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Diverse sources of wastewater organic carbon can be microbially funneled into biopolymers like
polyhydroxybutyrate (PHB) that can be further valorized by conversion to hydrocarbon fuels and industrial
chemicals. We report the vapor-phase dehydration and decarboxylation of PHB-derived monomer acids,
3-hydroxybutyric acid (3HB) and crotonic acid (CA), in water to propylene over solid acid catalysts using a
packed-bed continuous-flow reactor. Propylene yields increase with increased Bronsted acidity of
catalysts, with amorphous silica—alumina and niobium phosphate yielding 52 and 60 %C (percent feedstock
carbon, max 75 %C) of feedstock 3HB and CA, respectively; additional products include CO, and retro-
aldol products (acetaldehyde and acetic acid). Deactivation studies indicate progressive and permanent
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activity. Experiments demonstrating sustained reactor operation over niobium phosphate provide a
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Introduction

Growing urbanization has increased societal energy demands,
greenhouse gas emissions, and wastewater generation.
Simultaneously addressing these changes contributes to a
growing impetus for wastewater treatment plants (WWTPs) to
transition into renewable resource production facilities
capable of valorizing organic wastes into petrochemical
replacements  while meeting treated water quality
requirements.”” Recent developments posit that organic
carbon and nutrients in domestic and industrial wastewaters
can be funneled through biological accumulation of storage
products (e.g., bacterial biopolymers or microalgal fatty

“ Department of Civil and Environmental Engineering, Colorado School of Mines,
1500 Illinois St., Golden, CO 80401, USA. E-mail: strthmnn@mines.edu

b Engineering Research Center for Re-inventing the Nation's Urban Water
Infrastructure (ReNUWIt), Colorado School of Mines, Golden, CO 80401, USA

¢ Department of Civil and Environmental Engineering, University of Illinois at
Urbana-Champaign, Newmark Civil Engineering Laboratory, 205 N. Matthews Ave.,
Urbana, IL 61801, USA

4 National Renewable Energy Laboratory, 15013 Denver West Parkway, Golden, CO
80401, USA. E-mail: Derek.Vardon@nrel.gov

t Electronic supplementary information (ESI) available. See DOI: 10.1039/
dicy01152a

1 S. L. and A. K. should be considered joint first author.

§ Current affiliation: Nanyang Technological University, Nanyang Environment &
Water Research Institute, 1 Cleantech Loop, CleanTech One, #06-08, 637 141,
Singapore.

6866 | Catal. Sci. Technol, 2021, 11, 6866-6876

promising technology pathway for increasing valorization of organic-rich wastewater.

acids),>* which can subsequently be processed through

nascent biorefinery technologies into more energy-dense and
valuable commercial products (e.g.,, renewable liquid fuel
blendstocks or commodity chemicals).”® This pathway offers
the potential for a greater variety of alternative products from
wastewater carbon with higher values than conventional
anaerobic digestion processes aimed at producing methane-
containing biogas.**

One promising strategy involves retrofitting conventional
WWTP processes to yield biomass enriched in the
biopolymer polyhydroxybutyrate (PHB; a polyester of
3-hydroxybutyric acid or 3HB; Fig. 1) for use in biorenewable
materials (e.g., bioplastics).” Reports demonstrate treatment
of wastewater to regulatory standards at the pilot-scale
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Fig. 1 Proposed integrated processing schematic for valorization of
wastewater organic carbon via biological accumulation of PHB and
conversion to propylene and renewable hydrocarbon fuel blendstocks.
The scope of this study focuses on vapor-phase catalytic conversion
of 3HB and CA acid monomers to propylene via dehydration and
decarboxylation reactions (dashed red box).
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concurrent with selection of PHB-accumulating mixed
cultures, with PHB accumulation of up to 50-90% cell dry
weight.®* These reports show clear potential for integration
of PHB production with waste treatment operations.'’*?
However, widespread commercial application of PHB as a
bioplastic still requires significant scientific advances
addressing the use of costly organic solvents for product
extraction and recovery,"'> achieving suitable material
property standards for biopolymer applications, and
integrated process demonstrations of waste feedstocks (e.g,
wastewater digested sludge, food waste, etc.) to fungible PHB
plastics at larger scales.'*™°

As an alternative to direct use, pathways converting PHB
to platform chemicals have emerged with particular
emphasis on the production of propylene, valued as a
commodity feedstock for chemicals or as a precursor to
liquid renewable hydrocarbon fuel blendstocks."” Direct
conversion of PHB to propylene has been shown through
batch reactions leveraging techniques such thermolysis,'®
catalytic pyrolysis," and catalytic reforming.”® While most
reports of biological PHB production have focused on the use
of purified sugars as feedstocks, costs are lower when
sourcing organic carbon from wastewater streams.”" In either
case, developing pathways that limit costly dewatering and
drying steps prior to any downstream separation and
conversion reactions are ideal for energy reduction.”**?

As an alternative to dry solvent extraction techniques, PHB
can be separated from wet cell biomass using mild aqueous-
phase  techniques.>**®  Subsequent  depolymerization
reactions can then produce a concentrated aqueous mixture
of acid monomers, 3-hydroxybutyric acid (3HB) and crotonic
acid (CA)."*?® Batch reactions involving direct hydrothermal
conversion of PHB and its monomer acids to propylene have
been recently explored,”*”*® but to date there have been no
reports on continuous aqueous-phase conversion of PHB or
its monomer acids to propylene. Building upon recent
reports of vapor-phase catalytic conversion of y-valerolactone
to butenes,"””?° we hypothesized that dehydration and
decarboxylation reactions of 3HB and CA that yield propylene
(Fig. 1) will also be promoted by solid acid catalysts,
including commercially available amorphous silica-alumina
and emerging niobium-based acid catalysts. Vapor-phase
catalytic reactions enable low pressure chemistry (<4 atm)
with lower reactor capital requirements, which can be
compatible with upstream dewatering technologies that
further concentrate the aqueous feed stream before reaching
dryness. This process is advantageous for the conversion of
3HB, providing improved control over yields and product
selectivity compared to catalytic pyrolysis and hydrothermal
reforming which yield under 50 mol% propylene conversion
from PHB.'”?” Additionally, the volatility of propylene
enables self-separation from the aqueous process stream,
lowering expected costs for product separation and enabling
purification as an industrial feedstock chemical or
oligomerization to produce liquid renewable hydrocarbon
fuel blendstocks.

