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ABSTRACT: Replacing oil-based toluene with biomass-derived furfural for 4,4'- prr——
dimethylbiphenyl (DMBP) production can pave the way for sustainable polyester 40001, . b—o— Global warming potential | @
manufacture. This work compared the economic and environmental performances & éH—O—O— @/_.—O—O— 2
of two conceptual designs of 4,4’-DMBP production. The first toluene-based route o 3000+ g 2
consists of toluene alkylation to (methylcyclohexyl)toluene (MCHT), MCHT 2 5-
dehydrogenation to DMBP, and isomerization of lower-valued 3,3’-DMBP. The & 2000+ 6 S
renewable furfural-based route includes hydrogenation of furfural to 2-methylfuran 2 L4 ©
(MF), oxidative coupling of MF to §,5'-dimethylfuran (DMBF), and tandem % 409, 2
Diels—Alder dehydration of 5,5'-DMBF to 4,4-DMBP. The reaction conditions - r2 %
are optimized to achieve a more economically feasible process using furfural 0 o
feedstock. At a scale of 83 kmol/h feedstock, the 4,4'-DMBP minimum selling Oi)l(l(,)a:/ld Biot'l"[:sf-boased

price of the furfural-based route is $3044/t, while that of the toluene-based route is
$2488/t. The feedstock and 3,4'-DMBP isomer prices are identified as critical
parameters for the economic evaluation by sensitivity analysis. A “cradle-to-gate” life-cycle assessment confirms that furfural-based
DMBP production emits significantly fewer greenhouse gas (5.00 kg CO, equiv/kg DMBP) as compared to the toluene-based
counterpart (8.28 kg CO, equiv/kg DMBP).

1. INTRODUCTION waste.' "> ExxonMobil Chemical has reported the production
of 4,4'-DMBP from toluene or benzene.'” The proposed
pathway involves the hydroalkylation of toluene to produce
(methylcyclohexyl)toluene (MCHT) and the dehydrogenation
of the intermediates to DMBP, which leads to low selectivity
towards the 4,4'-isomer (Scheme 1A). The mixture of six
possible isomers makes the separation difficult and is a huge
challenge for commercial production.*”'® Alternative routes
via benzene are also described in the same patent, in which
benzene is initially converted to biphenyl, either by oxidative
coupling or by hydroalkylation to cyclohexyl benzene (CHB),
followed by dehydrogenation of the CHB and alkylation with
methanol."’ Vercammen et al. have reported the oxidative
coupling of toluene to biaryls with good selectivity for the 4,4’-
dimer using molecular palladium in zeolites."* However, this
process uses petroleum-derived starting materials. Further-
more, different DMBP isomers demonstrate varying properties
for the final products. For instance, diphenate esters derived
from 3,3'-DMBP often exhibit improved low-temperature

4,4'-Dimethylbiphenyl (DMBP) is an important precursor in
various organic chemicals because it can be easily transformed
into diacids, diols, and diamines. Particularly in the polymer
industry, diaryl monomers have attracted a growing interest
due to their superior chemical and physical properties. For
example, 4,4’-biphenyldicarboxylic acid (BPDA), the diacid
form of DMBP, has a melting point above 300 °C, which is
advantageous to produce high-molecular-weight polymer
products without intermediate solidification.” Either alone or
as a modifier for poly(ethylene terephthalate) (PET), BPDA is
a potential precursor in the production of polyester fibers,
engineering plastics, liquid crystal polymers for electronic and
mechanical devices, and films with high heat resistance and
strength.”’ Polyesters composed of BPDA usually exhibit high
tensile strength and excellent resistance to heat, chemicals, and
solvents.* Moreover, BPDA has been used as an organic linker
in the preparation of metal-organic frameworks (MOFs).”™’
4,4’-Biphenyldimethanol, the diol form of DMBP, could work
as a substitute for the disputed bisphenol A, which is a
comonomer in the production of polycarbonates.”” Different
DMBP isomers have also found applications as precursors of
poly(vinyl chloride) (PVC) plasticizers.'’

