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Bioconversion of wastewater-derived cresols to
methyl muconic acids for use in performance-
advantaged bioproductst

William R. Henson, @ i Nicholas A. Rorrer, © 1 Alex W. Meyers,} Caroline B. Hoyt,
Heather B. Mayes, Jared J. Anderson, Brenna A. Black, Lahiru Jayakody, (2

Rui Katahira, @ William E. Michener, Todd A. VanderWall, Davinia Salvachua,
Christopher W. Johnson and Gregg T. Beckham (& *

Catalytic fast pyrolysis of biomass is a promising technology to generate biofuel blendstocks. This process
generates a carbon-rich wastewater, which represents a loss of carbon that could be converted to co-
products. Here, we explored the biological conversion of methyl phenols (cresols), a major component of
biomass pyrolysis wastewater, into 2-methyl and 3-methyl muconic acids for use as polymer building
blocks and plasticizers. We engineered Pseudomonas putida KT2440 to convert all three cresol isomers,
o-, m-, and p-cresol, into their methyl muconic acid counterparts via the heterologous aromatic
hydroxylase DmpKLMNOP from Pseudomonas putida CF600. We optimized conversion of cresols by
expressing a heterologous (methyl)catechol dioxygenase ClcA from Rhodococcus opacus 1CP, followed
by proof-of-concept fed-batch bioreactor cultivations. Methyl muconic acids and the hydrogenated
methyl adipic acids were incorporated into nylons and plasticizers to evaluate potential performance
advantages relative to existing materials. Methyl muconic acids in nylon-6,6 analogs substantially reduced
melting and glass transition temperatures and enable post-polymerization modifications, and incorporat-
ing methyl adipic acid into nylon-6,6 analogs leads to a slightly reduced glass transition temperature and
a 12% reduction in water permeability relative to nylon-6,6. When methyl diacids were incorporated into
plasticizers for poly(vinyl chloride), they exhibit lower glass transition temperatures at the same mass load-
ings as phthalic acid and adipic acid-based plasticizers. The methyl diacids were also predicted to exhibit
reduced health and environmental risks compared to phthalic acid. Overall, this study encompasses the
selection of a target product from an exemplary waste stream to the demonstration of multiple industrially
relevant performance advantages relative to petroleum-derived analogs and highlights the potential for
biological waste stream valorization.

slated for heat recovery in process models.>® While this
approach recovers energy from biomass, techno-economic ana-

Catalytic fast pyrolysis (CFP) converts lignocellulosic biomass
into a complex oil that can be catalytically converted to fuel
blendstocks." This process, and pyrolysis processes generally,
produces a carbon-rich aqueous stream (hereafter CFP waste-
water) composed of acids, ketones, aldehydes, and aromatic
compounds, including o-, m-, and p-cresol. The complexity and
toxicity of this stream challenges traditional wastewater treat-
ment, and accordingly, pyrolysis wastewaters are commonly
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lysis indicates that this approach can increase the cost of
biofuel blendstocks from pyrolysis, and further, valuable
carbon in this stream goes unutilized.>™* Thus, alternative
approaches have been investigated to valorize this stream,”?
including catalytic conversion of wastewater to fuel blend-
stocks® and recovery of valuable compounds from these
streams.” However, the heterogeneity of CFP wastewater com-
ponents remains a challenge. To this end, biological funneling
is a promising approach for valorizing heterogeneous
mixtures.*” This process harnesses microbial metabolism to
convert mixtures of compounds to a single product. Some
microbes have an impressive capacity to execute convergent
chemistries on multiple substrates. Furthermore, the number
and type of molecules that can be produced by microbes con-
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tinues to grow as the development of improved tools
enables improved engineering in a variety of microbial
hosts.”™

Cresols and methyl catechols can comprise a substantial
fraction of CFP wastewater (up to ~40% in some cases),'® and
microbial catabolism of these compounds has been studied in
a variety of organisms. Of these pathways, the Dmp pathway in
Pseudomonas putida CF600 has been characterized for cresol
catabolism."* The phenol monooxygenase DmpKLMNOP
hydroxylates m-, o-, and p-cresols to methyl catechols for con-
version by a meta-cleavage pathway into methyl muconic acids
(MMs), which are further consumed for cellular growth.'**'* Of
potential hosts for engineering for cresol catabolism, P. putida
KT2440 (hereafter KT2440) is a promising choice as it natively
consumes some aromatic compounds, and it has been engin-
eered to produce multiple products.’*™"” Cresols and alkylated
catechols cannot be natively catabolized by KT2440, but meta-
bolic engineering of aromatic lignin model compound catabo-
lism in KT2440 suggests that this host could also be appropri-
ate for cresol conversion.'**¢1?

