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Lignin valorization to chemicals is an important component of creating economically viable biofuels pro-
duction from lignocellulosic biomass. Any such strategy should aim at producing chemicals used at scales
that can appropriately match lignin availability. Herein, a combined pyrolysis and low-pressure hydrodeox-
ygenation (HDO) process configuration is proposed to achieve total oxygen removal and obtain hydro-
carbon (aromatic and alkene) products. This approach is tested for its robustness for lignin feedstocks
obtained from a variety of sources and extracted using different procedures. The experimental results
demonstrate that regardless of the lignin source, the HDO process using a MoOs catalyst was able to
funnel the complex mixture of pyrolysis vapors to mono-aromatics (17-29 C%), as well as alkenes and
alkanes. The formation of char from lignin pyrolysis retains more than 50% of the feed carbon in the pyro-
lyzer, allowing only a portion of carbon to volatilize and be converted to products. A partial depolymeriza-
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tion technique is employed on one of the lignin samples prior to pyrolysis as an example of how the
amount of char can be drastically reduced leading to an increased yield of aromatics (53-55 C%).
Techno-economic analysis based on the experimental results suggest significant economic benefit of this

rsc.li/greenchem strategy compared to using lignin as simply a boiler feed.
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1. Introduction

Among the three biopolymers constituting lignocellulosic
biomass, lignin is the most recalcitrant and underutilized
component due to its chemical structure and complexity. It is
composed of three primary subunits including p-coumaryl,
coniferyl and sinapyl alcohols that are bonded together
through aryl ether, diaryl ether, dibenzodioxocin, and phenyl-
coumaran linkages, among others.””> Generally, about
15-40% dry weight of lignocellulosic biomass is made of
lignin, depending on the biomass source.® Lignin has tra-
ditionally been produced in large quantities as a by-product
of pulp and paper processing where it is primarily used as a
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cheap fuel for supplying heat for boilers; however, the devel-
opment of next generation biofuels production will likely
require a higher value use than boiler fuel. Being a bio-
polymer composed of aromatic subunits, lignin is an interest-
ing potential feedstock for producing commodity and/or spe-
cialty chemicals.

Lignin valorization is commonly suggested as producing
value-added oxygenated chemicals such as aromatic aldehydes
(e.g. vanillin, syringaldehyde, and p-hydroxybenzaldehyde),*®
organic acids,” alkyl-catechols,® phenolic monomers,”" and
occasionally fuel-like mixtures comprised of fully hydrogen-
ated hydrocarbons."” While there is value in investigating poss-
ible routes for producing specialty oxygenated chemicals, there
are limited market sizes for such compounds. For instance,
the global market demand for vanillin (largest volume aroma
chemical worldwide®) is around 16 thousand tons per year
(2016),"* whereas the supply of lignin from potential biorefi-
neries (225 million tons per year of lignin'*) could produce
about 11 million tons of vanillin per year assuming a conserva-
tive vanillin yield of 5%.">"'® In addition, intensive and expen-
sive separation methods will most likely be required for obtain-
ing pure compounds from a lignin fragment mixture, which
poses a significant commercial challenge.'” Alternatively, in
the case of fuel products, high pressures and temperatures, as
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well as the added cost of aromatic ring hydrogenation, would
worsen the overall economics of the process.

In this work, a process consisting of thermal deconstruc-
tion of lignin followed by low-pressure catalytic hydrodeoxy-
genation (HDO) of the volatilized species is proposed. This
process would funnel product species resulting from lignin
deconstruction to a product stream primarily consisting of aro-
matics, alkenes and alkanes, which would minimize the costs
of separation. Ideally, the product stream would consist only of
aromatics and alkenes, which would allow for direct blending
with petroleum-based products downstream of the cracker
(into the coldbox) in a petrochemical complex, where existing
technology can separate these chemical compounds. This
approach would create better match between the amount of
lignin available and its downstream utilization.

An important challenge is the lignin deconstruction
process used upstream of the HDO reactor. One such process
is fast pyrolysis. However, an important issue still to be
resolved is the agglomeration of lignin during fast pyrolysis,
which would quickly plug the pyrolysis reactor.'® Although
some attempts have been made to mitigate this problem in
recent years,'” it remains a significant issue. A second chal-
lenge with this deconstruction process is the high yield of pyr-
olytic char, which reduces the volatized carbon yield, leading
to a lower amount of products from lignin feedstocks.
Pretreatment of lignin has been proposed as a potential
approach for mitigating these issues. Several studies have been
undertaken to partially deconstruct lignin streams primarily to
phenolic monomers and dimers.?*>* Herein, the potential of
coupling a pretreatment step (i.e., partial depolymerization of
lignin) with pyrolysis and HDO is examined to determine
whether enhanced recovery of carbon from a lignin feedstock
could be achieved.

Molybdenum trioxide (MoO;) was first discovered by the
group of Roman-Leshkov to be a promising candidate for low-
pressure HDO of biomass-derived model compounds includ-
ing some lignin-derived oxygenates.>>*® Our group later
demonstrated that MoO; was able to completely deoxygenate
the vapors generated from pyrolysis of cellulose, lignin, and
corn stover to produce mainly aromatics and alkanes.”” We
have recently shown that by optimizing the catalyst to feed
ratio, a product stream consisting of aromatics, alkenes, and
alkanes could be obtained from a cellulose feed.*® Several
studies have investigated the stability of bulk or supported
MoOj; for HDO of lignin-derived compounds and lignin.*>?%3°
Zhou et al.*® studied the atmospheric HDO of lignin pyrolysis
vapors over MoO; at different temperatures and H, partial
pressures. The highest deoxygenation was achieved at 450 °C;
however, deactivation of MoO; through over-reduction to
MoO, was observed from post-reaction XRD analysis. Based on
the tradeoff between catalytic activity and stability, the authors
recommended a continuous oxidative catalytic regeneration
cycle if MoOj; is to be implemented as a catalyst for HDO of
lignin pyrolysis vapors.