This journal is © The Royal Society of Chemistry 2021
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A growing body of literature has reported on the
application of solid acid catalysts for conversion of biomass-
derived chemicals, including triglycerides,*® sugars,®® and
lignocellulosics.** Use of solid acid catalysts can reduce cost,
corrosion, and waste associated with homogenous catalysts.*’
Amorphous silica-alumina catalysts have been found to be
desirable for biomass conversions due to their low cost,
commercial availability, and variable Brgnsted and Lewis
acidities.>*® More recently, niobium-based acid catalysts
have been explored as alternatives for dehydration,
hydrolysis, and esterification reactions of biomass.>” Bulk
niobium-based catalysts are of particular interest due to their
strong water-tolerant acidity,®®*° with niobium frequently
added to other catalysts to increase hydrothermal stability.
Recent reports suggest that bulk niobium oxides are not
hydrothermally stable (evidenced by decreased surface
area),’”*' but some studies suggest stable catalytic
performance when exposed to heated water vapor.*> Niobium
phosphate is particularly promising for these applications
due to stronger acidity and greater thermal stability than
niobic acid.** To our knowledge, there have been no reports
of PHB-derived monomer acid reactions with either silica-
alumina or niobium-based catalysts.

This study reports the vapor-phase catalytic reactions of
PHB-derived monomer acids, 3HB and CA, focusing on
optimizing propylene yields and selectivity, as well as catalyst
stability. Reactions were studied using a continuous flow
packed-bed reactor incorporating commercially available
solid acid catalysts (alumina, amorphous silica-alumina, and
niobium-based materials) to evaluate the effect of varying
Bronsted-Lewis acidities on acid conversion and product
selectivity. Experiments were also conducted to evaluate
catalyst stability and deactivation, including experiments
exposing catalysts to superheated steam for an extended
period prior to introducing 3HB feeds and an extended CA
partial  conversion experiment to monitor catalyst
deactivation and re-activation wvia calcination. Activity
measurements were coupled with materials characterization
to evaluate catalyst properties and identify potential modes
of deactivation and regeneration potential. Results from this
work provide mechanistic insights into the conversion
reactions and important catalyst properties as well as factors
limiting catalyst stability that are critical to further
development of a practical catalytic conversion technology for
PHB-derived monomer acids. Ultimately, these processes can
be incorporated within a larger PHB-to-fuel pathway,
providing a path forward towards the realization of renewable
fuel production from wastewater organic carbon.

Materials and methods

Reagents and catalysts

Amorphous silica-alumina catalysts (DAVICAT® SIAL 3113
and SIAL 3125) were acquired from Grace-Davison. The
catalysts contained 13 and 25 wt% alumina respectively, as
denoted by the manufacturer. A Na'-exchanged SIAL 3113
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was prepared to selectively poison Brgnsted acid sites
following a procedure described by Foo et al** y-Al,0; was
obtained from Strem Chemicals (13-2525). Niobic acid (NbO)
and niobium phosphate (NbP) were provided by Companhia
Brasileira de Metalurgia e Mineracdo (CBMM). Prior to use,
all catalysts were calcined in air for 3 hours with a 200 °C h™
heat-up rate with no further modifications. SIAL 3113, SIAL
3125, y-Al,O;, and Na'-exchanged SIAL 3113 were calcined at
450 °C.*> NbO and NbP were calcined at 400 °C.*®

Flow reactor experiments and product analysis

Continuous flow experiments (6 h time-on-stream) for
catalytic conversion of 3HB and CA were carried out in a
packed-bed down-flow continuous reactor (photograph and
schematic shown in Fig. S1 in the ESI}). Aqueous solutions
of monomer acid in water (20 g L") were delivered (0.3 mL
min™" typically, or adjusted as necessary depending on the
tested catalyst to maintain a WHSV of 0.1 h™) using a high
pressure liquid chromatography (HPLC) pump (Scientific
Systems) together with an inert sweep gas (pure N, at 40
sccm as controlled by a mass flow controller from Brooks
Instrument) into a pre-heated (200 °C) mixing zone upstream
of the reactor bed to vaporize the solution mixtures prior to
encountering the catalyst bed. Monomer feed acid
concentrations were selected based upon water solubility
limits at room temperature due to equipment which limited
feeds to room temperature; solubility increases non-linearly,
thus different processes could investigate various feed
solutions. Catalysts were packed in a 16.5” long, 0.5” outer
diameter 316 stainless steel tube with an inert coating
(SilcoTek) on the internal surface, where packing was kept
within an isothermal zone in the tube (identified between
8.5" and 11.5" of the tube) with the remainder void filled with
1 mm borosilicate glass beads (Millipore Sigma) and ends
plugged with quartz wool (Acros Organics). Temperature was
monitored using an internal thermocouple centered within
the isothermal zone and heated using a clam-shell ceramic
furnace (Verder Scientific) enclosed around the tube, and
reaction temperature was regulated using a PID controller
(Opto 22).