Hydroxylation of cresols followed by oxidative aromatic
ring-opening would produce 2-methyl muconic acid or
3-methyl muconic acid (2MM, 3MM, respectively, Fig. 1). Two
recent reports have examined the production of 3MM from m-
and o-cresols in KT2440 and Amycolatopsis sp. ATCC
39116.""2° However, to our knowledge, no reports have studied
the properties of homopolymers or polymer additives based on
2MM and 3MM. Additionally, MMs could also be converted
into other products, such as methyl valerolactone, which have
been incorporated into polymers and they impart promising
attributes to chemically recyclable materials.>' >

In this work, we engineer KT2440 to convert cresols to MMs
and demonstrate production and purification of these com-
pounds to high purities from bioreactor cultivations. 2MM,
3MM, and their hydrogenated methyl adipic acids (MA) were
incorporated into nylons to evaluate the effect of the methyl
side chain on polymer properties, resulting in significant
reductions in melting and glass transition temperatures (7,
and Ty, respectively). Furthermore, we tune polymer properties
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Fig. 1 Catabolic pathway of o-, m-, and p-cresol to MMs.
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using thiol-ene click chemistry to improve thermal degra-
dation resistance and explore the use of methylated diacids in
plasticizers for poly(vinyl chloride) (PVC). MM-derived plastici-
zers show performance advantages in T, and reduced pre-
dicted human and environmental toxicity relative to two indus-
try standard plasticizers, diethylhexyl phthalate (DEHP) and di-
ethylhexyl adipate (DEHA).

Results

Expression of the DmpKLMNOP hydroxylase in KT2440
enables cresol conversion to MMs

Because KT2440 is unable to natively hydroxylate cresols,
dmpKLMNOP, which encodes the promiscuous aromatic mono-
oxygenase from P. putida CF600,"'""* was chromosomally inte-
grated into KT2440 (Tables S1-S3t). The integration was per-
formed so that the dmpKLMNOP operon was constitutively
expressed by the tac promoter, and catBC was simultaneously
deleted to enable muconic acid accumulation, as homologues
of KT2440 CatB can lactonize MMs (Fig. 1).>° Furthermore, the
native 1,2 catechol dioxygenase, catA, was constitutively
expressed downstream of dmpKLMNOP operon, creating strain
AM107. To determine if the engineered strain AM107 could
hydroxylate m-cresol and o-cresol and catA could perform ring
cleavage to produce 2MM, KT2440 and AM107 were grown for
36 hours in M9 minimal medium supplemented with 20 mM
glucose as a carbon and energy source and either 4 mM
m-cresol or 3.2 mM o-cresol for conversion to MM (Fig. 2A-D
and Table S41). AM107 completely consumed both m-cresol
and o-cresol over 36 hours, and we observed 3-methyl catechol
(3MC) as an intermediate along with the appearance of 2MM.
As no commercial standards were available, a 2MM standard
was synthesized and characterized by LC-MS?, "H-NMR spec-
troscopy, and *C-NMR spectroscopy (Fig. 2E-G, 3 and S1-
S4t). 2MM was initially identified by retention time and frag-
mentation patterns using LC-MS® (Fig. 2E-G). However,
attempts to quantify 2MM were complicated by the differing
response factors of the isomers of 2MM. Accordingly, 2MM
was quantified using '"H NMR spectroscopy using trimethyl-
silylpropanoic acid as a proton standard. 'H NMR spec-
troscopy revealed that the 2MM standard was primarily the cis,
cis form in DMSO-d; and the cis,trans form in D,O (Fig. S3 and
S4t).

When comparing the chemically synthesized 2MM to the
biologically produced 2MM and quantifying 2MM production,
we found that the biologically produced 2MM was a mixture of
cis,cis and cis,trans isomers, and the cis,trans form appeared to
increase over time (Fig. 3). After 36 hours, AM107 produced a
total of 2.83 + 0.06 mM 2MM (both cis,cis and cis,trans
isomers) from m-cresol and 2.96 + 0.18 mM 2MM (both cis,cis
and cis,trans isomers) from o-cresol, with yields of 0.71 + 0.02
(mol mol ™) and 0.93 + 0.06 (mol mol ™), respectively (Fig. 2A-
D and Table S4}). Complete consumption of o-cresol was
observed after 36 hours, which was slightly slower than the
m-cresol consumption rate (Fig. 2A-D, Table S471). Neither

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Biological conversion of o- and m-cresol to 2MM. (A) Growth and metabolite concentrations of P. putida KT2440 in the presence of 4 mM
m-cresol. (B) Growth and metabolite concentrations of AM107 (P. putida KT2440 AcatBC::Ptac:dmpKLMNOP:catA) in the presence of 4 mM
m-cresol. (C) Growth and metabolite concentrations of P. putida KT2440 in the presence of 3.2 mM o-cresol. (D) Growth and metabolite concen-
trations of AM107 in the presence of 3.2 mM o-cresol. (E) Positive ion mode MS? and MS® spectra of chemically synthesized 2MM standard. (F)
Positive ion mode MS? and MS® spectra of putative 2MM (retention time = 32.9 min) from culture supernatant after 36 hours of AM107 grown in the
presence of 4 mM m-cresol. (G) MS? and MS® spectra of putative 2MM (retention time = 32.7 min) from culture supernatant after 36 hours of
AM107 grown in the presence of 3.2 mM o-cresol. For A-D, points represent the average of three replicates and error bars are + SD. For A-G, cells
were grown in 10 mL of M9 medium supplemented with 20 mM glucose and either 4 mM m-cresol or 3.2 mM o-cresol in 50 mL shake flasks. See
Table S47 for raw data and ESI for more information. Abbreviations: 3MC, 3-methyl catechol; 2MM, methyl muconic acid; RT, retention time; Rel.