While 4,4-DMBP is currently synthesized by coupling
reactions of aryl chlorides or arenediazonium salts, the routes
require costly substrates and generate a large amount of
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Scheme 1. Process Chemistry of 4,4’-Dimethylbiphenyl Synthesis from (A) Oil-Based Resource and (B) Biomass-Derived
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flexibility as plasticizers, whereas similar esters derived from
2,2’-DMBP are typically too volatile to be used as plasticizers.
It was also found in a recent patent that the 4’-position methyl
group DMBP isomers are more prone to oxidation than the 2'-
or 3'-ones.'” Typically, 4,4'-DMBP is the desired raw material
for polyester and plasticizer production, and thus the most
valuable product.3 It is, therefore, essential to achieve high
regioselectivity towards the 4,4'-isomer from biomass.

The global polyester fiber market alone was $91.7 billion in
2020 and is predicted to grow to more than $160 billion/year
by 2027."* Thus, the potential market size of the performance-
enhanced polyester using monomers from DMBP is significant.
On the other hand, using biomass feedstock for chemical
production has been established as a promising strategy to
alleviate global warming.'”~>" It is noteworthy that polyesters
could be chemically recycled or upcycled,””*” further reducing
the overall life-cycle emission of using biomass-derived DMBP.
With the increased awareness of customers to choose more
environmentally friendly products, the market of sustainable
DMBP from renewable sources is expected to expand.

We have previously reported a green synthesis pathway from
biomass-derived 2-methylfuran (MF) to 4,4'-DMBP.** In this
work, we propose and evaluate the industrial feasibility to
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produce 4,4’-DMBP using this route. Furthermore, we identify
ways to improve the reaction conditions, which could make
this process more commercially viable. A three-step process
sequence is considered to convert furfural into 4,4’-DMBP,
with MF and $,5'-dimethylfuran (DMBF) as the intermediates.
As shown in Scheme 1B, the first step is the hydrogenation of
furfural to MF. The second step is the oxidative coupling of
MF to 5,5-DMBEF. Finally, the third step is the tandem DA-
dehydration of 5,5'-DMBF to 4,4’-DMBP, with the inter-
mediate 2-methyl-S-(p-tolyl)furan (FP). Preliminary technoe-
conomic analysis (TEA) and life-cycle assessment (LCA) are
performed based on the previously reported reaction
conditions.”* Improvements were made based on the
minimum  selling price (MSP) breakdown to increase the
profitability. A toluene-based 4,4’-DMBP process proposed by
ExxonMobil Chemical is also simulated and compared to
biomass-based production to illustrate the pros and cons of
using renewable feedstocks. To the best of our knowledge,
there is no existing work on the process simulation and
economic/environmental evaluation of sustainable DMBP
production. This work illustrates the interplay of process
system engineering tools (i.e., process design, TEA, and LCA)
coupled with laboratory experimentation to improve the

https://doi.org/10.1021/acs.iecr.2c00398
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Figure 1. Process flow diagram for the conversion of furfural to DMBP via furfural hydrogenation (R-1, C-1, F-1), MF oxidative coupling (R-2, C-

2, C-3, C-4, E-1), and DMBF DA-dehydration (R-3, C-5, F-2).

process economics and efficiency. Our analysis established the
biomass-based DMBP production route as a profitable and
environmentally friendly technology, which provides a new and
attractive alternative for the furfural conversion in the
integrated biorefinery operation.””*®

2. METHODS

2.1. Process Simulation. The flowsheets of 4,4’-DMBP
production from renewable feedstock (furfural) and petro-
chemical raw material (toluene) are developed based on lab
experiments and published patents. It was assumed that these
lab-scale yields also would hold for industrial-scale production.
The process simulation is performed in Aspen Plus v11 (Aspen
Technology), and the non-random two-liquid (NRTL)
thermodynamic model is utilized to capture the liquid—liquid
and liquid—vapor phase equilibrium. Most of the compounds
involved in the reactions were selected from the Aspen Plus
physical property database. Chemicals not included in the
database (such as DMBP isomers) were defined by their
structures and boiling points,”® and missing physical properties
were retrieved from NIST Thermo Data Engine (TDE) or
estimated using the Aspen Plus Property Constant Estimation
System (PCES). The RStoic reactor model with experimental
conversions was used in the process simulation. More detailed
reaction kinetics could be incorporated based on future scale-
up experiments to better capture the reactor behavior.