Following preliminary tests, a reaction temperature of 350
°C was selected for experiments conducted in this study (only
minor variations in 3HB conversion and propylene carbon
selectivity observed for 325-375 °C as shown in Fig. S27).
System pressure was controlled using a piston-sensing
backpressure regulator (Swagelok). The post-reaction product
stream was cooled using a tube-in-tube heat exchanger and
then separated with a stainless-steel vapor-liquid separator
(Parr Instruments). The aqueous byproduct stream was
collected using a bottom drain valve fitted on the vapor-
liquid separator for analysis. Volumetric flow of the gaseous
stream was measured using a gas flow calibrator (Mesa Labs)
and gas samples were collected for analysis in ALTEF gas
sampling bags (Restek). Propylene was quantified by gas
chromatography with flame ionization detector (GC-FID -
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Thermo Fisher Scientific Trace 1310 GC with an FID and a
Restek Alumina BOND/MAPD column), and CO, was
quantified by GC with thermal conductivity detector (GC-TCD
- Thermo Fisher Scientific Trace 1310 GC with a TCD and a
Supelco Carboxen® 1010 PLOT column). Aqueous-soluble
products were analyzed via HPLC with photodiode array
detector (HPLC-PDA - Shimadzu Prominence system with a
Waters Spherisorb® ODS2 column). Propylene and CO,
reference standards were acquired from General Air.
Reference standards for 3HB, CA, and acetaldehyde were
obtained from Sigma-Aldrich, and acetic acid was obtained
from Fluka.

Catalyst characterization

Catalysts were characterized by a variety of techniques.
Specific surface area (m”> g™'), total pore volume (cm?® g'),
and average pore diameter (nm) were determined using N,
physisorption. Samples were first degassed at 250 °C
overnight under vacuum (virgin catalysts) or helium (spent
catalysts) on a Quantachrome Quadrasorb SI. The Brunauer-
Emmett-Teller (BET) method was applied to the N,
physisorption data to calculate specific surface areas, and the
Barrett-Joyner-Halenda (BJH) method was applied to
calculate pore volumes and pore diameters.

Total acid site density (umol g™') was measured by
ammonia temperature programmed desorption (TPD) using a
Micromeritics AutoChem 2920 Chemisorption Analyzer. Silica
and alumina based samples were heated to 750 °C at 10 °C
min~" in He flowing at 60 sccm and held for 2 h for catalyst
pretreatment. The temperature was reduced to 250 °C, and
the samples were flushed with He for 10 min. For NH;
treatment, 1.67% NH;/He (v/v) was passed over the sample at
60 sccm for 5 min, then 8.33% NH;/He flowed over the
sample at 60 sccm for 1 hour. 60 sccm He was passed over
the sample for 90 min to flush excess ammonia. The samples
were heated to 750 °C in 30 sccm He at 5 °C min~', holding
at 750 °C for 90 min. The released gas was measured with a
thermal conductivity detector. The niobium-based catalysts
were measured using a similar process with lower
temperatures. The catalysts were pretreated at 500 °C at 10
°C min' in He flowing at 60 sccm for 3 h, followed by
cooling to 120 °C before passing 10% NHjz/He over the
catalyst for 1 h. The excess ammonia was flushed for 2 h with
helium, before ramping to 500 °C in 50 sccm He at 10 °C
min~", holding at 500 °C for 90 min.

The relative ratio of Brgnsted to Lewis acid sites for silica-
alumina and alumina catalysts was determined by pyridine
adsorption diffuse reflectance Fourier transform infrared
spectroscopy (py-DRIFTS), using a method adapted from a
recent report.’” Spectra represent the average of 64 scans
collected at 4 cm ™" resolution using a Thermo Nicolet iS50
FT-IR spectrometer equipped with a Harrick Praying Mantis
reaction chamber. Samples were pretreated under flowing N,
at 10 °C min~" to 450 °C and then held at this temperature
for 1 h. After cooling to 150 °C at 10 °C min™", the samples
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were purged with N, for 10 min, and a background spectrum
was collected. The samples were then exposed to pyridine
vapor for 10 min by flowing N, through a pyridine-filled
bubbler held at room temperature. Physisorbed pyridine was
subsequently desorbed in N, by heating to 200 °C at 10 °C
min™" and holding for 30 min. After cooling to 150 °C at 10
°C min™', a spectrum was collected and referenced to the
background collected prior to pyridine exposure. The peak
area of vibrational modes near 1445 cm™' (Lewis) and 1540
em™' (Bronsted) were used to determine the relative ratio of
Bregnsted to Lewis acidic sites. The ratio of Brgnsted to Lewis
acid sites for niobium catalysts was previously published for
the same batches of niobic acid and niobium phosphate
using the same technique and instrument.*®

Carbon contents of used SIAL 3113 and NbP was
determined using a LECO CHN 628 elemental analyzer. NbP
samples were analyzed in triplicate. SIAL 3113 was only
analyzed once due to limited available sample mass.

Catalyst stability and deactivation

Separate experiments were conducted to evaluate the
stability and deactivation of SIAL 3113 and NDbP catalysts.
First, partial conversion experiments were performed to
monitor changes in catalyst activity that would not be
observed if excess catalyst was present under complete
conversion conditions. NbP and SIAL 3113 were evaluated
using a CA feed with reaction conditions modified from the
usual 6 h conversion experiments by decreasing catalyst
mass and increasing feed CA concentration to adjust the
WHSV from 0.1 to 2.66 h™'. After continuous reaction with
CA for 48 h time on stream, the used NbP was recovered
from the reactor bed and re-calcined under air in a static
muffle furnace (500 °C for 3 h; 200 °C h™" heat rate), before
placing back into the reactor and monitoring reaction with
CA for an additional 10 h.