In the current work, several lignin samples are used to test
our proposed strategy for converting lignin into petrochemical
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compatible compounds through sequential fast pyrolysis and
HDO reactions. Our goal is to evaluate the robustness of the
HDO process for a variety of lignin samples, yielding different
oxygenated species after pyrolysis. These experimental results
are connected with techno-economic analysis (TEA) studies to
examine whether such a process scheme could improve the
economics of a biorefinery. Additionally, a lignin pretreatment
step is performed on one of the feedstocks, as an example, to
evaluate the effect of partial depolymerization of lignin prior
to pyrolysis on the yields of solid, liquid, and gas products.

2. Materials and methods

2.1. Lignin samples

Lignin samples were obtained from a variety of sources.
Organosolv corn stover lignin (OCL) extracted from corn stover
by acetic acid was obtained from Archer Daniel Midland
Company and was further washed with 0.1 M nitric acid before
use. DuPont lignin (DPL) extracted from corn stover using a
proprietary mild ammonia-based extraction method was
obtained from DuPont and used with no further treatment.
Renmatix lignin (RL) extracted from mixed hardwoods using a
two-stage supercritical water extraction method®" was obtained
from Renmatix and used without any treatment. Organosolv
poplar lignin (OPL) was obtained by extraction from poplar
wood chips using methanol and concentrated HCI according
to a method described previously.>" All lignin samples were
crushed and sieved to a size range of 38-106 pm.

OPL oils were obtained using a method described pre-
viously.”' Briefly, a stainless steel bomb reactor with an
internal volume of ~10 mL was charged with 100 mg of lignin
and 100 mg of a copper-doped porous metal oxide (CuPMO)
catalyst (synthesis method described elsewhere).”> Methanol
(3 mL) and n-decane (1.76 pL) were added as the solvent and
internal standard, respectively. The reactors were heated in an
isothermal muffle furnace (Thermo Fisher Scientific) at 300 °C
for reaction times of 3 and 6 h (OPL-3 h and OPL-6 h) and
then quenched in an ice water bath. The contents were washed
with methanol and the combined liquids filtered using a
10 mL syringe fitted with a 0.2 pum nylon membrane filter. The
collected liquid phase was placed under vacuum and the
methanol removed via rotary evaporation to collect the oils.

All samples were characterized by thermal gravimetric ana-
lysis (TGA) and elemental analysis (CHNS/O). Proximate ana-
lysis was performed using a Mettler Toledo TG/DSC1.
Approximately 30 mg of each sample was loaded in an
alumina crucible, which was then placed on a platinum plate
attached to a microbalance inside the instrument. The furnace
was moved over the sample and the modified ASTM method
described previously was used.>® Moisture was determined by
a temperature ramp from 40 °C to 105 °C at a rate of 10 °C
min~" under flowing nitrogen (100 mL min~") and holding at
105 °C for 40 min. Using the same nitrogen flow rate, the
temperature was ramped from 120 °C to 900 °C at a rate of
10 °C min™" and held at 900 °C for 20 min to determine the

This journal is © The Royal Society of Chemistry 2020
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volatile carbon. Finally, the fixed carbon was determined by
switching the atmosphere to air (100 mL min~"') while the
temperature was held at 900 °C for 30 min. The remaining
mass measured was considered ash content. Ultimate analysis
was conducted using an Elementar vario MICRO cube elemen-
tal analyzer in CHNS mode. About 4-5 mg of each sample
along with 4-5 mg tungsten oxide (to improve heat transfer)
were loaded into flexible nickel boats. The boats were folded to
avoid sample spills and were dropped into a combustion tube
held at 1050 °C. CO,, H,O and N, were measured with a
thermal conductivity detector (TCD) and SO, was measured
using an infrared detector. C, H, N and S content of the
samples were determined based on the dry, ash-free mass of
each sample, whereas oxygen content was calculated by the
difference from 100%. Data from ultimate and proximate ana-
lyses of the lignin and oil samples are shown in Table 1.

2.2. Pyrolysis and HDO reactions

The reactions were performed in a single-shot tandem micro-
pyrolyzer/reactor system (RX-3050TR, Frontier Labs, Japan)
described previously (Fig. $31).>”*® The samples were added
into stainless steel cups and loaded into the tandem system. A
sample mass of ~500 ug was used for the reaction studies,
whereas for char measurements 600-800 ug lignin samples
were used for higher accuracy. At the start of a run, the sample
cup was dropped into the pyrolyzer and the pyrolysis vapors
were swept by 120 sccm H, into the HDO reactor. The products
were then swept into the GC for analysis. For all runs in this
study, the pyrolyzer and the reactor were kept at 500 and
400 °C, respectively. All interfaces including the GC inlet were
kept at 300 °C to minimize condensation and repolymerization
of reactive species. In the case of non-catalytic pyrolysis, the
second reactor was also kept at 300 °C to avoid reactions occur-
ring on the inner wall of the stainless steel tubing.
Additionally, the reactor tube was deactivated using SilcoNert®
1000 technology provided by SilicoTek® Corporation.