Int., relative intensity.
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Fig. 3 Structural analysis of 2MM isomers from biological cultivations. (A) Structure and conformational change of 2MM. (B) *H-NMR spectra of the
2MM standard and the shake flask culture supernatant of AM107 (P. putida KT2440 AcatBC::Ptac:dmpKLMNOP:catA) after 12, 24, and 36 hours of
growth in M9 minimal medium supplemented with 20 mM glucose and 3.2 mM o-cresol. (C) *H-NMR spectra of the 2MM standard and the shake
flask culture supernatant of AM107 after 12, 24, and 36 hours of growth in M9 minimal medium supplemented with 20 mM glucose and 4 mM
m-cresol. Letters and colors indicate protons for each isomer. See ESIT for full spectra and additional information.

3MC nor 2MM were detected in KT2440 culture supernatants, darkened, potentially due to oxidation of 3MC, which may
indicating that wild-type KT2440 cannot natively hydroxylate have negatively impacted 2MM yields.

m- and o-cresol, as expected. During the experiment, the KT2440 and AM107 were also grown in M9 minimal
culture medium for cultivations using both o- and m-cresol medium supplemented with 20 mM glucose and 4 mM

This journal is © The Royal Society of Chemistry 2022 Green Chem., 2022, 24, 3677-3688 | 3679
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p-cresol to determine if DmpKLMNOP could hydroxylate this
substrate and CatA could ring open 4-methyl catechol (4MC) to
3MM (Fig. 4A and B). Similar to 2MM, we synthesized a 3MM
standard, which was characterized using LC-MS®, '"H NMR,
and "C-NMR (Fig. 4C-E and S5-S77). Analysis using these
methods indicated that the standard was primarily the trans,
trans isomer in DMSO-ds and D,O, and subsequent quantifi-
cation was performed using HPLC (Fig. S5-S77). After
12 hours, AM107 consumed 3.87 + 0.44 mM of p-cresol and
produced 1.45 + 0.22 mM 4MC and 0.82 + 0.07 mM 3MM.
After 36 hours, neither p-cresol or 4MC was detected in culture
supernatants, and 3MM titers reached 1.24 + 0.08 mM
(Fig. 4A, B and Table S4t). Interestingly, 3MM yields were 0.31
+ 0.02 (mol mol™), which is significantly lower than 2MM
yields from m- and o-cresol. Further analysis of culture super-
natants by "H NMR revealed the presence of 3-methyl mucono-
lactone (3MML), which is generated via 3MM lactonization,
and thus could contribute to reduced 3MM yields (Fig. 4F, S8
and Table S471). We observed the production of 0.98 + 0.18 mM
of 3MML after 36 hours for a total yield of 3MM and 3MML of
0.54 + 0.04 (mol mol™) from p-cresol. Taking into account
lactone production, this value is still lower than yields of 2MM
from m- and o-cresol, and observed darkening of cultures also
suggested that oxidation of 4MC may have occurred and nega-
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tively impacted 3MM yields. Lactonization of cis,cis-muconic
acid has been previously observed in both biological and
chemical systems at a pH below 7.0,>>*” and the yield of 0.24 +
0.04 (mol mol™") 3MML from p-cresol after 36 hours suggests
that the additional methyl group on 3MM relative to muconic
acid could promote lactonization.

Expression of ClcA dioxygenase improves MM production

Because we observed the darkening of the culture medium
during shake flask cultivations (Fig. S97), which suggested
accumulation of methyl catechol (MC) intermediates, we
explored the use of the chlorocatechol 1,2 dioxygenase, ClcA,
from Rhodococcus opacus 1CP, which has been shown to
exhibit higher activity on MCs relative to catechol.”®*° clcA was
codon optimized for KT2440 and chromosomally integrated
downstream of dmpKLMNOP at the catBCA locus in AM107 to
create AM111. To prevent competition between native and het-
erologous catechol dioxygenases, catA2 (PP_3166) was also
deleted from both AM107 and AM111 to create AM112 and
AM114, respectively. AM112 and AM114 and their parent
strain, AM107, were tested with all three cresol isomers to
determine if clcA overexpression and catA2 deletion reduced
the accumulation of MCs and improved MM production
(Fig. 5A-] and Table S47). We observed similar titers and yields
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Fig. 4 Biological conversion of p-cresol to 3MM and 3MML. (A) Growth and metabolite concentrations of P. putida KT2440 in the presence of
4 mM p-cresol. (B) Growth and metabolite concentrations of P. putida AM107 (P. putida KT2440 AcatBC::Ptac:dmpKLMNOP:catA) in the presence of
4 mM p-cresol. (C) Positive ion mode MS? and MS® spectra of the synthesized 3MM standard. (D) Positive ion mode MS? and MS® spectra of putative
3MM (RT = 32.2 min) from culture supernatants after 36 hours of growth in 20 mM glucose supplemented with 4 mM p-cresol. (E) *H-NMR spectra
of the 3MM synthesized standard and the shake flask culture supernatant of AM107 after 36 hours of growth in the presence of 4 mM p-cresol. (F)
*H-NMR spectrum of the shake flask culture supernatant of AM107 after 36 hours of growth in the presence of 4 mM p-cresol and putative identifi-
cation of 3-methyl muconolactone. For A and B, cells were grown in 10 mL of M9 medium supplemented with 20 mM glucose and 4 mM p-cresol in
50 mL shake flasks. For A and B, points represent the average of three replicates and error bars are +1 SD. For E and F, letters and colors indicate
protons for each molecule. See Table S47 for raw data and ESI for the full spectra and additional information. Abbreviations: 4MC, 4-methyl cate-
chol; 3MM, 3-methyl muconic acid; RT, retention time; Rel. Int., relative intensity.
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Fig. 5 Biological conversion of p-cresol to 3MM. (A-C) Growth and metabolite concentrations of AM107, AM112, and AM114 in the presence of