SIAL 3113 and Nb were also subjected to continuous 3HB
feeds for 70 h with identical conditions to the 6 h
experiments, collecting samples for analysis approximately
every 8 h, focusing on trends in yields of the target propylene
product. Catalysts were then removed from the reactor and
subjected to N, physisorption analysis. The SIAL 3113 was
then re-calcined under air in a static muffle furnace (550 °C
for 3 h; 200 °C h™' heat rate) to remove visible signs of
carbonaceous deposits. The re-calcined SIAL 3113 was then
tested under similar conditions to compare with the virgin
catalyst. The effects of extended exposure to superheated
water vapor alone on catalyst activity was also evaluated. SIAL
3113 and NbP were packed into the reactor and exposed to a
deionized water feed (no monomer acid added) in the same
manner described in Flow reactor experiments and product
analysis for 66 h before introducing 3HB for 6 h and
monitoring conversion reactions as described above. Specific
surface area and porosity of the steam-exposed catalysts was
also measured to compare with virgin and 3HB-reacted
materials.

This journal is © The Royal Society of Chemistry 2021

Paper
100 #&/ e —a1—s] 101 B /'\‘—Iﬂ'.
»
o0l Carbon Balance| 0 __§/ Carbon Balance]
G ® axpopyiene ________1g * MaxPropyene_________]
= =
< 50 {£ 704 1
: € oot
S 604 183 801" ° ]
Z . . H ropylene
Eoofr—" - " a0t
a Propylene a
c 401 18 407
8 £
5 307 Acetic Acid co. 18 0t M ]
(8} 2 X X: 23
204 1 20 {x—% 3HB/ 1
% F———%—— Acetic Acid c ic Aci
rotonic Acid
10 + 3HB/ 1 10 + Acetaldehyde 1
Acetaldehyde Crotonic Acid i__‘#‘—‘%‘
0 Le N - —l 0 L #* > # *
2 3 4 5 6 2 3 4 5 6
Time-on-stream (h) Time-on-stream (h)

Fig. 2 Carbon selectivity (as %C of inflow 3HB feed) results for (A)
3HB and (B) CA conversion over SIAL 3113 over 6 h continuous time-
on-stream measurement. Reaction conditions: 350 °C, 0.1 h™ WHSV
of 3HB, 40 sccm N, at 55 psig (gaseous products sampled at
atmospheric pressure). Data points with error bars show the mean of
duplicate reactions with min/max values where duplicates were
performed (up to 4 h for (B)). Horizontal dotted line indicates
theoretical maximum yield of propylene from conversion of 3HB.

Results and discussion
Vapor-phase catalytic reactions of 3HB and CA

Continuous time-on-stream measurements of 3HB aqueous
feeds were conducted with SIAL 3113 packed into the
reactor's catalyst bed. Complete conversion of 3HB was
observed throughout the 6 h time-on-stream experiment;
Fig. 2A shows the complete distribution of conversion
products observed. Measured products are shown at %C
distribution values,

ny:
%G = — Vi

( 100% )
N3HB feed X Y3uB

where n; is the moles min™ of product “i” produced, y; is the

number of carbon atoms in the structure of “i”, n3up feea 1S
the moles min~' of 3HB in the feed solution, and ys;yg = 4.
This approach allows for a summation of products %C to
determine overall carbon mass balances. Using this measure,
complete conversion of 3HB was observed throughout the
experiment, with propylene yields ranging from 51-53 %C
and approximately equimolar concentrations of CO, (i.e., 18-
19 %C), in agreement with expectations for the pathway
depicted in Fig. 1. Because the target product propylene
contains one fewer carbon atom than 3HB, complete molar
conversion of 3HB to propylene would yield %C of 75%, so
the measured 51-53 %C for propylene indicates that 68-71%
of the 3HB molecules in the feed solution were converted to
the target product. Measurements show that the remainder
of the 3HB in the feed was converted to other non-target
products. Analysis showed that the remaining carbon balance
(27-31 %C) could be accounted for by production of acetic
acid and acetaldehyde, with overall carbon mass balances
varying from 97-103% for the duration of the experiment.

Catal. Sci. Technol,, 2021, 11, 6866-6876 | 6869
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Scheme 1 Vapor-phase conversion of 3HB and CA over solid acid
catalysts.

The observed products with SIAL 3113 (and other solid
acid catalysts discussed below) are consistent with a reaction
network shown in Scheme 1 involving two competing
reaction pathways. The desired pathway leading to propylene
and CO, (pathway 1) is consistent with a 2-step dehydration-
decarboxylation (DHYD-DCBX) reactions with crotonic acid
as an intermediate resulting from the initial dehydration of
3HB. In competition with this pathway is the retro-aldol
conversion of 3HB to mixture of acetaldehyde and acetic acid
(pathway 2).*® A small molar excess of acetic acid is detected
(average [acetic acid]:[acetaldehyde] = 1.4:1), attributed to
partial oxidation of the latter under vapor-phase conditions.

Experiments performed without catalysts packed in the
reaction tube (i.e., a “blank” reaction; ESI Fig. S3) showed
near-identical yields of acetic acid/acetaldehyde as compared
to results observed for SIAL 3113, indicating that the retro-
aldol reaction occurs thermally upon heating and/or
vaporizing the aqueous 3HB feed solution. Partial conversion
of 3HB to CA was also observed in the absence of catalyst,
indicating that heating/vaporization of the aqueous 3HB feed
contributes to 3HB dehydration. Although -catalyst-free
controls were not performed with CA feeds, the lower yields
of retro-aldol products observed in experiments with catalyst
compared to experiments conducted with 3HB feeds is
consistent with greater thermal stability of the former.
According to Scheme 1, CA and 3HB can interconvert via a
reversible hydration/dehydration reaction, with the latter
being subject to retro-aldol conversion. Thus, future work is
recommended to examine in detail the factors controlling CA
hydration and decarboxylation reactions.