MoO; (Sigma, ACS reagent, >99.5%) was pelletized, cal-
cined in a muffle furnace at 550 °C for 4 h, crushed, sieved to
a size fraction of 38-106 pm, and stored in a desiccator until
further use. The MoOj; catalyst (5 or 10 mg) was mixed with
~60 mg acid-washed glass beads (Sigma, 150-212 um), fixed
between two layers of quartz wool (Micromeritics), and

Table 1 Summary of ultimate and proximate analysis of lignin samples
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reduced at 400 °C for 1 h in the reactor prior to reaction. The
glass beads and quartz wool were tested and found to be com-
pletely inactive for HDO under the reaction conditions.

2.3. Product identification and quantification

The pyrolysis or HDO products were analyzed using a gas chro-
matogram (GC - Agilent 7890B) coupled with a TCD, a flame
ionization detector (FID), and a mass spectrometer (MS -
Agilent 5977A). The GC oven was programmed to initiate at
30 °C and hold for 7 min and then ramp to 300 °C at 10 °C
min~". Non-condensable species and hydrocarbons were sep-
arated using a GasPro column (Agilent GS-GasPro) and quanti-
fied by TCD. Condensable species were separated using two
medium polarity columns (Agilent VF-1701 MS) and identified
and quantified by MS and FID, respectively. The TCD and FID
were calibrated for a variety of compounds, a list of which can
be found in the ESI (Table S1f). All calibration curves were
attained using 5 calibration standards with R*> higher than
0.99. For compounds not available for calibration, standard
compounds with the most similar chemical structure were
used instead. Results are reported as an average of at least
three measurements.
The product yields were reported as:**

carbon mass of product

- x 100%
carbon mass in reactant feed

Yield(C%) =

where the carbon mass of a product was measured by either
TCD or FID, and carbon mass of the reactant feed was calcu-
lated based on TGA and elemental analysis results. Char yields
were measured by weighing the sample cups before and after
pyrolysis using a micro-balance (Metler Toledo XP2U, d =
0.1 pg). The pyrolytic char was assumed to be composed of 90%
carbon for the purpose of reporting carbon yields. Carbon
content of about 80% was previously reported for char obtained
by pyrolysis of lignin samples; however, much lower heating
rates were used (ie., ~2 °C s7).*>*® Carbon content of about
90% was reported for char samples obtained from pyrolysis of
several biomass samples (containing various amounts of lignin
and cellulose) at 500 °C with a heating rate of ~10 °C s™*.%7

2.4. Techno-economic analysis

The techno-economic analysis was based on a 2000 dry metric
tonne per day (MTPD) of corn stover in an ethanol and chemi-

Proximate (wt%)

Ultimate” (wt%)

Moisture” Volatiles Fixed carbon Ash C H N S o
DPL 4.7 61.1 20.1 14.1 56.81 4.61 4.39 1.21 32.98
RL 2.4 67.6 29.4 0.6 62.59 4.99 0.36 0.02 32.04
OCL 1.8 63.1 34.6 0.6 64.23 4.77 1.90 0.21 28.89
OPL 1.1 70.9 27.2 0.8 61.26 5.40 0.29 0.05 33.00
OPL-3 h — 88.0 6.8 5.3 68.13 6.57 0.30 0.01 24.99
OPL-6 h — 98.5 0 1.5 67.91 7.33 0.27 0.01 24.48

“Dry ash-free basis. ” OPL oil samples weight loss started at low temperatures due to their volatility, thus water could not be determined (see

Fig. S1 vs. Fig. S27). “ Oxygen was calculated by difference.

This journal is © The Royal Society of Chemistry 2020
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cals biorefinery. Ethanol was generated from biochemical
upgrading of the corn stover cellulose and hemicellulose frac-
tions, and the chemicals derived from the thermochemical
conversion of lignin. The biochemical conversion was based
on work by Humbird et al.*® The thermochemical conversion
built upon previous work by Bbosa et al. for the upgrading of
lignin to chemicals.*® In this analysis, vapor-phase products
from lignin fast pyrolysis were catalytically upgraded into aro-
matics and other hydrocarbons. The aromatics were valued
based on bulk market prices, and the minimum ethanol-
selling price (MESP) was estimated using a discounted cash
flow rate of return analysis.

The lignin fast pyrolysis and vapor-phase catalytic upgrad-
ing process was modeled using Aspen Plus 10™ to obtain
mass and energy balances for the unit operations. The
process model consisted of a hierarchy unit (A1000) as
shown in Fig. S4.1 Fig. 1 shows the main unit operations
within the fast pyrolysis and vapor-phase upgrading hierar-
chy. Lignin recovered from the biochemical process was
diverted from the steam generation unit to the fast pyrolysis
process. The pyrolysis vapors were catalytically upgraded into
hydrocarbons. The catalytic upgrading process employed
hydrogen from a natural gas steam methane reformer (SMR).
Low molecular weight gases from the upgrading unit consist-
ing of CO, CH4, and C,-Cg alkanes were recycled to the SMR
to reduce natural gas demand. The ex situ catalytic upgrading
unit also included a combustor as the continuous catalyst
regenerator. Complete configurations of the process are illus-
trated in a simplified block diagram in Fig. S5.f Pyrolysis
char was recovered from the cyclone and combusted in the

View Article Online
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biorefinery steam generation unit to provide process heat for
the system.