2.2. Technoeconomic Analysis. Aspen Process Econom-
ic Analyzer V11 was used to determine the capital and
operating cost and perform economic evaluations. Despite
being a promising intermediate for value-added products, the
market of DMBP is still developing. Accurate market price
estimation at the early stage is challenging. Thus, economic
criteria that involve product selling prices are less reliable,
including the net present value (NPV) and return on
investment (ROI). Discounted cash flow analysis was
conducted, and the MSP, defined as the selling price of the
product when the net present value is zero, was calculated.
Heat integration was conducted using Aspen Energy Analyzer
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(Aspen Technology 2019) to reduce the utility usage and cost.
Sensitivity analysis was performed on the critical process
parameters to account for the effects of uncertainties.
Additional TEA assumptions could be found in Section 3 of
the Supporting information.

2.3. Life-Cycle Assessment. The SimaPro software with
Ecoinvent 3.3 data is used for the life-cycle assessment
(LCA).”” A “cradle-to-gate” system boundary is defined for all
4,4'-DMBP production processes, which comprises the
biomass growth, extraction of raw material, upstream utility
generation, and production stage. This study utilized the Tool
for Reduction and Assessment of Chemicals and Other
Environmental Impacts (TRACI) 2.1 method for impact
assessment.”® As one of the most commonly used environ-
mental metrics, the global warming potential (GWP) is chosen
as the environmental impact of interest.”” For biomass-based
DMBP production, the furfural feedstock is mainly produced
from corn cob, which absorbs carbon dioxide during plant
growth. Thus, the carbon sequestration effects are considered
based on the corn cob usage and carbon content in the
database. Since multiple isomers and an MCHT intermediate
are generated from the process, mass allocation is performed
on 3,4-DMBP isomers to avoid the influence of price
fluctuations.”® The “avoided burden” method is deployed to
give credit for selling 2,X’-DMBP and unreacted MCHT as
refinery feedstock.”’ More details regarding LCA are outlined
in Section 4 of the Supporting information.

3. RESULTS AND DISCUSSION

3.1. UD 1.0 Process: Preliminary Technoeconomic
Analysis. 3.1.1. Process Description. The furfural-based 4,4'-
DMBP production is designed on the basis of Cho et al.** to
assess the industrial feasibility of this synthesis route. It is
named as the UD 1.0 process, and the process flowsheet is
shown in Figure 1.

The process comprises three stages, as shown in Figure I:
(1) hydrogenation of furfural to MF and water, (2) MF
oxidative coupling to 5,5-DMBF and water, along with the
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associated separations and recycle, and (3) DA-dehydration of
5,5'-DMBEF to 4,4’-DMBP and water, followed by 4,4’-DMBP
purification. Furfural and hydrogen gas were sent to the
hydrogenation reactor R-1 to produce MF at 238 °C and
ambient pressure. These reaction conditions lead to an MF
yield of 98.5%, and the remaining byproduct is assumed to be
furfuryl alcohol.®” Next, a distillation column C-1 and a flash
drum F-1 were used to separate wastewater and unreacted raw
material from the MF stream. The MF stream was then mixed
with dimethyl sulfoxide (DMSO) and trifluoroacetic acid
(TFA) and pressurized in P-1 to 10 bar. The solution was fed
into the 45 °C reactor R-2 with the addition of oxygen gas to
perform the homogeneous oxidative coupling reaction
catalyzed by palladium acetate. The major side reaction in R-
2 is the hydrolysis of MF into 4-oxopentanal.”* Then,
distillation column C-2 is used to recycle most of the TFA
and MF from the product mixture. As suggested by a
Goodyear patent,” sulfuric acid was added to column C-3
to break the water/TFA azeotrope and recover most of the
TFA. Next, the bottom stream of C-2 containing DMBF was
extracted by hexanes at a concentration of 0.07 M, while the
palladium acetate stayed in the DMSO phase and was recycled
back to the reactor because of its high solubility in DMSO.**
Efficient technologies have been developed to effectively
recover precious metals from homogeneous systems®*™*® or
oxidize deactivated Pd nanoparticles back to palladium
acetate.”” Consequently, it is assumed that only 1% of the
homogeneous catalyst is lost due to deactivation every 6
months. A sensitivity analysis is performed in Section 3.4 to
study the effects of this assumption. The solvent was then
recycled by distillation column C-4. Next, 5,5'-DMBF was
dissolved in toluene as 0.15 M solution, pressurized, and
heated before feeding into the Diels—Alder-dehydration
reactor R-3 at 250 °C and 34 bar. After this reaction, the
4,4'-DMBP product was isolated by distillation column C-§,
and flash drum F-2 is utilized for recycling the unreacted raw
material and solvent. Part of the 4,7-dimethylbenzofuran
(benzofuran) byproduct and water were removed from the
bottom of F-2 to avoid accumulation in the recirculation.