Separate experiments with SIAL 3113 were also carried out
using CA as the aqueous feedstock in place of 3HB (Fig. 2B).
In comparison to 3HB, reaction of CA yielded increased
propylene (61-65 %C) and a corresponding decrease in
formation of the retro-aldol products (9.5-12.5 %C). This is
consistent with the greater thermal stability of CA over 3HB
within the superheated steam matrix, and results in a slightly
higher propylene yield than comparable thermolysis
experiments.'® A mixture of CA and 3HB acid monomers are
typically produced upon depolymerization of PHB, so facile
conversion of both monomer acids to propylene is ideal for
this process.
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The pathways depicted in Scheme 1 are also supported by
previous studies reporting acetic acid and acetaldehyde
production during conversion of y-valerolactone (GVL) over
1-AL,05,* where the authors attributed the retro-aldol
reaction to catalysis resulting from the basicity of y-Al,Os.
Interestingly, negligible quantities of these products were
observed when y-valerolactone or 3-butenoic acid (a vinyl
analog of CA) were reacted over SIAL 3113.°° The fact that
acetic acid/acetaldehyde yields with 3HB were largely
insensitive to the presence/absence of SIAL 3113 indicates
that this reaction is more thermochemical, than catalytic, in
nature. This conclusion is further supported by a small
increase in the observed yields of retro-aldol products when
increasing reaction temperature from 325 °C (32 %C) to 375
°C (38 %C) (Fig. S21). No evidence of further decarboxylation
of acetic acid by the -catalysts was observed during
experiments, consistent with prior reports showing high rates
of acid-catalyzed decarboxylation of unsaturated carboxylic
acids in comparison to their saturated analogues.”

Ultimately, further work is needed to fully elucidate the
conditions controlling retro-aldol reaction product yields -
including differences in feedstock, concentration in water, as
well as other operational factors (e.g., sweep gas flow rate,
pre-heat vaporization temperature, system pressure) — with a
goal of reducing carbon lost to this pathway. Additional
research is needed to evaluate recovering carbon by recycling
retro-aldol products as a substrate for PHB-producing
microbes. PHB-accumulating organisms frequently use VFAs
as a substrate,”'® and recent research has shown engineered
PHA-accumulating microbes can survive and utilize toxic
acetaldehyde.”® This finding also highlights the need for
further catalyst design work to reduce barriers to the
preferred dehydration-decarboxylation pathway and optimize
operation conditions.

Reaction of 3HB with other solid acid catalysts

Experiments with 3HB feed solutions similar to those shown
in Fig. 2 with SIAL 3113 were conducted with a series of
silica-alumina, alumina, and niobium solid acid catalysts
possessing varying surface and acidic properties (e.g., varying
Bronsted versus Lewis acidities, specific surface areas)
(Table 1). Fig. 3A shows time-dependent propylene yields
observed when the flow reactor was packed with each of the
catalysts (full product distributions for each of the catalysts is
provided in Fig. S4}). These results show widely varying
propylene yields among the catalysts. The highest yields were
observed for SIAL 3113 and NbP (%C,y, values of 53 and 54
%C, respectively, after 4 h time on stream), followed by SIAL
3125 (37 %C) and NbO (21 %C). For NbP, propylene yields
climbed throughout the 6 h time-on-stream experiment,
growing from 46 %C in samples collected after 2 h to values
ranging from 51-59 %C for samples collected from 3-6 h. As
discussed later, similar growth in yields was observed over
the first few hours of 3HB feed following extended exposure
to steam only. Similar induction periods for bulk niobium

This journal is © The Royal Society of Chemistry 2021
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Table 1 Virgin solid acid catalyst characteristics

Paper

Bronsted acid sites Lewis acid sites

Specific surface area Pore volume Pore diameter

Catalyst (umol g‘l) (umol g'l) (rn2 g ) (Cm3 g'l) (nm)
SIAL 3113% 202 495 565 0.85 4.4
SIAL 3125° 93 301 409 0.75 5.0
¥-AL0,¢ 0 311 214 0.51 6.3
Na-SIAL 3113“ 0 134° 159 0.83 17.6
NbP? 2704 687 130 0.35 3.7
NbO? 19¢ 132¢ 66 0.15 3.1

“ Pretreatment: calcined in air for 3 hours at 450 °C (200 °C h™* heat-up rate). ” Pretreatment: calcined in air for 3 hours at 400 °C (200 °C h™*
heat-up rate). © Reduction in Lewis acid sites in Na-SIAL 3113 assumed to result from blockage of selected pores due to adsorption of sodium
ions, consistent with the reduction in BET specific surface area and increase in average pore diameter. ¢ Calculated using DRIFTS data from

Hafenstine et al.*®

oxides have been reported previously.**”* The lowest yield for

a virgin catalyst was observed for y-Al,O; (17 %C). Full
product analysis showed complete disappearance of 3HB
with all the catalysts, with the same analytes being detected
that were described for SIAL 3113. It follows, then, that
differences between the catalysts result from varying activities
for further conversion of CA to propylene/CO, versus the
retro-aldol products.

Analysis of the observed trends in production of the target
propylene product reveal the importance of Brgnsted acid site
density. The two solid acid catalysts where the highest
propylene yields were observed (NbP and SIAL3113) have, by
a large margin, the highest density of Bregnsted acid sites,
and Fig. 3B shows the relationship between Brgnsted acid
site density and propylene yield for the full set of solid acid
catalysts tested. In comparison, none of the other
characteristics appear to correlate with activity. In particular,
the specific surface area, pore volume, and Lewis acid site
density for NbP are among the lowest of the solid acid
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Fig. 3 (A) Propylene carbon selectivity (as %C of inflow 3HB feed)