4 mM m-cresol. (D—F) Growth and metabolite concentrations of AM107,

AM112, and AM114 in the presence of 3.2 mM o-cresol. (G-1) Growth and

metabolite concentrations of AM107, AM112, and AM114 in the presence of 4 mM p-cresol. (J) Genotypes and yields of engineered strains for each
cresol isomer. For A-J, cells were grown in 10 mL of M9 medium supplemented with 20 mM glucose and either 4 mM m-cresol or 3.2 o-cresol in
50 mL shake flasks, and points represent the average of three replicates and error bars are +1 SD. See Table S47 for raw data and ESIf for more infor-
mation. Abbreviations: 3MC, 3-methyl catechol; 2MM, 2-methyl muconic acid; 4MC, 4-methyl catechol; 3MM, 3-methyl muconic acid.

between strains AM112 and AM107 (Fig. 5]), suggesting that
catA2 is either not expressed during growth in the presence of
methyl phenols, that expression of catA is increased when
catA2 is deleted, or CatA2 does not act on methyl phenols.
Replacement of catA with clcA in AM114 resulted in 14 + 4%,
16 + 5%, and 17 + 1% higher titers compared to AM112 for m-,
o-, and p-cresol, respectively (P < 0.04 for all cases, Fig. 5A-]
and Table S4T). We also observed significantly higher yields
for all three cresols for AM114 compared to AM112 (P < 0.02
for all cases, Fig. 5]). Lower concentrations of 3MC and 4MC
intermediates were also observed for AM114 for all three
cresols compared to AM107 after 12 hours, but they did not
meet the threshold for statistical significance for o-cresol and

This journal is © The Royal Society of Chemistry 2022

p-cresol (Fig. 5A-1). However, shake flask culture supernatants
and cell pellets did not have significant culture darkening for
AM114 compared to AM112, suggesting that there was reduced
oxidation of MCs (Fig. S9t). For p-cresol shake flask experi-
ments, similar concentrations of 3MML were observed
between AM107 and AM112, but 44 + 6% higher titers of
3MML were observed between AM112 and AM114, and final
overall yields of 3MM and 3MML from p-cresol reached 0.72 +
0.07 (mol mol™"). The ratio of 3MM to 3MML for AM107,
AM112, and AM114 were 1.30 + 0.27, 1.36 + 0.01, and 1.20 +
0.19, respectively, and no statistically significant differences
were observed between strains (P > 0.05 for all cases), indicat-
ing that the lactonization process is independent of catA,

Green Chem., 2022, 24, 3677-3688 | 3681
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catA2, and clcA expression. Together, these results show that
clcA expression improves flux from cresols to their MM
counterparts and improves MM titers and yields.

Bioreactor cultivations for MM production

To produce 2MM and 3MM for evaluation in polymer appli-
cations, bioreactor cultivations of AM114 were performed to
convert m- and p-cresols to 2MM and 3MM, respectively
(Fig. 6A, B and S107). Because of the toxicity of cresols, we
applied a dissolved oxygen (DO)-stat fed-batch approach to
feed low concentrations (0.5 mM) of cresol in each feeding
pulse. Furthermore, the feed solution contained glucose and
cresol in a 7: 1 molar ratio, respectively, to provide carbon and
energy for cell growth. We performed duplicate bioreactor runs
for each cresol (Fig. 6A, B, S10 and Table S4+t). For m-cresol cul-
tivations, we achieved titers of 14.8 + 2.8 mM (2.3 + 0.4 g L)
for 2MM and 13.4 + 0.9 mM (2.1 + 0.1 g L™") for 3MM in
44-48 hours, representing yields of 35 + 6% and 30 + 2% for
m-cresol and p-cresol, respectively. For both cresol substrates,
yields were lower in bioreactor cultivations than in shake flask
experiments (Fig. 6A, B and Table S47). After 44-48 h, 2MM
and 3MM production rates decreased significantly. However,
the cultivations continued until oxygen consumption was neg-
ligible to maximize production for further downstream separ-
ations (Table S5t). We again observed darkening of the cultiva-
tions and the presence of the lactonized product 3MML using
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Fig. 6 Bioreactor cultivations using AM114 for conversion of m- and
p-cresol to 2MM and 3MM. (A) Growth and metabolite concentrations of
AM114 during m-cresol feeding following a DO-stat fed-batch strategy
with image of the bioreactor at the end of the cultivation. (B) Growth
and metabolite concentrations of AM114 during p-cresol feeding fol-
lowing a DO-stat fed-batch strategy with image of the bioreactor at the
end of the cultivation. Plots show a single representative bioreactor run.
See Table S47 for raw data and ESI (Fig. S107) for more information.
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p-cresol as a substrate. Supernatants from one bioreactor run
using p-cresol as a substrate were analyzed for 3MML pro-
duction, and we observed titers of 12.4 mM 3MM (1.9 g L)
and 6.78 mM 3MML (1.0 g L") and an overall yield of 3MM
and 3MML from p-cresol of 0.44 (mol mol™'). Taken together,
these results demonstrate that MMs can be produced by bio-
reactor cultivations, but additional optimization may be
required to reach higher titers, rates, and yields of MMs.