Based on the Aspen Plus process simulation, 6717 kg/h 4,4'-
DMBP was produced from 8000 kg/h furfural (83 kmol/h).
The cost breakdown of the UD 1.0 process is illustrated in
Figure 2a.

Because of the long reaction times and relatively low §,5'-
DMBF concentration, large reactor volumes and thus high
equipment costs are unavoidable. The minimum selling price
(MSP) from discounted cash flow calculation is thus calculated

(a) UD 1.0 (b) UD 2.0

582

e
= Raw material = Utilities Equipment
Other capital cost = Other operation cost = Catalyst

Figure 2. Minimum selling price breakdown for 1 metric ton 4,4'-
DMBP produced by the (a) UD 1.0 and (b) UD 2.0 process.
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to be $4008/t for the UD 1.0 process, with equipment and
other capital investment taking up a significant portion
($1525/t). Thus, priority should be given to reducing the
reaction time and solvent usage in both reactions for cost
reduction. Moreover, furfural cost accounts for $1088/t of the
raw material cost, suggesting that the 4,4’-DMBP production
cost is sensitive to the furfural market prices.

Based on the initial process design, several changes are to be
made in the synthesis route. First of all, due to the high
equipment and other capital costs caused by long reaction
times (Table 1), we considered the following scenario of

Table 1. Oxidative Coupling Reaction of MF to Produce
5,5'-DMBF“

process UD 1.0 UD 2.0
T (°C) 45 30
time (h) 3 1
MF conv. (%) 62.9 27.8
5,5'-DMBEF vyield (%) 59.1 27.8

“Reaction conditions: 2.67 mol % Pd(OAc),, 3 M TFA, 3 M MF in
DMSO (total volume 4.5 mL), 10 bar O,.

decreasing the reaction times. High reaction yields and
selectivity are typically favored in batch experiments, but it is
essential to consider recycling solvent and unreacted feedstock
in continuous productions. Thus, reactions with lower
conversions but a shorter reaction time may lead to reduced
costs than their batch process counterparts when recycling
streams are implemented in the continuous process operation.
Some industrial processes, such as adipic acid production from
cyclohexane oxidation, have been developed and operated
under very low conversion (e.g., 1—8 mol %) and large recycle
streams.”® Although there have been various control structures
and strategies proposed for such recycle reactor systems in the
literature, they are still more difficult to control due to the
time-scale separation.””~** Future reduction of the recycling
streams, including lower solvent usage and higher conversion
in a short residence time, is needed to improve the
controllability of the UD 2.0 process.

Apart from the economic viability, other technical issues also
pose challenges to the UD 1.0 process feasibility. In reactor R-
2, for example, the decomposition of DMSO is noticeable at 45
°C and should be avoided to increase the solvent recyclability.
Also, the separation of 4,4'-DMBP with the benzofuran
byproduct is very challenging in the UD 1.0 process. Due to
the high boiling point of benzofuran (216 °C), a significant
amount of benzofuran is still present in the recirculation
stream. Hence, it is necessary to improve the selectivity further
to avoid the presence of benzofuran. Moreover, the surface
area of P-SiO, (DA-dehydration catalyst) decreases from 275
to 262 m*/g after three cycles. It would be desirable to have a
more stable catalyst that can lead to a higher selectivity in
reactor R-3.”*

3.2. Improved UD 2.0 Process and Technoeconomic
Analysis. After identifying the major cost contributors as
described in Section 3.1, the most efficient way to cut the
production cost is to reduce the reactor volumes. Hence, a set
of new reaction conditions are proposed and implemented in
the updated UD 2.0 process.