Process equipment was selected and sized using the operat-
ing conditions, and mass and energy balances of the unit
operations. Equipment costs for most units were gathered
from Aspen Process Economic Analyzer. Costs of custom
engineering equipment such as the fast pyrolysis and ex situ
catalytic upgrading unit were based on the work of Dutta
et al."® Installation factors were also based on the same study
with an overall LANG factor of 4.1.%°

The integrated biorefinery had a project lifetime of 30 years
with an annual operating capacity of 96% equivalent to
8410 hours per year. The economic feasibility of this process
was assessed using a multi-year discounted cash flow rate of
return analysis. Key financial assumptions included 40%
equity with a 10 year loan at 8% interest. A double-decline
balance (DDB) depreciation method was applied to the general
plant (7 years) and steam generation unit (10 years). The plant
salvage value was set at $0. The facility construction period
was 3 years, and its startup time was 0.25 years. During the
startup period, the facility incurred 100% and 75% of fixed
and variable costs, respectively; and generated 50% of its
nameplate capacity revenue. The income tax rate was 35%. The
objective used for the calculation was the minimum ethanol-
selling price at an internal rate of return of 10%. All costs pre-
sented in this study were on a 2007$ basis to provide a direct
comparison to Humbird’s enzymatic hydrolysis study.*® This
plant was assumed to have an “n-th” plant design. A summary
of the financial assumptions used for such plants are given in
Table 2. Other assumptions and limitations to the TEA model

T

X X 'IZ
Lignin
Natural
Pyrolysis Gas H.0
Reactor * *
S Reactor
:l SMR
Dryer Compressor
| Off Gas
I
I
| Ot Off Gas
Process Heat Vapors
I
I
I
| Cyclone )
. wETeETE o . » Aromatics
> ——»  Alkenes
Natural » Alkanes
Gas AR [ -
Separation | _____| -
Flue Gas
Solid Waste -

Fig. 1 Simplified process block diagram of lignin pyrolysis and catalytic vapor-phase upgrading (A1000).
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Table 2 Discounted cash flow analysis financial assumptions

Parameter Assumptions
Equity 40%

Plant life 20 years
Construction period 3 years
Depreciation period 7/10 years, 200 DDB
Working capital 5% of FCI

Plant salvage value 0

Start-up time 0.25 years

Revenue: 50%
Variable costs: 75%
Fixed costs: 100%
Year 1: 32%

Year 2: 60%

Revenue & cost during startup (% of normal)

Construction costs

Year 3: 8%
Interest rate for financing 8% annually
Internal rate of return 10%
Income tax rate 35%

from having a state-of-the-art process is described in the ESI
(List S17).

The primary operating cost assumptions are tabulated in
Table 3. These assumptions were employed in estimating the
variable operating costs such as feedstock, by-product and
waste disposal. There have been many estimates of plant gate
feedstock costs. The feedstock cost was estimated by NREL to
be $30 MT™" for corn stover,’* which was then updated to
$46 MT™' by Foust et al*® Oak Ridge National Laboratory
assumed feedstock costs to be from $38 MT " to $55 MT " of
stover*® and Pacific Northwest National Lab employed feed-
stock costs for wood chips of $60 MT~'.** Hence, we assumed
the feedstock cost to be $58.50 MT ™" in this study, which was
within the range provided by previous studies and to provide a
direct comparison to the work by Humbird et al.*® Other raw
materials included natural gas and aromatics. The cost of aro-
matics varies from $905 MT™' to $1800 MT™' [https:/www.
alibaba.com/showroom/chemicals-price-list.html, accessed
2019-08-28]. For this work, the assumed price of aromatics was
$1335 MT " based on a previous study.”® A sensitivity analysis
was employed to evaluate the impact of the wide range in aro-
matics pricing to the MESP. The cost of olefins was estimated
based on the price of ethylene on Alibaba ranging from
$300-1000 MT " [https:/www.alibaba.com/showroom/ethyl-
ene-price.html, accessed 2019-08-28]. In this study, the average
cost of olefins was assumed to be $650 MT™" as higher value
olefins were also included in the output. The cost of natural
gas was assumed to be $5 MMBtu™', which was based on an
updated study by NREL.*® Other operating costs such as cost

Table 3 Summary of key operating cost assumptions

Parameter Price Unit Resources
Feedstock 58.50 $MT* Humbird et al.*®
Natural gas 5.00 $ MMBtu ™" Davis et al.*®
Aromatics 1335 $MT* Hu et al.®®
Olefins 650 $MT* Alibaba

Others See Humbird et al.*®

This journal is © The Royal Society of Chemistry 2020
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of corn steep liquor, diammonium phosphate, sulfuric acid
and more were assumed similarly as those in Humbird’s
study.®® Fixed variable costs consisted of annual salaries,
maintenance costs, taxes and insurance. The annual wages
were estimated based on the number of workers and their
salary rates from publicly available information in the NREL
report.*® Additionally, overhead costs, insurance and mainten-
ance costs were based on NREL’s assumptions of 90% of the
total labor cost, 0.7% of fixed capital investments and 3% of
inside battery limits costs.>®

Seven scenarios were compared for this analysis: power,
DPL, RL, OCL, OPL, OPL-3 h, and OPL-6 h. In the power scen-
ario, all the process lignin was combusted for heat and power
generation. In the case of DPL, RL, OCL, and OPL scenarios,
lignin recovered from lignocellulosic biomass via various
methods was upgraded into chemicals. In OPL-3 h and
OPL-6 h scenarios, lignin was initially pretreated into an oil-
like liquid prior to fast pyrolysis. No capital or operating costs
associated with the partial depolymerization process were con-
sidered in the techno-economic model, which means that the
MESPs reported for these two samples were based on the same
costs for the pyrolysis/HDO sections similar to all lignin cases.
Therefore, the difference between these two scenarios and the
OPL (parent lignin) case can be considered as a potential
margin for guiding future efforts to create cost effective pre-
treatment processes.

