 2.
First, the wild type strain CMO (BW25113 pZE-
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mjCimA) was subjected to fermentation in a batch
process with 20 g/L glucose feed. The highest titer
of 8.49 g/L citramalate was detected in the broth
after 24 hours (Figure 2A). The citramalate
pathway from M. jannaschii was successfully
introduced into E. coli, and the heterologous gene
cimA was functional in E. coli in vivo.

Further metabolic engineering increased the
accumulation of citramalate in fermentation. The
first approach to elevate the citramalate titer
eliminated the downstream pathway of citramalate
metabolism in E. coli. The 3-isopropylmalate
dehydratase (leuCD) catalyzes the dehydration of
citramalate producing citraconate. The enzyme is a
complex of two subunits, the large (leuC) and the
small (leuD) subunit. The deletion of the gene leuC
in the fermentation strain resulted in a titer of 14.9
g/L after 48 hours (Figure 2B). The deletion of the
gene leuD in the fermentation strain resulted in a
titer of 13 g/L after 48 hours (Figure 2C). In both
cases, we observed a higher rate in citramalate
production compared to the wild type BW25113.
However, the deletion of both leuC and leuD genes
did not result in a higher citramalate titer (Figure
2D). We hypothesize that the deletion of one of the
subunits prevents 3-isopropylmalate dehydratase
from functioning and therefore prevents the
downstream conversion of citramalate.

In previous literature, the effect of deleting
leuC or leuD was studied under a different
fermentation condition. The use of XC medium
alone did not support E. coli growth, thus 0.2 g/L
leucine was added to the medium to restore cell
growth. 1 g/L citramalate was produced from 5 g/L
glucose feed. No difference in citramalate
production titer was observed compared to the wild
type. In our fermentation medium, 5 g/L yeast
extract was added which supplies nutrients such as
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minerals and amino acids. The highest OD during
fermentation with strain CM1 (AleuC) reached
20.4, which was more than twice the OD of
fermentation using wild type MG1655 with same
initial glucose concentration (20 g/L). The key
differences between the two results were accounted
for the fermentation medium contents, as we
utilized a more optimized fermentation condition.
Calcium carbonate (100 g/L) was added at the start
of the fermentation as a pH buffer. BW25113
derived from MG1655 was also the wild type strain
that is more suitable for industrial level
fermentation. Thus, with increased citramalate
production titer and yield, we concluded that the
effect of removing 3-isopropylmalate dehydratase
by deleting leuC or leuD was significant with
optimized medium content.

We also noticed an increase in the acetate
accumulation during the fermentation process with
all the fermentation strains. Acetate could slow
down cell growth at concentrations as low as 0.5
g/L."* This was also observed in previous studies
in citramalate production from fermentation.B”
Acetate is an undesirable byproduct potentially
formed from acetyl-CoA in aerobic fermentation
environment. Acetal-CoA is also the key substrate
for citramalate production. This pathway consists
of the enzymes, phosphate acetyltransferase (pta)
and acetate kinase (ackA). Therefore, the next
approach to increase the citramalate titer was
attempted by reducing the generated acetate side
product. To achieve this, the gene ackA was deleted
alongside leuC. From the fermentation results
(Figure 2E), this deletion did not produce a
significant decrease in the acetate amount in the
fermentation broth. However, it resulted in slower
cell growth and much lower citramalate production
rate compared with the strain with only leuC

Table 1. Comparison of fermentation processes for relevant diacid production

Diacid Microorganism Substrate -[B/tﬁ; [m\g:frlr?ol] Reference
Itaconic acid A. terreus Glucose 129 0.80 51
Itaconic acid U. maydis Glucose 220 0.46 33
Itaconic acid E. coli Glucose 32 0.77 46

Mesaconic acid E. coli Glucose 23 0.64 47
Citraconic acid - - - -
Citramalic acid E. coli Glucose 47 0.75 48
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Figure 3. Intermediates and side products of the decarboxylation and dehydration of citramalic acid.

deleted. Acetate could also be generated from other
catabolic reaction pathways thus the deletion of
ackA gene alone was not enough to reduce acetate
accumulation. ™!