Table 1 shows the changes in the reaction conditions of
reactor R-2. The decrease of reaction temperature from 45 to
30 °C avoids the decomposition of DMSO under an acidic

https://doi.org/10.1021/acs.iecr.2c00398
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environment.””** The reaction time is also reduced from 3 to 1
h to reduce the reactor volume and catalyst loading, which
leads to smaller investment on the reactors and catalyst. The
improvements of reactor R-3 are listed in Table 2. y-Al,O;,

Table 2. Diels—Alder (DA) and Dehydration Reactions of
5,5'-DMBF to Produce 4,4 -DMBP

process UD 1.0° UD 2.0”
catalyst P-SiO, 7-AlL,O4
time (h) 24 48° 8 167
5,5'-DMBF conv. (%) 96.9 100.0 56.2 88.9
FP (%) 46.4 0.0 51.1 72.8
4,4'-DMBP yield (%) 36.1 834 13 13.0
benzofuran (%) 82 9.8 0.0 0.0

“Reaction conditions: 0.15 M 5,5'-DMBF in toluene (total volume 6
mL), 80 mg of P-SiO, (DMBF/P = 19), 34 bar C,H, (at room
temperature (RT)).** “Reaction conditions: 0.15 M 5,5'-DMBF in
hexanes (total volume 6 mL), 94 mg of y-Al,O5, 34 bar C,H,, (at RT).
“After 24 h of reaction, the reaction mixture separated from the spent
catalyst underwent DA-dehydration over a fresh P-SiO, for 24 h.**
9After 8 h of reaction, the reaction mixture separated from the spent
catalyst underwent DA-dehydration over a fresh y-Al,O; for 8 h.

which has high Lewis acid density,"~* is able to catalyze both
Diels—Alder and dehydration reactions (Figure S1 and Table
S1).*** The replacement of P-SiO, with y-ALO; leads to a
higher selectivity towards FP and 4,4’-DMBP at 8 h, with a
carbon balance of 96.3%. The thermogravimetric analysis
(TGA) of the spent y-Al,O; catalyst (Figure S2) shows that
about 3.6 wt % of carbon deposits formed on the catalyst
during the reaction (~2.3% carbon loss of the carbon balance).
Furthermore, y-Al,O; is a stable and robust solid catalyst,
which is widely used in the industry because of its high surface
area and thermal stability.*> The characterization of the
regenerated catalyst after the third cycle demonstrates that
the physical and chemical properties remain similar (Table
S1). Meanwhile, the regenerated catalyst shows similar
catalytic performance to the fresh catalyst, as displayed in
Figure S3, confirming its recyclability. The reaction time is set
at 8 h to minimize the reactor size, while the unreacted 5,5'-
DMBEF and the FP intermediate are recycled to reactor R-3 to
undergo further conversion.

The updated UD 2.0 process used hexanes for both
extraction and reaction, which avoided the use of toluene
solvent and simplified the process. This UD 2.0 process
generated 6600 kg/h 4,4’-DMBP from 8000 kg/h furfural. Its
cost breakdown is shown in Figure 2b. The calculated MSP
using the improved process is $3044/t, which corresponds to a
$964/t reduction from the former UD 1.0 process. As
expected, this is a result of smaller reactor sizes and thus
lower capital investment. There is still room for improvement
in the R-3 reactor to increase the reaction rate and reduce the
solvent usage further. However, DA-dehydration optimization
with a higher reactant concentration will be necessary to
achieve high selectivity and carbon balance.

3.3. XOM Process and Technoeconomic Analysis. As a
comparison, the process of DMBP isomer production from
petroleum resources (toluene) is modeled based on a series of
patents by ExxonMobil Chemical. The reaction conditions are
listed in Table 3.