results for time-on-stream vapor-phase reactions of 3HB over different
solid acid catalysts listed in Table 1. (B) Relationship between the
Bronsted acid site densities and propylene yields observed after 4 h
time-on-stream with different solid acid catalysts. Reaction conditions:
350 °C, 0.1 h™* WHSV, 40 sccm N, at 55 psig (gaseous products
sampled at atmospheric pressure). Data points with error bars show
the mean of duplicate reactions with min/max values where duplicates
were performed. Full product distributions for the same experimental
runs are provided in Fig. S4.
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catalysts tested. Furthermore, the surface area and pore
characteristics of virgin SIAL 3113, SIAL 3125, and y-Al,O3;
were similar, suggesting that physical surface properties are
less likely to be responsible for the differences in propylene
yields observed between these three catalysts. Finally, tests
conducted with SIAL 3113 after pre-treatment with excess Na*
to poison the Bronsted sites' (referred to hereafter as Na-
SIAL 3113) showed the lowest propylene yield (11-13 %C) of
all the catalysts tested. Interestingly, yields of the retro-aldol
reaction products observed for SIAL 3125 and Na-SIAL 3113
(Fig. s4t) were fairly similar to those observed for the more
highly active SIAL 3113 and NbP catalysts, consistent with
the conclusion that this reaction is more thermochemical
than catalytic in nature. Increased yields of the retro-aldol
products were observed with y-AlL,O; (28 %C as acetaldehyde
and 35 %C as acetic acid after 4 h time-on-stream), which
may result from the material's basicity, as reported previously
for y-valerolactone.”® For NbO, similar yields of acetaldehyde
were observed as for the silica-alumina and NbP catalysts,
but acetic acid yields were significantly increased. Thus, it is
unclear if this material is catalyzing the retro-aldol pathway
or if the additional acetic acid was formed through a
different pathway such as the limited redox properties of
bulk niobium oxide.”?

Given the high propylene yields observed for 3HB
reactions with NDbP, a time-on-stream experiment was also
conducted with CA feed solution. Results of this experiment
(Fig. S5t) are almost identical to those discussed for SIAL
3113 in Fig. 2, showing propylene yields ranging from 59-63
%C throughout the time-on-stream experiment. This
confirms the material's mode of activity and supporting its
further examination as an alternative to the silica-alumina
material.

Preference for Brgnsted acidity in promoting dehydration
and decarboxylation reactions have previously been observed
for a number of vapor-phase reactions (e.g., y-valerolactone
conversion to butenes;*® glycerol conversion to acrolein;**
and dehydration of 2-butanol®®). In contrast, Lewis acidity is
favored for isomerization of longer-chain alkene products to
linear alpha olefins at the expense of overall alkene yields
(e.g., conversion of y-valerolactone specifically to 1-butene
isomer over y-Al,O; with 43% total butene yields and 92%
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selectivity for 1-butene among all isomers). Although the
trade-offs between Brgnsted and Lewis acidity do not appear
to be immediately relevant for dehydration-decarboxylation
of 3HB given that the alkene product (i.e., propylene) has no
isomers with regards to the position of the double bond,
achieving a high density of Brensted acidic sites might
require the presence of alumina in the amorphous silica-
alumina catalysts (i.e., the presence of aluminum near the
silanol groups is thought to promote Bronsted acidity),*>>”
which simultaneously provides Lewis acidity in the same
materials.

Catalyst stability and deactivation

Following the promising activity observed with SIAL 3113 and
NbP catalysts, further experiments were undertaken to assess
their stability and potential for deactivation during longer-
term operation. Extended time-on-stream experiments were
conducted with modified conditions where only partial
monomer acid conversion would be observed with the virgin
catalysts (the WHSV was increased from 0.1 to 2.75 h™").
Furthermore, we switched to a CA feed solution to simplify
analysis, since much of the initial 3HB to CA conversion
occurs thermochemically rather than catalytically, and
because NbP does not undergo an induction period when
exposed to CA (Fig. S57). Fig. 4 shows the results of this
experiment for both SIAL 3113 and NbP. First, it is
interesting to note that the increase in WHSV led to much
larger reduction in CA-to-propylene yields for virgin SIAL
3113 (reduced from 64 to 20 %C) than from NbP (reduced
from 63 to 37 %C) (full product distributions are shown in
Fig. S6T). Thus, on a mass basis, NbP provides nearly twice
as much activity for CA conversion to propylene as SIAL 3113,
a fact that was masked in results observed during the 6 h
experiments where full conversion of 3HB was observed with
both materials. The experiment using SIAL 3113 showed
continuous decreases in propylene yield with extended time-

40

NbP

35

.

) \
5 —u
525 \.
£ 40 JS1AL 3113 N -
2 - \/ \'“'\
@
s
e \
o

10 B

SO
T B
5 a g
0 " ; " + ; ;
0 6 12 18 2 30 36 a2 48

Time-on-stream (h)

Fig. 4 Partial conversion of CA to propylene over NbP (filled markers)
and SIAL 3113 (unfilled markers). Reaction conditions: 350 °C, 2.75 h™*
WHSV, 40 sccm N, at 55 psig. Full conversion and product distribution
data provided in Fig. S6 in ESL}
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on-stream, decreasing from 20 to 5 %C after 48 h of
continuous operation. We also observed a reduction in
propylene yield from CA over time when using the NbP
catalyst, decreasing from 37 to 17 C% over 48 h of
continuous reaction.