Overall, the highest citramalate titer obtained
from our fermentation was 14.9 g/L, corresponding
to a yield of 0.91 mol/mol glucose (batch process
with 20 g/L as initial concentration of glucose and
5 g/L yeast extract). The yield is 91% of theoretical
maximum considering glucose as the carbon
source, since the rest of the materials should be used
to sustain cell growth. The mol/mol ratio of
citramalic acid produced from E.coli fermentation
is higher compared to other diacid products (80%).
The comparison for the highest yield strains is
shown in Table 114647481,

Among all proposed diacid intermediates in a
hybrid route to methacrylic acid, itaconic acid can
be produced from glucose with the highest titer
(220 g¢/L), albeit from Ustilago maydis, a fungus
less economically viable in large-scale commodity
chemical production.®® The yield and production
rate is also lower compared to what was achieved
with A. terreus (0.80 mol/mol and 1.15 g/L/h as
compared to 0.92 mol/mol and 0.52 g/L/h in the
current study). % Alternatively, the fermentation of
citramalate evaluated herein and elsewhere!®**"]
utilizes E. coli, a bacterium commonly utilized in
large-volume chemical manufacturing as it is fast
growing with capability for modification.®” The

use of E. coli here allowed for the modification of
the natural glycolysis pathway with only one
enzyme to be introduced, producing citramalate at
the yield of 91% which is significantly above the
highest yield of itaconic acid (80%) produced from
A. terreus, as mentioned earlier.!

3.2. Conversion of citramalic acid to
methacrylic acid (MAA). Catalytic experiments
evaluated the production of methacrylic acid
(MAA) from citramalate through thermocatalytic
routes. As shown in Figure 3, citramalic acid can
first undergo dehydration to form the isomers of
itaconic acid, mesaconic acid, or citraconic acid,
depending on which neighboring proton
participates in dehydration (and the resulting
stereochemistry).  Subsequent  decarboxylation
forms MAA, as has already been shown for itaconic
acid  decarboxylation®.  Alternatively, our
experiments indicated the following pathways,
whereby  citramalic acid can  undergo
decarboxylation to form a-hydroxyisobutyric acid
(a-HIBA), which can undergo further dehydration
to form MAA. The additional decarboxylation of
MAA and the cleavage of C-C bonds of citramalic
acids lead to formation of several side products that
include acetone, acetic acid, pyruvic acid, and
acetaldehyde, all of which are economically
undesirable.

Initial experiments evaluated the effect of
temperature on the conversion of potassium
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Figure 4. Temperature effect on conversion of citramalate (A) and selectivity to products (B). At temperatures below
250 °C, conversion was low (reaction at 200 °C for six hours). At temperatures above 250 °C, more byproduct
formation was observed. Reaction conditions: P of 600psi N, reaction time of one hour. Starting material: (%)-
Potassium citramalate monohydrate 1.0 mmol in 30 ml H,O. 1:1 HCI:MAA. Products observed included Methacrylic
acid (MAA), o-Hydroxyisobutyric acid (a-HIBA), isomers including itaconic acid, mesaconic acid, citraconic acid,
and byproducts (Acetic acid, pyruvic acid, acetone and acetaldehyde). Others: Unidentified products detected in
HPLC.
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Figure 5. Effect of reaction time on conversion of citramalate (A) and selectivity to products (B). Longer reaction
time at low temperature resulted in higher conversion and selectivity towards Methacrylic acid (MAA). Longer
reaction time at high temperature resulted in more side products and decreasing selectivity towards MAA. Reaction
conditions: P of 600 psi N. Starting material: (+)-Potassium citramalate monohydrate 1.0 mmol in 30 ml H,0, 1:1
HCI. MAA is Methacrylic acid; a-HIBA is a-Hydroxyisobutyric acid. Isomers include: Itaconic acid, mesaconic acid,
citraconic acid. Byproducts: Acetic acid, pyruvic acid, acetone and acetaldehyde. Others: Unidentified products
detected in HPLC

citramalate (Figure 4A) and selectivity to products  conversion was less than 3%. As shown in Figure
such as MAA in an aqueous-phase batch reactor. 4B, the selectivity towards MAA increased from
Citramalate was used in the salt form, because it  ~38% to ~46% on a molar basis with increasing
was the final product after being extracted fromthe  temperature from 225 to 250 °C. With a further
fermentation broth. The reactant mixture consisted  increase in temperature to 300 °C, the selectivity
of 0.033 M potassium citramalate with 1.0 molar  towards MAA reduced to nearly 32%. Additionally,
equivalent of HCI (vide infra), which was reacted  the selectivity towards a-HIBA remained between
between 200 — 300 °C for one hour. At 200 °C the ~ 10-26% across all temperatures, excluding 200 °C.
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Scheme 2. Decarboxylation of potassium citramalate with hydrochloric acid.