After bioreactor cultivations to produce MMs, we isolated
these compounds from the cultivation broth using previously
described procedures for muconic acid, resulting in an off-
white powder®® (bioreactor and isolation yields are provided in
Table S5t). After separation, the MM isomers were determined
to be isomerically pure via "H-NMR spectroscopy (i.e., either
the trans,trans isomer of 2MM or 3MM) (Fig. S11 and S127).
Additionally, the MMs were converted to methyl adipic acids
(MAs) via hydrogenation of the MMs at room temperature with
Pd/C and H, gas.>*?' Following separation, these bio-derived
diacids were evaluated as precursors for performance-advan-
taged nylons and plasticizers. Melting points and purities of
the alkylated muconates and adipates are provided in Table S6.}

MM and MA nylons

MMs and MAs were evaluated in nylon applications. Due to
the structural similarity of 2MA and 3MA to adipic acid, the
MMs were converted to MAs and all diacids were polymerized
with hexamethylene diamine (HMDA) to produce nylon-6,6
analogs. Polymerization was conducted via salt polymeriz-
ation, in which HMDA and the diacids were separately dis-
solved into water, combined, and then precipitated.’>** The
salt was subsequently dried and melted at 300 °C. Nylon-6,6,
the base case polymer in this work, exhibits a T, of 62 + 3 °C
and a Ty, of 262 + 5 °C (Fig. 7). Because CFP wastewater con-
tains mixtures of different cresol isomers, we also tested
1:1 molar ratios of 2MM and 3MM and 2MA and 3MA as pre-
cursors. Relative to nylon-6,6, the polymers synthesized from
the trans,trans isomers of 2MM and 3MM exhibited extreme
plasticization, as observed by a 107 + 11 °C T, (averaged across
the different isomers) reduction and reduction of the Ty, to
142 + 5 °C (the 3MM polymer is presented in Fig. 7 while the
other polymers are presented in Table S7t). Importantly, there
are no discernable differences between the bio-derived methyl
muconates, used for most of this work, and the methyl muco-
nates standard prepared from the chemo-catalytic conversion
of methyl catechols based on thermal properties (Table S77).
The lack of difference is attributed to the use of the salt
polymerization procedure, which further purifies the mono-
mers prior to and ensures proper
stoichiometry.

Conversely, when trans,trans muconic acid or the 2- and
3MA isomers are used, only a 20 + 3 °C, 19 + 3 °C, and 22 *
3 °C reduction in T, was observed, respectively. Blends of MM
and MA isomers performed similarly to 3MM and 3MA. As we
observed significant reductions in the T, for MM and MA-
based polymers, co-polymers with adipic acid and the alkyl-
ated diacids were also synthesized. These co-polymers were

polymerization

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Performance advantaged bioproducts from MMs. (A) Thermal
properties of the nylons synthesized from different diacids with HMDA,
where the starting diacid is listed on the x-axis. (B) Onset of thermal
degradation (Tpsy) for the synthesized nylons. (C) Water vapor trans-
mission rate for the MA polymers relative to nylon-6,6. Associated error
with thermal analysis is +3 °C for Ty, +5 °C for T, and +10 °C for Ty 5.
Associated equipment error with water vapor transmission rate is 10%.
Blend indicates a 1: 1 molar ratio of 2-methyl and 3-methyl isomers. See
Tables S7 and S8% for raw data and ESIf for more information.
Abbreviations: thiobenzene, ThioB; adipic acid, AA; trans,trans muconic
acid, ttMA; 3-methyl muconic acid, 3MM; 3-methyl adipic acid, 3MA.

synthesized by mixing the alkylated diacid-HMDA salts with
the adipic acid-HMDA salt at a 1:1:1 molar ratio. In all cases,
the degree of plasticization was reduced; in the case of the
MMs, the reduction was 16 + 3 °C compared to the 107 + 11 °C
of the homopolymer (Table S7+).