3. Results and discussion

3.1. Lignin pyrolysis and HDO

As shown in Fig. 2, lignin pyrolysis produced considerable
amounts of char (>51 C%) regardless of the feedstock source
and extraction procedure. As discussed previously, this result
was found to be due to the formation of reactive species
through cleavage of ether bonds in the lignin structure fol-
lowed by coupling reactions to form polymerization products,
under pyrolysis conditions.”” Among the lignin samples, OPL
had the lowest char yield; however, the char still represented
over 51 C% of the pyrolysis products, allowing only 48% of the
carbon to be volatilized. Other lignin samples yielded higher
char amounts with DPL being the highest at 58.3 C%. The
higher yield of char obtained from DPL pyrolysis could be due
to its high ash content (ca. 14%) as determined by TGA
(Table 1). Alkali and alkaline earth metals present in the ash
fraction have been reported to increase char formation during
pyrolysis of lignocellulosic biomass.*®*® Detailed yields of the
pyrolysis products and the HDO products are presented in
Tables S2-S57 for all four lignin samples.

The major products from fast pyrolysis of the lignin
samples were expectedly oxygenates, mainly including pheno-
lic monomers such as phenol, guaiacol, syringol, and their
alkylated forms. These compounds were previously found to
be produced from thermal deconstruction of various lignin
samples.'®*°? Other phenolic oxygenates included trimethox-
ybenzenes, coniferyl aldehyde, sinapaldehyde, and hydroxyl-

Green Chem., 2020, 22, 2513-2525 | 2517
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Fig. 2 Carbon yields from fast pyrolysis at 500 °C and for pyrolysis followed by HDO at 400 °C over 5 mg MoOs (average of four injections).

ated and methoxylated benzaldehydes (e.g., syringaldehyde
and vanillin), acetophenones (e.g., 3',5'-dimethoxyacetophe-
none and acetosyringone), and benzoic acids (e.g., 4-hydroxy-
benzoic acid). Non-phenolic oxygenates, represented by red
bars in Fig. 2, included different compounds depending on
the lignin sample. In the case of DPL, they were a variety of
C;-Cs oxygenates such as alcohols, acids, aldehydes, ketones,
esters, and furans summing to ~4.6 C%. Observing these
species in the pyrolysis vapors indicated the presence of carbo-
hydrate residues after ammonia extraction of corn stover.
Pyrolysis of RL yielded about 10.5 C% non-phenolic oxygenates
with over 70% selectivity to levoglucosan among non-phenolics
(ca. 7.4 C% yield). This six-carbon anhydrosugar is known to
be produced exclusively as a primary product of cellulose
pyrolysis,”®**>* clearly suggesting the presence of a consider-
able cellulose fraction in the RL sample. Non-phenolics from
OCL pyrolysis were about 3.8 C%, mainly containing acetic
acid, which could be due to the extraction process of corn
stover lignin by acetic acid in these samples. Finally, from OPL
pyrolysis, methanol was produced almost exclusively with 96%
selectivity among the non-phenolic oxygenates. The rest of the
compounds in this category only composed ~0.2 C% clearly
indicating the absence of carbohydrate residues in this
sample.

Despite the numerous oxygenated species in the complex
mixture of pyrolysis vapors and regardless of the differences in
variety and abundance of these species from the four lignin
samples, MoO; was able to funnel the complex mixture into a
product stream mainly composed of aromatics, alkenes, and
alkanes (see Fig. 2 and Tables S2-S57). A carbon balance of
over 90% was achieved for all samples. In addition to coke and
unidentified products, the missing carbon was most likely due

2518 | Green Chem., 2020, 22, 2513-2525

to condensation of reactive species on the interfaces in the
experimental system where temperature fell below 400 °C as
evidenced from a photo of the pyrolysis quartz tube after ~60
lignin pyrolysis shots (Fig. S6aft).

It should be noted that when the catalyst was placed in the
second reactor, oxygenated compounds would deoxygenate
fully and thus would not react further downstream of the cata-
lyst bed. However, when no catalyst was used in the second
reactor, oligomerization reactions could take place from the
bottom of the pyrolyzer all the way to the GC inlet, which were
all at 300 °C. Oligomerization of reactive species after rapid
condensation of pyrolysis vapors of a corn stover lignin (and
even some phenolic monomers) has been evidenced in a
micropyrolyzer similar to the one used in this work.>® This
could partly explain the reason for lower carbon yields for
lignin pyrolysis experiments compared to the HDO tests since
phenolic oligomers cannot be detected and quantified in the
GC. Moreover, these oligomers could stick to the inner surface
of tubing walls as verified by the brown/black residues in the
GC inlet liner, the first 5 cm of the guard column, and the
waste after cleaning the GC inlet with ethanol and acetone as
shown in Fig. S6.7 There were also numerous minor peaks in
the GC spectra from pyrolysis of lignin samples that could not
be identified using the MS system because they were either too
small or overlapped with other compounds (Fig. S7-S107). It is
reported that over 500 compounds were identified from pyrol-
ysis of lignin using a photoionization high resolution mass
spectrometry technique (although after condensation),>
whereas in this study the relatively high overall carbon balance
was based on only about 80 compounds that were identified
and quantified. In contrast, after HDO fewer peaks/com-
pounds were observed on FID chromatograms, making it poss-
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ible to identify and quantify a large amount of the final pro-
ducts (Fig. S7-S107).