We note that the comparisons were deliberately
made at similar conversion values and of interest to
commercial practice (between 70-100%).

During the HCl-catalyzed reaction of
citramalate, the selectivity to itaconic acid,
mesaconic acid, and citraconic acid isomers by
dehydration accounted for ~26% at 225 °C and
reduced to zero at higher temperatures. Notably, the
selectivity towards unknown undesired byproducts
increased from ~1% at 225 °C to ~26% at 300 °C.
Overall, we identified 250 °C to be the optimum
temperature to maximize the selectivity towards the
pathway of MAA  formation involving
decarboxylation followed by dehydration that

A

100%
90%
80% T
70%
60% T
50%
40% T
30% T
20% T
10% +

Conversion

0% -

1 2 3 6

HCI [equivalent]

showed a maximum yield of ~70% at 250 °C (both
MAA and o-HIBA).

The reaction time of potassium citramalate
monohydrate with hydrochloric acid was also
evaluated by comparing the extent of conversion
(Figure 5A) and selectivity to products (Figure
5B) after one hour and six hours at both 200 and
300 °C. After one hour at 200 °C, the conversion of
citramalate was <3%. Only MAA and diacid
isomers were observed, indicating that at low
temperature the formation of MAA goes through
the dehydration of citramalate to form itaconic,
mesaconic, and citraconic acid isomers. Therefore,
formation of MAA likely occurs through the
decarboxylation of diacid isomers at this lower

EMAA DaHIBA @lsomers mOthers

1 2 3 6

HCI [equivalent]

B Byproducts

100%
90% T
80% T
70% T
60% T
50% T

40% +

Selectivity

30% T
20% T
10% +

0% -

Figure 6. The effect of acid addition on decarboxylation of citramalate monohydrate conversion (A) and selectivity
to products (B). As acidity increases (pH decreases), more carbon was converted to undesirable products during the
reaction. Reaction conditions: T of 250 °C, P of 600 psi Ny, reaction time of one hour. Starting material: (£)-Potassium
citramalate monohydrate 1.0 mmol in 30 ml H,O. MAA: Methacrylic acid ; a-HIBA: a-Hydroxyisobutyric acid.
Isomers: Itaconic acid, mesaconic acid, citraconic acid. Byproducts: Acetic acid, pyruvic acid, acetone and
acetaldehyde. Others: Unidentified products detected in HPLC.
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temperature of 200 °C. The conversion of
citramalate increased to ~9% after 6 hours
concomitant with higher selectivity towards MAA.
In addition, a-HIBA was observed at this relatively
higher conversion, possibly from the hydration of
MAA or from the decarboxylation of citramalate.
At 300 °C, the conversion of citramalate increased
to almost 100% and several new products were
observed. The selectivity to both a-HIBA and
MAA decreased significantly between one hour and
six hours of reaction. This decrease in selectivity is
accompanied by increased selectivity of “other”
products and lower selectivity to MAA and other
liquid products (total product selectivity < 100%),
suggesting that secondary decarboxylation and
decomposition reactions lead to undesired side
products and likely formation of CO, which was not
measured.