To explore polymers resulting from other chemistries, we
exploited the double bonds in the backbone of the MM-con-
taining polymers and investigated if the methyl group in the
MA homopolymers led to other advantaged properties. For the
MMs, we performed post-polymerization modification by
thiol-ene click chemistry to increase the degradation tempera-
ture (Tp,s9) of the polymers. To do so, the MM-containing
nylons were stirred in N-methyl-2-pyrrolidone with thioben-
zene overnight. This modification minimally changed the T,
and T,, but increased the polymer’s Tp 50, Which enables a
wider processing window (Fig. 7B and Tables S7, S87). For the
MAs, we aimed to investigate if the methyl group provided a

This journal is © The Royal Society of Chemistry 2022
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reduction in water permeability relative to an adipic acid pre-
cursor. Compared to nylon-6,6, the MA-blended polymer
exhibited a 12% + 5% lower water permeability. The large error
is associated with the equipment employed; however, this
result suggests that, following further investigation, MAs may
be promising for applications where reduced water per-
meability is desired (Fig. 7C and Tables S7, S87).

MM and MA plasticizers

Due to the plasticization effect of the MMs relative to adipic
acid in nylons, we also explored the application of the alkyl-
ated diacids as PVC plasticizers in comparison to the com-
monly used and petroleum-based adipic acid and phthalic
acid-based plasticizers. Plasticizers were synthesized via the
reaction of the diacid (in the case of the MM the trans,trans
isomers) variants with 2-ethylhexanol, and post purification,
they were blended with PVC at a 10 wt% loading. Thermal ana-
lysis revealed greater reductions in the PVC T, for all the alkyl-
ated diacids relative to plasticizers from phthalic and adipic
acid.

Unplasticized PVC exhibited a T, of 92 + 3 °C, and a 10 wt%
loading of either DEHP or DEHA reduced T, values to 32 =+
3 °C and 25 + 3 °C, respectively (Fig. 8 and Table S9t). At the
same loading, plasticizers derived from either MM isomer or a
1:1 molar blend of isomers resulted in a T, of 11 °C + 3 °C,
and the same loading of the MA-based plasticizers reduced the
Ty to 18 °C + 3 °C. MM- and MA-based plasticizers demon-
strated a 60 + 4% and 32 + 4% lower T, compared to DEHA
and 69 + 4% and 47 + 4% lower T, compared to DEHP, respect-
ively. Taken together, the superior performance of MM- and
MA-based plasticizers to two industry relevant plasticizers

100 T T T | T T T | T T T
|

9 I | 1
- & : Petroleum : Methyl : Methyl
o , Diacids | Muconates (MM) | Adipates (MA)
-*g 1 | 1
&= | | I
S 60 - | | .
€ 1 1 |
& I I I
| : I .
’5 | | I
% | | 1
E 20 L | ! .
33 I 1 1
i I I I
2 I I I

PVC Phthalate AA

2MM 3MM Blend 2MA 3MA Blend

Fig. 8 Glass transition temperature of PVC with different plasticizers.
All glass transition temperatures are reported for the 2-ethylhexyl di-
ester of the respective diacid at a 10 wt% loading relative to PVC.
Associated DSC error of +3 °C. Blend indicates a 1:1 molar ratio of
2-methyl and 3-methyl isomers. See Table S91 for raw data.
Additionally, Table S9t reports a control reaction with non-bio-derived
methyl muconates showing no difference between the bio-derived and
standard starting material which is attributed to the plasticizer workup.
Abbreviations: adipic acid, AA; 2-methyl muconic acid, 2MM; 3-methyl
muconic acid, 3MM; 2-methyl adipic acid, 2MA; 3-methyl adipic acid,
3MA.
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illustrate the potential of MMs and MAs for plasticizer
applications.

Toxicity of precursors and plasticizers

Bio-based products and their derivatives can also provide a
performance advantage through reduced human and ecologi-
cal toxicity, and the toxicity of precursors can play a role in
manufacturing practices and guidelines. To explore this
dimension for MMs and MAs, we implemented the
Environmental Protection Agency (EPA) toxicity estimation
software tool (TEST) to compare industrial nylon and plastici-
zer monomers and their derivatives across multiple human
and environmental factors.>® The TEST software predicts
human health impacts by determining a molecule’s potential
for estrogen receptor binding, developmental toxicity, Ames
mutagenicity, and oral rat acute toxicity. For environmental
impacts, TEST assesses the bioconcentration factor, defined as
the ratio of the concentration in biota to the concentration in
water, and the acute toxicity for three freshwater aquatic organ-
isms: fathead minnow, Daphnia magna, and Tetrahymena pyri-
formis>* Each prediction has an associated hazard classifi-
cation, with ‘T’ being the most toxic to ‘IV’ being the least toxic
(Table S101).>*” Using the TEST program, we compared the
predicted toxicity of phthalic acid, adipic acid, muconic acid,
both MM isomers, both MA isomers, ethylhexanol, and the
plasticizers created by esterifying the diacids with ethylhexanol.