Of the carbon volatized in the pyrolyzer, a significant
portion was converted to aromatic hydrocarbons in the second
reactor. DPL, RL, OCL, and OPL, respectively, yielded 16.9,
19.1, 22.6, and 29.4 C% aromatics with a selectivity of 81-91%
to benzene, toluene, ethylbenzene, and xylenes (BTEX). Nine-
carbon aromatics accounted for most of the rest of the carbon
in aromatics with a selectivity of 8-14%. Interestingly, though
RL had the lowest yield of phenolics in its pyrolysis vapors the
yield of aromatics after HDO was comparable to the other
lignin samples. This result could have been due to the aroma-
tization activity of MoO; with oxygenated molecules as
observed in the pyrolysis and HDO of cellulose over MoQ;.*®

DPL had the highest yield of alkene/alkane hydrocarbons at
13.3 C% and OPL had the lowest yield at 3.4 C%. The selecti-
vity to alkenes among non-aromatic hydrocarbons was in the
range of 15-33% depending on the feedstock. Alkene species
are desired over alkanes as their production would consume
less hydrogen during HDO. In addition, alkenes are more valu-
able since they can be used after separation without the need
for further processing.’>® The annual USA production amount
of ethylene and propylene are about 24 and 11 million tonne
per year, respectively. C, alkenes are produced at about
3 million tonne per year, whereas the market for Cs and Cg
alkenes is smaller, although their market could be expanded
through making alkylate. More importantly, the price of all of
these molecules is >$800 per tonne, which is greater than two
times that of fuels. The sum of hydrocarbons was comparable
across all four samples from 28.3 C% (RL) to 32.8 C% (OPL).

In addition to non-phenolic oxygenates, nitrogen contain-
ing compounds were observed from pyrolysis of DPL and OCL
in agreement with elemental analysis results showing
3.56 wt% and 1.85 wt% nitrogen (dry ash-free basis) for these
samples, respectively. MoO; was found to be an effective cata-
lyst for removing nitrogen under the reaction conditions since
no nitrogen containing compounds were detected after
upgrading. No sulfur containing compounds were identified
after pyrolysis of lignin samples even in the case of DPL with
1.2 wt% sulfur. This is likely due to overshadowing any peaks
for sulfur containing compounds with large peaks corres-
ponding to a variety of oxygenated species. Unfortunately, our
experimental setup did not allow for oil collection and its
further characterization via elemental analysis.

CO and CO, contributed a measurable portion of the pyrol-
ysis products (i.e., 2.9-3.3 C% in sum) for different lignin
samples due to decarboxylation and decarbonylation reactions,
whereas methane was sufficiently low as to not be distinguish-
able from CO in the TCD chromatogram. Decarboxylation is
generally preferred over decarbonylation because it removes
two oxygen atoms with each atom of carbon leading to higher
carbon retention in the useful products. Comparing the yields
of CO and CO, before and after upgrading over MoO; catalyst
suggested that decarboxylation was not significantly catalyzed
by MoO;, whereas decarbonylation was enhanced. CO, yields
of about 0.6-2 C% were obtained from pyrolysis of the four
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lignin samples, while these yields only increased slightly to
0.7-2.4 C% after HDO. Furthermore, methane was produced
in relatively large quantities (ca. 3-9 C%) after HDO indicating
methanation of CO and CO,, and cracking reactions, in
addition to conversion of methanol to methane.

Although optimization of the pyrolysis conditions was not
the aim of this study, it was previously shown that 500 °C was
the optimal temperature for maximizing liquid products from
an organosolv lignin.”” Additionally, it was found that at this
temperature the yield of methoxylated phenols decreased sim-
ultaneous with an increase in alkylated phenols, which could
explain the production of methanol from all lignin samples in
this study.>” Note that dehydration is also a major reaction
that takes place under pyrolysis conditions, but since carbon
atoms were tracked from the feedstock to products, it was not
necessary to quantify water produced during pyrolysis.>*

3.2. Pyrolysis and HDO of pretreated lignin

OPL-3 h and OPL-6 h samples were merely used as two
examples to evaluate the influence of lignin partial depolymer-
ization before pyrolysis and HDO on the yield of final pro-
ducts. Note that we are not claiming OPL as an extraordinary
sample nor are we advocating this specific lignin pretreatment
technique. Fig. 3 compares the pyrolysis results of OPL and
pretreated OPL oils, and the deoxygenated products after HDO
over the MoO; catalyst. The pretreatment step successfully
reduced the amount of pyrolytic char from ~51 C% to ~18 C%
for both the 3 h and 6 h treated oil samples. The use of
CuPMO catalyst in supercritical methanol (sc-MeOH) for
hydrogenolysis of a-O-4 and p-O-4 aryl ether linkages and
depolymerization of lignin and other biomass components
has been extensively studied.”"** ®* These studies showed that
the reactive intermediates formed during lignin solvolysis were
stabilized and further depolymerized and altered through
hydrogenation, hydrodeoxygenation, and methylation reac-
tions in the presence of sc-MeOH and the CuPMO catalyst, pre-
venting repolymerization into char and leading to essentially
no char formation.”"*"%* Consequently, most of the ether
bonds in the lignin structure were cleaved before pyrolysis,
which would reduce the formation of reactive species that
could potentially repolymerize and form char. Although pre-
vious studies of lignin depolymerization with CuPMO showed
that nearly all lignin was converted into an oily product, that
product included some proportion of oligomeric species.>
The presence of recalcitrant lignin oligomers remaining after
treatment with CuPMO could partly explain the formation of
18 C% char during pyrolysis. The formation of this char could
also be attributed to dehydration of phenolic alcohols to unsa-
turated  species  that enough  for
repolymerization.>®

Given that little to no char was formed during the pretreat-
ment step, the lowered char yields could be claimed as lower
overall solid yields from the parent OPL. However, the incor-
poration of methanol into the structure of the depolymerized
species should also be accounted for if one wishes to calculate
carbon yields based on the initial lignin sample. The carbon
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respectively (average of four injections).

yields displayed in Fig. 3 were calculated based on the carbon
in each sample (not the parent lignin, except in the case of
OPL).