The effect of acidity on the conversion of
potassium citramalate (0.033 M) was next studied
(Figure 6) at 250 °C, to identify the optimal ratio of
acid to reactant on product selectivity. We first note
that all comparisons were made at conversion
between 80-100% on a molar basis (Figure 6A). As
shown in Figure 6B, the absence of hydrochloric
acid addition produces large quantities of
undesirable byproducts (>50%) and only minimal
MAA (<30%). With the addition of 1.0 equivalent
HCI, the selectivity of MAA significantly improved
to ~46%. On further HCI addition from 1.0
equivalent to 6.0 equivalent HCI, the selectivity

A
100%

90% T
80%
70%
60% T+
50% +
40% T
30% T
20% T+
10% +
0% -

Conversion

Pd/C

Ru/C Pt/C
Catalysts

control

carbon alumina

Chem

towards MAA reduced from ~46% to ~6%. This
established that 1.0 HCI equivalent was the
optimum acidity desired for the highest selectivity
towards MAA. In addition, the optimum selectivity
towards a-HIBA was also achieved at 1.0 HCI
equivalent. Taken together, we identified 1.0 HCI
equivalent to be the optimum acidity to maximize
the selectivity towards the pathway of MAA
formation involving the pathway that goes through
decarboxylation to form a-HIBA followed by
dehydration to form MAA, showing a maximal
yield of ~70% at 250 °C. When the diacid isomers
(itaconic acid, mesaconic acid and citraconic acid)
were also included as desirable intermediates along
the dehydration/decarboxylation pathway to MAA,
the yield increased to ~74%.

The optimal acid loading of 1.0 equivalent of
HCI per citramalate is consistent with the
mechanism of salt formation protecting carboxylate
groups from decarboxylation. For example, as
shown for lactic acid dehydration, the addition of
cations such as Na® or K suppresses the
decarboxylation reaction, thereby permitting
dehydration to occur for the formation of acrylic
acid®. In the case of diacids such as citramalate,
the addition of 1.0 equivalent HCI addition are
likely to lead to ion exchange between protons (H*)
and potassium ions (K*) of potassium citramalate,
leading to the predominant formation of
monopotassium citramalate. As depicted in
Scheme 2, this yields selective decarboxylation of
B BEMAA DaHIBA
100% -
0% T
80% T
70% T
60% T
50% T
40% T
30% T
20% +
10% +

0% -

Olsomers mByproducts mOthers

Selectivity

Pd/C carbon alumina

Ru/C pt/C
Catalysts

control

Figure 7. The effect of catalysts on decarboxylation of citramalate monohydrate conversion (A) and selectivity to
products (B). Reaction conditions: T of 250°C, P of 600psi Ny, reaction time of one hour. Starting material: (+)-

Potassium citramalate monohydrate 1.0 mmol in 30 ml H,O. HCI 1:1.

MAA: Methacrylic acid ; a-HIBA: o-

Hydroxyisobutyric acid. Isomers: Itaconic acid, mesaconic acid, citraconic acid. Byproducts: Acetic acid, pyruvic
acid, acetone and acetaldehyde. Others: Unidentified products detected on HPLC
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the carboxylic acid group leading to the formation
of a-HIBA that then undergoes further dehydration
to form MAA. On further addition of HCI, the ion
exchange likely forms citramalic acid which can
undergo further decarboxylation reactions to form
side products (Figure 2). In addition, the reduction
in the selectivity of liquid products from ~100% at
1.0 equivalent HCI to ~70% at 6.0 equivalent HCI
was consistent with the loss of products as CO: in

the gas phase in line with the increased
decarboxylation.
Citramalate decarboxylation was further

evaluated using solid acid catalysts and supported
metal catalysts including Pd/C, Ru/C, Pt/C as
shown in Figure 7. Experiments were conducted at
high conversion (250 °C, 600 psi Ny) of interest to
commercial application. We note that the carbon
support did not have an effect on increasing MAA
selectivity (Figure 7B) when compared with the
control (no catalyst). y-Alumina increased the
selectivity towards MAA from ~46% to ~63%,
implicating the acid sites in catalyzing the
decarboxylation and  dehydration reaction.
Doubling the alumina catalyst amount did not
further increase the selectivity. HZSM-5 catalysts
with varying acidity (SiO2/Al>Os ratios) were also
investigated as catalysts for the decarboxylation
reaction, and did not lead to any significant changes
in MAA selectivity. In summary, increasing the
acidity of the solid acid catalyst did not further
increase MAA selectivity. Unsurprisingly, on the
other hand, decreasing the acidity resulted in
slightly lower MAA selectivity (59.3%) as well as
less dehydration product formation.