The MAs and MMs and their ethylhexanol derivatives were
predicted to have reduced toxicity profiles relative to the com-
mercial, petroleum-based plasticizers (Table 1 and Table S117).
None of the MMs, MAs, or their ethylhexanol derivatives were
predicted to have estrogen receptor binding or mutagenic
activity in contrast to phthalic acid (Table S11}). The building
blocks 2-ethylhexanol, phthalic acid, and 2MM as well as the
plasticizers of DEHP and all diethylhexyl MMs were predicted to
be developmental toxins. Interestingly, the MA-derived plastici-
zers were not predicted developmental toxins and had higher
thresholds for predicted aquatic toxicity, indicating reduced tox-
icity to aquatic life and suggesting they may present a lower risk
to humans and the environment. The MMs and MAs were pre-
dicted to have similar oral rat and bioconcentration factors to
phthalic acid, but MAs also showed higher thresholds for pre-
dicted toxicity and were not predicted as aquatic hazards. To
mechanistically understand the differences between molecules
from the TEST tool, the mammalian metabolism of the mole-
cules was examined with the EPA’s Chemical Transformation
Simulator.*® The results highlight that plasticizer toxicity is gov-
erned by the component oxoalcohols and diacids (Fig. S157).
The adipates, muconates, and 2-ethylhexanol are predicted to
be metabolized, unlike phthalic acid (Fig. S16t1), whereas MAs
do not possess the functional groups (i.e. double bonds) necess-
ary for these transformations. In summary, these computational
tool predictions suggest that the MMs and MAs may have
reduced toxicity in comparison to precursors for current indus-
try standard plasticizers, and MA-based plasticizers may be
promising alternatives to industry standard plasticizers based
on multiple human and environmental factors.
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Table 1 Toxicities of study relevant compounds as predicted by
the EPA Toxicity Estimation Software. Red = class | (highest)
hazard, orange = class Il, yellow = class Ill, and green = class IV
(lowest) hazard. “R" on chemical structures indicates a diethylhexyl
functional group. Values are reported for numerical predictions;
developmental toxicity predictions are positive (red, yes) or nega-
tive (no). Individual aquatic toxicities are reported in Table S107
and hazard classifications in Table S11.f Abbreviations: 2-ethyl
hexanol, EH; phthalate, PA; adipic acid, AA; muconic acid, MA; di-
ethylhexyl phthalate DEHP; diethylhexyl adipic acid, DEHA; di-
ethylhexyl 2-methyl adipic acid, DEH2MA; diethylhexyl 3-methyl
adipic acid, DEH3MA; diethylhexyl muconic acid, DEHM; diethyl-
hexyl 2MM, DEH2MM; diethylhexyl 3MM, DEH3MM

Oral Rat . Aquatic
Dev. - Bioconc. L
Toxin Toxicity Factor Toxicity
(mglkg) (mg/L)
Diacids and Oxoalcohols
H
/\/j/\o EH yes 1,720 19.5 31.2
[e]
OH
E;¢OH PA yes 5,130 0.5 29.5
[e]
[o)
HOJJ\/\/YOH AA no 4,210 0.2 150
[¢)
o]
HOK/\J\WOH 2MA no 5,950 0.2 103
o)
(o}
HOMOH 3MA no 4,620 0.2 133
o
o]
HOJ\N\H/OH MA no 6,200 0.4 47.1
o
o]
HOMOH 2MM yes 5,800 03 26.5
o
o]
HOM\K\H/OH 3MM no 5,050 03 33.4
o
Plasticizers
o
O,R
o DEHP yes 31,000 17.8
"R
o
o
R~°ij\/YO~R DEHA no 9,750 53.7
o
o
R\OMO‘R DEH2MA no 10,100 61.7
o o
R\OJ\/\(\(O\R DEH3MA no 9,890 63.2
o]
o
R~0JJ\7\7Y°~R DEHM yes 12,700 19.5
o
o
R\OJV\)YD\R DEH2MM yes 13,500 9.12
o 0
R\OMQR DEH3MM yes 13,500 9.12
0

Discussion and conclusions

In this work, we demonstrated the bioconversion of cresols to
alkylated dicarboxylic acids and evaluated several bioproducts
incorporating these molecules. Furthermore, we compared the
predicted toxicities of these new molecules to petroleum-based

This journal is © The Royal Society of Chemistry 2022
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counterparts using several computational tools. These results
comprise the identification, production, and characterization
of performance-advantaged bioproducts from a bio-derived
waste stream.

Cresols and MCs represent ~40% of the total carbon in CFP
wastewater in some processes.'® Many of the additional com-
pounds are toxic and could interfere with the bioconversion of
cresols and MCs to MMs and accordingly, separations is a key
component of any waste stream valorization process.
Separations could be implemented to purify the aromatic sub-
strate before biological conversion, and separation of specific
components has been previously explored.”*® An alternative
approach to additional separation is biological funneling and
catabolism of additional wastewater components followed by
upgrading of the aromatic compounds. Our previous efforts
demonstrated metabolic engineering of KT2440 to consume
the majority of CFP stream components without supplemen-
tation at an extent of conversion of 89%, and demonstrated
that aromatic compounds, including cresols, can be converted
to a mixture of MMs at a 90% yield.*® Here we demonstrate the
feasibility of upgrading CFP wastewater streams to several pro-
ducts and applications of these molecules. As CFP wastewater
streams are expected to contain a mixture of aromatic com-
pounds, the final composition from CFP wastewater will likely
be a mixture of methylated and non-methylated muconic
acids. Our work with blends of MMs along with muconic acid
suggests that this composition will be of use as a plasticizer or
as a component of nylons. While we used purified MMs from
bioreactor experiments using pure cresols as a substrate,
industrial processes will use a much more complex wastewater
solution as a substrate, and uncatabolized components of
wastewater could remain after diacid purification that could
affect polymer properties. Additional study of contaminants
from CFP wastewaters and their effects on downstream appli-
cations will require further investigation.