Phenolic oxygenates were significantly increased from 16.6
C% (OPL) to 44 and 32.6 C% for OPL-3 h and OPL-6 h, respect-
ively. Lower phenolic yields from pyrolysis of OPL-6 h was
likely due to the number of products drastically increasing,
making it much more difficult to identify specific products
among the extensively diversified product mixture by the
GC-MS system. Additionally, the large number of products
would make it impossible to find standard compounds by
which the FID could be calibrated making quantification inac-
curate. Nevertheless, it was generally observed that oxygenated
molecules produced from pyrolysis of OPL-6 h contained more
cyclohexanol and cyclohexanediol-type compounds, indicating
substantial arene hydrogenation after 3 hours of pretreatment.
Furthermore, more methyl ester compounds and less car-
boxylic acid compounds (e.g., homovanillic acid) were observed
compared with OPL-3 h, which could have been from esterifi-
cation of the organic acids by methanol over the CuPMO cata-
lyst. Reactions occurring during fast pyrolysis could also play a
significant role in product diversification as to change the
slate of compounds found in the product stream. A detailed
list of pyrolysis and HDO products can be found for the OPL
oils in the ESI (Tables S6, S7 and Fig. S11, S12).

Other than methanol (which was used in multiple steps for
preparation of pretreated OPL samples), non-phenolic oxyge-
nates from OPL-3 h and OPL-6 h mostly included higher alco-
hols and diols, which could be made by C-C scission of phe-
nolic monomer side chains and C-C addition reactions.**

The sum of CO and CO, yields was lower in the case of pre-
treated samples from about 3.3 C% in OPL to about 1.1-1.3

2520 | Green Chem., 2020, 22, 2513-2525

C%. This could be attributed to a lower number of C-O bonds
available for decarbonylation or decarboxylation. No particular
pattern was observed with regards to the yield of aromatics
among the three samples, especially since the yields were very
little, but alkenes and alkanes were produced in larger quan-
tities from pyrolysis of pretreated OPL samples than that of
OPL.

Fig. 3 also presents the carbon yields obtained from HDO
of raw and pretreated OPL pyrolysis vapors. Since nearly twice
the amount of carbon was volatilized during pyrolysis, 10 mg
of MoO; was used for the HDO step instead of the 5 mg used
for the other lignin feedstocks. The amount of aromatics
obtained from HDO of the OPL oils was significantly higher
than that of the base OPL. OPL-3 h and OPL-6 h yielded about
53.5 and 55.0 C% aromatics, respectively, while OPL gave
approximately 29.0 C% aromatics. Additionally, the compo-
sition of the aromatic products changed for the pretreated OPL
materials.

The yields of alkenes and alkanes were higher after pretreat-
ment, but all had similar selectivity to alkenes (ca. 20%)
among non-aromatic hydrocarbons. The yields of CO and CO,
decreased while methane yields were increased, which was
likely due to the higher relative abundance of methyl ether
and methyl ester groups in the pyrolysis vapors of OPL oils.

It was apparent that lignin pretreatment prior to pyrolysis
could reduce the overall yield of char and increase the amount
of volatilized carbon as to increase the yield of valuable pro-
ducts (see Fig. 4). As there was little to no char formed during
the pretreatment step>"°"°> and that it was unlikely that much
of the methanol incorporated during pretreatment ended up
in the final aromatic yield, it appeared that this particular
lignin pretreatment did lead to improved carbon atom

This journal is © The Royal Society of Chemistry 2020
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efficiency from the lignin feedstock into valuable products.
However, analysis of methanol losses to gas and CuPMO stabi-
lity as well as accurate carbon tracking from the parent lignin
and methanol into pretreated samples (including any carbon
loss to char) and then into deoxygenated products must be
done before any quantitative conclusions about the value of
this, or any, pretreatment can be drawn. While reporting
detailed product yields from a carbon balance perspective
would allow for evaluation of a particular pretreatment system,
it is ultimately the overall cost of such systems that would
determine their industrial relevance. However, the results pre-
sented suggest, from a technical standpoint, that a cost-
effective pretreatment process preserving most of the carbon
in the deconstructed lignin would be an ideal strategy for
lignin valorization through the proposed commodity chemical
route.

3.3. Economic evaluation

The basis biorefinery used for the analysis would produce
61 million gallons per year of ethanol with an estimated fixed
capital cost of $401 million (MM) including equipment costs
of $214 MM. This is comparable to previous studies, which
reported total project investments for a biorefinery with a
pyrolysis/upgrading section of approximately $220-657
MM.%>%® A similar capital cost was assumed for all scenarios
except for the power scenario in which the pyrolysis/upgrading
section was excluded as lignin was directly combusted to heat
and power. The wastewater section (A600) was the most expen-
sive area, which contributed 22% of the total capital cost ($49

This journal is © The Royal Society of Chemistry 2020

MM), followed by the pyrolysis/upgrading section (A1000) with
a 21% contribution ($45 MM). The pyrolysis/upgrading section
includes various processes - fast pyrolysis, steam methane
reforming, and upgrading, as illustrated in Fig. 1. Cost contri-
butions of various equipment used in area 1000 are shown in
Fig. S13.7 As observed in this figure, the most expensive equip-
ment is the fast pyrolysis reactor, followed by the steam
methane reformer and catalytic reactor. Detailed contributions
of different sections to the capital cost can also be found in
the ESI (Fig. S147).

Annual fixed variable cost for the biorefinery was estimated
at $21.4 MM, which included the cost of labor, land, insur-
ance, maintenance and overhead costs. The variable operating
cost for the seven different scenarios varied from $26-68 MM
annually. Both OPL-3 h and 6 h cases had the lowest variable
operating costs compared to all other scenarios. This result
was mainly due to the credits obtained from the additional
aromatics and olefins.