While data in Fig. 3B is suggestive of a link between
Bronsted acid site density and rates of acid conversion to
propylene, the specific mode of action may be more complex
(e.g., involving cooperative action between Brgnsted and
Lewis acid sites). Direct correlation between catalytic activity
and Brensted acid site density is further complicated by the
effects of catalyst surface hydration upon exposure to the
water vapor stream that is not accounted for by acid site
characterization techniques performed under anhydrous
conditions. For example, the 2-fold higher specific mass
activity of NbP for CA-to-propylene compared to SIAL 3113
could be explained by greater increases in Brensted acidity of
the former under in situ conditions. This is consistent with
previous reports showing increases in acidity and activity of
Nb-based catalysts upon exposure to water vapor streams.>*>”
Conflicting reports on the effects of water vapor on surface
acidity of amorphous silica-alumina catalysts have also been
noted, with some authors finding increases in Bronsted acid
sites,”®”® while others observed no effects.®

The nature of this deactivation was further probed by
characterizing SIAL 3113 and NbP exposed to continuous
3HB feeds and superheated steam. SIAL 3113 and NbP were
recovered after continuously processing 3HB for 70 h under
the same experimental conditions as the previously described
6 h experiments (full product distribution in Fig. S7t). N,
physisorption results (Table 2) reveal a large loss in specific
surface area for SIAL 3113 (from 565 to 344 m* g') and NbP
(130 to 60 m* g™"). In addition, a noticeable color change was
observed between the virgin catalysts and the material
recovered from the reactor after 70 h time-on-stream. This is
similar to previous reports with GVL,*® and is suggestive of
the formation of coking deposits that can contribute to
catalyst deactivation.

The loss of surface area was accompanied by a loss of
propylene production for SIAL 3113, with yields dropping
continuously from an average of 52 %C over the first 6 h of
reaction to 42 %C after 42 h and further to 40 %C after 70
h. Corresponding increases in residual CA were observed
over the same time period, suggesting a loss in active sites
that promote decarboxylation since dehydration of 3HB to
CA occurs largely by thermochemical means prior to
exposure to the catalyst (see catalyst-free blank reaction
shown in Fig. S2t). In comparison NbP retained propylene
yields from 3HB for the duration of the 70 h experiment.
Propylene yields remained high throughout (51.5 + 4.0 %C
(av + SD) for 12-70 h versus 52.5 + 6.4 %C for 0-6 h), and
no CA intermediate was observed in any of the samples
collected for analysis throughout the experiment (Fig. S7bt).
While promising, these results do not prove long-term NbP
stability, because the superior performance of NbP can
mask deactivation.

This journal is © The Royal Society of Chemistry 2021
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Table 2 Virgin, spent, re-calcined, and vapor-exposed catalyst characteristics of SIAL 3113 and NbP

Specific surface area (m* g™") Pore volume (cm® g™") Pore diameter (nm) %C

SIAL 3113 Virgin 565 0.85 4.4 0.00

After 70 h reaction” 344 0.78 5.7 0.42

Re-calcined 332 0.78 5.7 0.06

Vapor-exposed” 345 0.79 5.6 0.16

NbP Virgin 130 0.30 3.7 0.03

After 70 h reaction” 60 0.30 3.7 1.76

Re-calcined 73 0.34 3.7 0.04

Vapor-exposed” 60 0.32 11.4 0.70

“ After 70 h time-on-stream reaction with 3HB, see Fig. S7.t ” After 66 h time-on-stream exposure to superheated water vapor (350 °C, 55 psig)
at 0.3 mL min™", followed by 6 h time-on-stream reaction with 3HB; see Catalyst characterization for details. Reaction conditions: 350 °C, 0.1
h™ WHSV of 3HB, 40 sccm N, at 55 psig (gaseous products sampled at atmospheric pressure).

Follow-up experiments showed that these changes were
induced principally by extended exposure to the superheated
water vapor, rather than the 3HB in the same feed. Re-
calcination of the recovered catalysts from the 70 h
experiment caused a restoration of most of the original
catalyst color, but led to decreased surface area for SIAL 3113
(from 344 to 332 m* g'"), and only provided limited recovery
for NbP (from 60 to 73 m> g™'). Following an additional 6 h
reaction, the re-calcined SIAL 3113 exhibited no improvement
in propylene yields (Fig. S7at). NbP could not be tested in the
same way, as there was no evidence of decreased catalyst
activity in the 70 h experiment. Thus, it appears that
deactivation was linked more to irreversible physical changes
induced in the catalyst than blocking of surface sites by coke
deposits. Similar reductions in specific surface area of SIAL
3113 and NbP (Table 2) were observed when the catalysts
were exposed to a stream of superheated water vapor alone
for 66 h prior to introducing 3HB into the feedwater.
Following the introduction of 3HB to the catalysts exposed to
superheated water vapor, SIAL 3113 deactivation was
observed to a level similar to that observed following
extended reaction with 3HB, whereas the reaction catalyzed
by NbP showed similar propylene yields as the virgin catalyst
(Fig. S81).

Deactivation attributed to physical catalyst changes was
further supported by the quantity of carbon on the spent
catalysts. Re-calcination of SIAL 3113 exposed to 3HB for 70
h showed a reduction of carbon on the surface from 0.42% to
0.06% of the total recovered catalyst mass, with no recovery
in performance. NbP retained 4 times more carbon by mass
(1.76%) than SIAL 3113, yet saw no decrease in performance.

We also speculate that deactivation is related to
decreasing availability of Bronsted acid sites after extended
time-on-stream. Unfortunately, coking deposits that are
visually apparent on the deactivated catalysts interfere with
NH,-TPD measurements for total acidity and the py-DRIFTS
method for characterizing the relative ratio of Brensted to
Lewis acid sites. Following recalcination, total acid site
density for SIAL 3113 decreased from 697 (virgin catalyst) to
607 pumol g7, but residual discoloration of the material
would continue to interfere with the py-DRIFTS
measurements.

This journal is © The Royal Society of Chemistry 2021

The findings described above are consistent with some
past reports documenting instability of mesoporous silica-
alumina  catalysts exposed to superheated steam
environments.’”®" The loss in surface area of SIAL 3113 is
consistent with sintering that can damage the material's
porous physical structure.®”®® This can also lead to de-
alumination of the SIAL catalyst, wherein aluminum
separates from the silica-alumina framework, thereby
altering acidic properties of the material surface. Further
study of Al and Si spatial distribution within the material
framework is needed to elucidate the major mechanisms
responsible for catalyst deactivation during vapor-phase
processing of 3HB. Previous work examining GVL reactions
over solid acid catalysts suggested coke deposition as a major
mechanism for catalyst deactivation,*®** with qualitative
claims of activity restoration of the catalysts upon re-
calcination to restore color (i.e., no results were shown for
tests with re-calcined catalysts).'”*> However, these studies
were conducted with much more concentrated organic feed
solutions (20-30 wt% in water versus 2 wt% in this study)
where rapid coke deposition is more favorable.