Bioconversion of cresols to MMs could be improved by
several means. The accumulation of MC intermediates in
shake flask experiments and low titers for fed-batch cultiva-
tions suggests that other strategies such as optimizing feeding
rates of glucose*’ and adaptive laboratory evolution (ALE)
using cresols as a sole carbon source or tolerance ALE could
improve titers, rates, and yields of MMs.*>*>** The darkening
of cultures, which was reduced upon replacement of CatA with
ClcA, suggests that increasing the activity of ClcA could reduce
oxidative losses from MCs. Deleting regulators related to cata-
bolite repression could also improve conversion.** Other strat-
egies to improve bioprocess performance include determining
energy requirements for engineered strains®> and addressing
lactonization of 3MM. Our results using different solvents for
NMR indicate that the addition of a methyl group changes the
isomerization dynamics of MMs relative to muconic acid.***”

While we targeted nylons and plasticizers from MMs for
performance advantages relative to fossil carbon-based incum-
bent products, other products could be derived from MMs.
MMs and MAs could be substituted in any product manufac-
tured using adipic acid to determine if they introduce perform-
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ance advantages. Previous work demonstrated that muconic
acid can be used as a replacement for maleic acid in unsatu-
rated polyesters, and it is possible that the MM could also be
used in similar applications.*®*” Additionally, the diene in the
backbone of the MM can undergo Diels-Alder condensation to
form a wider suite of monomers, such as substituted tereph-
thalates, for further materials development.*®

When incorporating both MM and MA into the backbones
of nylons, we postulated that the C6 backbone would maintain
existing polymer properties while the presence of the methyl
group could lead to a reduction in water permeability.
Interestingly, we observed no differences in the thermal pro-
perties between materials incorporating the 2- and 3-substi-
tuted monomers, but the thermal properties of the MAs and
MMs materials were substantial. The similarity of the 2- and
3MMs and MAs could be attributed to the lack of stereochemi-
cal control in the polymerization procedure, as diacids can be
added in a random spatial distribution of the methyl groups.
In both the MA and MM, plasticization occurs relative to
nylon-6,6; however the plasticization imparted by the MMs is
greater than the MA and is attributed to a synergistic effect
between the lack of mobility of the muconic acid, which has
been observed previously in polyesters,’® and the free-volume
of the methyl group.

Nylons are an ideal target for incorporating performance-
advantaged monomers, as they have a large market size (7.7
MMT per year as of 2019°°) and are used in a wide variety of
textile, electronics, and automotive applications. Critically for
bio-based products, they also demand higher selling prices than
commodity thermoplastics.>® Structurally, nylons are semicrys-
talline polyamides with high melting points (7;,, > 200 °C), and
moderate glass transition temperatures (Ty ~ 0-100 °C). At the
degree of plasticization observed in this work, MMs may be able
to find use as a co-monomer for nylon production to reduce the
Ty, Tm, and crystallinity to reduce processing burdens (Tables
S5 and S6f). MA co-monomers also demonstrated reduced
water permeability without detrimentally sacrificing other pro-
perties, which could be useful for incorporation into current
manufacturing practices for a variety of applications.

In comparison to new polymers, polymer additives have
potential for more rapid market adoption, and also exhibit
large market sizes (7.5 MMT per year as of 2019).>° Here, we
demonstrated that alkylated diacids could be used as perform-
ance-advantaged plasticizers. Plasticizers are used at variable
weight percents (10 wt% to 40 wt% in PVC) to aid in proces-
sing or reduce Ty, enabling polymers to be employed in both
rigid and flexible applications.’”** Compared to a new
polymer formulation, an additive in a large commodity
polymer requires less material to achieve the same perform-
ance and validate at scale, which could enable a faster path to
market. Additionally, additives for PVC cost more than PVC
itself, thus the use of less additive to achieve the same effect
can be desirable depending on final cost.>® This is beneficial
in several ways as using less additive can lower the cost of the
entire resin and lower additive loadings may reduce leakage of
small molecules during the lifetime of a product.
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Further performance advantages include offering a safer
alternative to phthalates, as their risks to human health and
the environment are greater than the hazards captured by the
EPA hazard prediction tool.>*>° As studies continue to report
serious health and environmental concerns and regulatory
action around phthalates increases,’”*® demand for alterna-
tives is also likely to increase.>®®" Our predictions suggest that
the toxicity of MMs and MAs is likely to be lower than phtha-
lates, which could make them a safer, renewable alternative.

Other waste streams have high concentrations of unused or
under-utilized carbon that could bring value to their parent
process and coupling characterization of these streams along
with metabolic engineering and chemical catalysis strategies
could prove valuable to other areas outside of biomass pyrol-
ysis.” While additional process optimization will be required,
this study provides direction for development of pyrolysis
wastewater valorization and applications for target molecules.
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