Among the supported metal catalysts, the
addition of Pd/C (2.67 g/L) increased the selectivity
towards MAA from -~46% to ~55%, while
decreasing the yield of a-HIBA. The effect of Pd
loading on MAA selectivity was next studied. The
catalytic performance of Pd/C with different Pd
loading (1%,5%,10%) showed little effect on MAA
selectivity (50.6% - 54.6%). Next, the nature of the
supports was varied. Palladium on a neutral silica
support (Pd/SiO2) also showed similar MAA
selectivity as Pd/C, showing the limited role played
by both the neutral C and SiO, supports on the
reaction pathway. Then, we investigated the
influence of acidic supports on product selectivity.
Both 5 wt% Pd/y-Al;O3 and y-Al>Os resulted in
similar MAA selectivity. We note that physical

Chem

mixtures of Pd and y-Al,Os also did not result in
any further increase in MAA selectivity (Table
S4).Taken together, the addition of Pd to acidic y-
Al,O3 did not exhibit any synergistic effect leading
to an increase in selectivity.

Alternatively, both Ru/C and Pt/C produced
large quantities of byproducts not previously
observed in homogeneously catalyzed
decarboxylation reactions; Pt/C also generated
significant quantities of gas-phase byproducts such
as acetone and acetaldehyde. Overall, Pd/C and
Al;O5 catalysts showed great promise to improve
MAA selectivity from citramalate.

As Pd has an affinity for double bonds, the
delocalized structure of the a-carboxylate and the
unsaturation potentially coordinates to the metal
surface, which stabilizes the intermediates during
the decarboxylation reaction from diacid isomers to
MAA.BZ  Therefore, Pd facilitates the
dehydration/decarboxylation reaction pathway.
Any addition of acid catalysts (y-alumina or
HZSM-5) promotes the dehydration reaction. Thus,
the reactions readily go through the
decarboxylation/dehydration pathway when solid
acid catalysts were present.

The plateauing of catalytic performance
towards MAA selectivity posed a question whether
there exists an equilibrium limit to formation of
MAA, specifically the equilibrium of o-HIBA
dehydration to MAA in the reaction mixture. To
characterize equilibrium, MAA in water alone was
added to the reactor and allowed to react to
equilibrium at varying temperatures. The
equilibrium constants (Keq) were calculated for
each temperature using equation (4) and plotted in
Figure 8. In these experiments, the reaction
proceeded to form a-HIBA until a fixed ratio of
[MAA]/[o-HIBA] was achieved, even when
subsequent side reactions occurred. With this
measured ratio at each temperature, the reaction
enthalpy (AHxn Of 44.1 kJ mol™) and entropy (ASmn
of 93.8 J mol™ K*) were determined from the slope
and intercept of the plot of InKeq versus 1/T (Van't
Hoff equation) shown in equation (5).

_ [MAA][H,0]
Keq = [HIBA] )
AH | AS
lTlKeq = - RT + T (5)
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Figure 8. Equilibrium formation of methacrylic acid
(MAA) and water from a-hydroxy-isobutyric acid. The
dehydration of a-hydroxy-isobutyric acid (a-HIBA) to
form MAA was measured at five temperatures at
equilibrium (@) to determine the equilibrium constant K
with associated AHxn Of 44.1 kJ mol™ and ASi, of 93.8
Jmol? K1, For comparison, the conversion of citramalic
acid without a catalyst (m, blue) at 250 °C for one hour
did not achieve equilibrium, but introduction of an
alumina catalyst (m, purple) at 250 °C for one hours did
equilibrate MAA and o-HIBA, thereby achieving
maximum yield of MAA product.

Chem

Increased reaction temperature favors dehydration
to form MAA. At 250 °C, the predicted ratio of
[MAA]/[o-HIBA] is 3.4 indicating that complete
conversion to MAA is prohibited by equilibrium.

For comparison, the conversion of citramalic
acid without a catalyst at 250 °C for one hour did
not achieve equilibrium; as shown in Figure 8.
Specifically, this experiment (depicted in blue)
produced a ratio of [MAA]/[HIBA] inconsistent
with equilibrium mixtures. However, introduction
of an alumina catalyst at 250 °C for one hour
increased the catalytic rate of dehydration to
equilibrate MAA and a-HIBA, thereby achieving
maximum yield of MAA product at 250 °C. This is
further evidence that the overall catalytic reaction
of citramalic acid can only achieve an equilibrium-
limited yield of MAA. Further increasing the MAA
yield at equilibrium could occur by increasing the
reaction temperature, but this was already shown
(Figure 5) to increase byproduct formation. For this
reason, a process solution is required to remove
MAA from the reaction mixture and promote
further conversion of a-HIBA to MAA.