Fig. 5 compares the contribution of operating costs to the
MESP in dollars per gallon ($ gal™") for all scenarios analyzed
in this study. The minimum selling price of ethanol varied
between $0.75-2.02 gal™', with OPL-6 h being the lowest.
While the cost of partial depolymerization was not included in
the model for OPL-3 h and OPL-6 h cases, the difference
between MESP of OPL and OPL-3 h/OPL-6 h scenarios indicate
the economic margins that partial depolymerization pro-
cedures could operate in to be considered cost effective
(assuming similar product yields). In all scenarios, the feed-
stock cost contributed the most to the MESP with an approxi-
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mate average of 40% and 95% for the 4 lignin samples and 2
pretreated lignin cases, respectively. However, the difference in
the MESP was primarily due to the credits from aromatics and
olefins, which reduced the MESP by approximately 20-34% for
the DPL, RL, OCL and OPL cases, while it reduced the MESP
by an average of 70% for the OPL oils. Note that the ‘Other’
category in Fig. 5 included estimates of the costs associated
with process chemicals and utilities such as sulfuric acid,
natural gas, ammonia, corn steep liquor, diammonium phos-
phate, sorbitol, host nutrients, sulfur dioxide, caustic, boiler
chemicals, flue gas desulfurization lime, cooling tower chemi-
cals, and makeup water, as well as costs of ash and catalyst
disposal.

A complete list of different parameters that contributed to
the costs associated with the MESP is available in the ESI in
Table S8.1 Additionally, in the power scenario, there was a
$0.2 gal™" difference in fixed capital costs compared to other
scenarios, which was simply due to the exclusion of the pyrol-
ysis and HDO equipment. Scenarios in which pretreated lignin
(i.e., OPL-3 h and OPL-6 h) were used reduced the MESP by an
average of $1.36 gal " when compared to Humbird’s*® cost of
ethanol from enzymatic hydrolysis and fermentation.

2522 | Green Chem., 2020, 22, 2513-2525

Sensitivity analysis of key process parameters was conducted
to determine their influence on the MESP. The results of the sen-
sitivity analysis to selected operating parameters for the OPL-6 h
scenario are shown in Fig. 6. It was assumed that these operating
parameters were similar for all cases - for instance, in all cases,
the amount of feedstock and operating hours were assumed the
same. As shown in Fig. 6, +20% variations in the aromatics price
had a greater impact than a similar change in the fixed capital,
operating hours and fuel output, while the char output had negli-
gible impact on the MESP. Hence, the three most significant
parameters affecting the MESP were aromatics price, operating
hours and fuel output and the least significant parameter was
char output. A 20% increase in the price of aromatics from
$1335 MT ™" to $1602 MT ', decreased the MESP by 48% from
$0.75 gal " to $0.39 gal ", Similarly, an increase in 20% of operat-
ing hours decreased the MESP by 32%, while a 20% increase in
the fixed capital increased the MESP by 35%. On the contrary,
the char output only affected the MESP by approximately 1%.
The same trend was observed for OPL-3 h case as well, but for
the other lignin scenarios - the three parameters that affected
the MESP most significantly were fuel output, fixed capital and
operating hours. The price of aromatics did not affect the MESP

This journal is © The Royal Society of Chemistry 2020
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as significantly in these cases because aromatic yields were lower
compared to the pretreated lignin cases. Fig. S15t includes the
sensitivity analysis plots for all other scenarios.

4. Conclusion

Evaluated was the concept of HDO of lignin pyrolysis vapors as
a method to valorize lignin into drop-in chemicals (i.e., aro-
matics and alkenes) both from carbon recovery and techno-
economic perspectives. While more than half of the feedstock
carbon converted to solid char during pyrolysis, the majority
of the volatilized carbon was converted to mono-aromatics
over a MoO; catalyst at 400 °C and ~1.7 bar H,. Importantly,
this approach allowed for funneling of the complex pyrolysis
vapor stream of both the more quantifiable oxygenated species
(phenolics and non-phenolics) and ~20% carbon in the un-
identified species into the final products (i.e., aromatics,
alkenes, and alkanes). Despite, the loss of carbon to char, TEA
based on the experimental results suggested lignin valoriza-
tion via the pyrolysis and HDO strategy to be economically
attractive for incorporation into a lignocellullosic biorefinery
as evidenced by an 8-24% reduction of the MESP from
$2.2 gal™ (base case — power) to $1.67-2.02 gal™' when hydro-
carbons were generated from lignin. To address the carbon
loss issue, an example pretreatment method was also exam-
ined. As demonstrated, lignin partial depolymerization prior
to pyrolysis can improve carbon volatilization and recovery of
desirable products by reducing char from 52 to 18 C%. Such
an improvement would offer a large margin with respect to
carbon recovery and, therefore, a considerable economic
margin for implementing cost effective pretreatment processes
for lignin valorization via combined pyrolysis and HDO.

The proposed strategy for valorizing lignin by funneling
lignin fragments into a diminished number of non-oxygenated

This journal is © The Royal Society of Chemistry 2020

aromatics and alkenes that could be directly integrated into
the existing petrochemical infrastructure has significant econ-
omic potential. However, further technological advancements
are still required to best achieve this potential. One such is an
inexpensive lignin pretreatment that would partially decon-
struct the lignin so as to maximize the amount of carbon that
can be volatilized rather than being lost as char. While the
MoO; catalyst used for low-pressure HDO is remarkably
effective at deoxygenating a broad range of molecules to petro-
chemical relevant hydrocarbons, further improvement in cata-
lyst selectivity such that only mono-aromatics and alkenes are
generated without alkanes would be desirable.
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