As re-calcined NbP performance could not be tested in the
same manner as SIAL 3113 due to complete CA conversion,
NbP recovered from the 48 h partial conversion of CA
experiment was re-calcined and reintroduced to the CA feed.
Following re-calcination of NbP, propylene yields increased
from 17 to 28 %C (compared to 37 %C for virgin catalyst),
showing that performance of NbP can be partially recovered
following re-calcination, unlike that of SIAL 3113. The
conclusion that NbP deactivation was caused principally by
coke deposition is supported by the CHN measurements
(Table 1) showing increases in carbon content of the solid
following 70 h time-on-stream (from 0.03 to 1.76 %C). Thus,
NbP retains more carbon on the surface than SIAL 3113,
nearly all of which could be removed through re-calcination
(from 1.76% back to 0.04% following re-calcination,
compared to 0.03% of the virgin catalyst). This, accompanied
by the decrease in surface area in spent NbP which is not
accompanied by decreased performance supports the
conclusion that overall specific surface area is not a major
controlling factor in the catalyst's reactivity with the
monomer acids, and that the measurable physical
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characteristics of the catalyst may not entirely explain the
catalyst functionality. Continued measurements for 10 h
show that deactivation continued after re-calcination.
Although these findings indicate that deactivation of NbP
cannot be avoided during vapor-phase reactions with the
monomer acids, and recovery of catalyst activity by re-
calcination was incomplete, they suggest a strategy for
sustained  catalyst operation via  periodic  catalyst
regeneration. Further research is needed to optimize the re-
calcination process and regeneration frequency for NbP to
sustain monomer acid conversions.

Conclusions

Results of continuous on-stream vapor-phase processing of
aqueous 3HB and CA monomer acid feeds demonstrate facile
production of propylene, a valuable feedstock for industrial
production of chemicals and liquid hydrocarbon fuels.
Propylene results from dehydration and decarboxylation
reactions catalyzed by silica-alumina and niobium-based
solid acid catalysts. Comparison among catalysts highlights
the importance of Bronsted acidity in promoting the desired
reaction pathway. Undesirable formation of C2 products
(acetic acid and acetaldehyde) via retro-aldol conversion
occurs in both the presence and absence of catalysts and is
attributed principally to thermochemical instability of the
monomer acids in the superheated vapor matrix. Extended
time-on-stream experiments show that SIAL 3113 experiences
slow, but irreversible, catalyst deactivation due to steam-
induced changes in catalyst structure, including decreases in
surface area. NbP also shows a decrease in surface area.
However, no detectable decrease in propylene formation from
3HB was observed over 70 h time-on-stream. Experiments
with CA shown some deactivation of NbP, but this was
partially reversible by re-calcination, suggesting greater
thermal and aqueous stability. Further research is
recommended to limit NDbP deactivation and sustain
conversion of PHB-derived monomer acids. This finding
provides a path forward for production of propylene and
associated high value products from wastewater organic
carbon via integrated funneling of carbon to intracellular
polyhydroxybutyrate and subsequent separation,
depolymerization and catalytic conversion with Nb-based acid
catalysts. Further work is needed to elucidate the controlling
mechanisms responsible for the desired and non-target
conversion reactions, and to optimize catalyst regeneration
conditions and timing to sustain long-term operation of
catalytic reactor systems.
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Figure S1. Fixed bed catalytic reactor used for performing experiments. (A) photograph and (B)
general schematic.
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Figure S4. Detailed distribution of carbon products (as %C) during time-on-stream conversion
of 3HB reaction over (A) SIAL 3125, (B) Na- SIAL 3113, (C) y-Al203, (D) NbO, and (E) NbP
corresponding to propylene yield data presented in Figure 3a. Reaction conditions: 350 °C, 0.1
h' WHSV, 40 sccm N at 55 psig (gaseous products sampled at atmospheric pressure). Data
points with error bars show the mean of duplicate reactions with min/max values where
duplicates were performed.
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Figure S5. Distribution of carbon products (as %C of inflow crotonic acid feed) results for CA
reaction over NbP. Reaction conditions: 350 °C, 0.1 h" WHSV, 40 sccm N at 55 psig (gaseous
products sampled at atmospheric pressure). Data points with error bars show the mean of
duplicate reactions with min/max values. Horizontal dotted line indicates theoretical maximum

yield of propylene from conversion of CA.
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Figure S6. Detailed distribution of carbon products (as %C) during extended time-on-stream
partial conversion of CA feeds for (A) SIAL 3113 and (B) NbP corresponding to the propylene
yield data presented in Figure 4. Reaction conditions: 350 °C, 2.75 h"" WHSV, 40 sccm N at 55
psig (gaseous products sampled at atmospheric pressure). Recalcination conditions: 500 °C for
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Recalcination conditions: 550 °C for 3 h (200 °C-h" heat rate).
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Figure S8. Carbon selectivity (as %C of inflow 3HB feed) of steam-treated SIAL 3113 (A) and
NbP (B) for DYHD-DCBX of 3HB up to 6 h time-on-stream. Virgin catalysts were steam-treated
for 66 h prior to starting 3HB feedstock (i.e., 68 h = 2 h time-on-stream of feedstock). Reaction
conditions: 350 °C, 0.1 h™" WHSV, 40 sccm N at 55 psig (gaseous products sampled at
atmospheric pressure).
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