The utility of the considered hybrid pathway
through citramalate to methacrylic acid will
ultimately be determined by the chemistry’s
integration within a chemical process and its
associated economic potential. As depicted in

Itaconic acid Citraconic acid
Citramalate salt Mesaconic acid a-HIBA :| New Fermentation
Citramalic
acid :l New Thermocatalysis
Water Glucose
Glucose Nutrients :l Existing Polymerization
Nutrlerlts E. Coli Extraction/
E. Coli Water Column )
A Separation
separation MMA
— PMMA
([
Methacrylic Acid
Bioreactor Chemical Esterification Polymerization
reactor

Figure 9. A proposed process flow diagram for sustainable hybrid production of poly(methyl methacrylate) from
glucose. Water, glucose, metabolically engineered E. coli, and nutrients are added to the bioreactor to start the
fermentation process to produce citramalic acid. Citramalic acid is then separated by an extraction/column separation
process to obtain the salt form citramalate. Citramalate salt is then used as the substrate for the chemical reactor to
produce methacrylic acid (MAA). Reaction intermediates such as diacids and a-hydroxyisobutyric acid are then
recycled to further react to MAA. The resulting MAA is then separated via extraction, esterified to methyl
methacrylate, and used as the monomer for poly(methyl methacrylate) (PMMA).
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Figure 9, the process will include an upstream
fermenter which combines glucose, water,
engineered E. coli, and nutrients to produce an
aqueous stream of citramalic acid. Subsequent
purification steps, including filtration and
extraction, will produce citramalate salt (see page 8
of Supporting Information). The impurities will be
mainly crystalized ammonium chloride and small
amounts of other organic acid salts. These
impurities could potentially be removed by vacuum
heating or ion exchange column separation to
obtain citramalate salt with high purity. We note
that in situ product recovery could be implemented,
similar to methods used to produce itaconic acid.*
After purification, bio-derived citramalate is the
starting material for the
dehydration/decarboxylation reaction to produce
MAA. The uncompleted reaction products,
(itaconic acid, citraconic acid, mesaconic acid and
a-HIBA) could be recycled for further
decarboxylation/dehydration to produce MAA. By
this approach, the overall process yield of MAA
will exceed the single pass reactor selectivity to
MAA. Finally, the down-stream processing and
isolation of MAA can be recreated from the existing
patented literature on the extraction process.? The
manufactured MAA is then be esterified to form
MMA and polymerized to form PMMA for use in
industrial and consumer applications. Detailed
process design, techno-economic analysis, and life-
cycle analysis of this general process design is the
focus of future work.

4.0 Conclusions. Combined hybrid chemical routes
of microbial fermentation and thermal catalysis to
utilize  biomass-derived  sugars to form
biorenewable monomers is a promising sustainable
route for green manufacturing of plastics. In this
work, the conversion of biomass-derived glucose to
methacrylic acid, a target molecule for the polymer
industry, was studied through a combined
biotechnological fermentation with heterogeneous
catalysis hybrid approach. A biosynthetic pathway
was used to make citramalic acid intermediate with
a high yield (91% of theoretical maximum) after
simple gene editing and fermentation medium
optimization. Next, a thermal catalysis approach
was utilized to convert the citramalate intermediate
to methacrylic acid (MAA). A temperature of 250
°C and an acidity of 1.0 mol acid/mol citramalic
acid were identified as optimal for the production

Chem

of MAA and its intermediate a-hydroxybutyric acid
with selectivity values approaching ~70%. High
temperature and high acidity led to secondary
decarboxylation reactions forming CO. and
consequently low liquid product yields. A Pd/C
catalyst enhanced selectivity to MAA from 45.6%
in the absence of catalyst to 63.2%. Other catalysts
including Ru/C and Pt/C led to formation of a large
amount of side products. Finally, we proposed an
integrated chemical process of the hybrid route for
the conversion of glucose to the polymer, PMMA.
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