Figure 3 depicts the conceptual plant configuration. Toluene
was pressurized and co-fed with hydrogen gas before heating
and sent to the hydroalkylation reactor R-1 under 180 °C and
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Table 3. Reaction Conditions for Toluene-Based DMBP
Synthesis

reaction hydroalkylation  dehydrogenation  isomerization
T (°C) 180 425 200
P (bar) 12 7.9 14.8
WHSV (h™!) 2 2 1
H,:hydrocarbon 2 S 0
catalyst 0.3% Pd/MCM- 1% Pt/0.15% Sn/ 80% USY

49 Sio,

conv. (%) 37 80 56

12 bar, where toluene was converted to (methylcyclohexyl)-
toluene (MCHT) isomers with different regioselectivity.”’
Using the Pd-loaded MCM-49 catalyst, the main byproduct
from this process was the fully hydrO%enated methylcyclohex-
ane (MCH) with 23% selectivity.” An ambient-pressure
distillation column (C-1) removed the heavy impurities from
the product mixture in the top stream. Additional hydrogen gas
was added to the mixture and pressurized again to 7.9 bar.
Next, this mixture of different MCHT isomers, MCH, and
unreacted toluene was sent to reactor R-2 for the dehydrogen-
ation reaction under 425 °C and 7.9 bar, where the extra
hydrogen gas was regenerated and supplied to R-1. It is
assumed that MCH could also undergo dehydrogenation with
the same 80% conversion as the MCHT intermediates to
regenerate toluene in R-2.°" Flash drum F-1 condensed the
liquid-phase product from the hydrogen gas and sent it to
distillation column C-2 to isolate 3,X’-DMBP and 4,4’-DMBP
isomers from the bottom stream. Next, the distillate was
conveyed to flash drum F-2 and distillation column C-3 to
collect toluene from the top, and unreacted MCHT and 2,X’-
DMBP from the bottom. This bottom stream mixture could be
sent to a different refinery for further processing, while the top
tolu%le stream was cooled in COOL-1 and sent back to pump
P-1.7

The average crude oil cost was taken as the surrogate of the
byproduct stream price. The fact that 3,X’-DMBP and 4,4'-
DMBP have close boiling points prevents efficient separation
through distillation.”*>* Therefore, the 3,X-DMBP and 4,4'-
DMBP streams were cooled to —5 °C in COOL-2 and
crystallized in CRYS-1 to obtain nearly pure 4,4’-DMBP. The
mother liquid stream was sent to distillation in C-4 to reduce
the 4,4-DMBP concentration. Next, the 3,4’-DMBP-rich
stream was cooled again to —18 °C in COOL-2 and subjected
to another crystallization in CRYS-2 to yield the 3,4'-DMBP
solid. More information regarding DMBP solubility at different
temperatures and operating conditions could be found in a
recent patent."2 The remaining 3,3’-DMBP-rich stream was
heated to 200 °C and pressurized to 14.8 bar before being sent
to the isomerization reactor R-3 packed with the USY
catalyst.’>>* This isomerization step is designed to convert
lower-valued isomers, such as 3,3’-DMBP, into more valuable
ones. After this reaction, the outlet stream has a higher 3,4'-
DMBP and 4,4’-DMBP isomer ratio. This stream was then fed
to flash drum F-1 for separation.

When the feedstock toluene flow rate is 83 kmol/h (7648
kg/h), 1419 kg/h 4,4’-DMBP, 1780 kg/h 3,4-DMBP, and
3806 kg/h 2,X’-DMBP, and an MCHT-enriched stream are
generated. Thus, the selectivity of the most valuable 4,4'-
DMBP product is low, and the process’ economic performance
will not be satisfactory if only the 4,4'-isomer is sold.
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Figure 3. Process flow diagram for the conversion of toluene to DMBP via toluene hydroalkylation (COMP-1, P-1, H-1, R-1, C-1), MCHT
dehydrogenation (COMP-2, H-2, R-2, F-1, C-2, F-2, C-3, COOL-1), and DMBP crystallization and isomerization (COOL-2, CRYS-1, FIL-1, C-4,

COOL-3, CRYS-2, FIL-2, P-2, H-3, R-3).

Since a large quantity of 3,4-DMBP is generated and has
significant economic value, it is important to sell this
byproduct to improve the process profitability and reduce
waste. Consequently, a weighting factor was assigned to lower-
valued co-product streams to represent the ratio between the
selling prices of the 3,4’-DMBP isomer and the targeted 4,4'-
DMBP isomer. The polyesters using 4,4'-DMBP demonstrate
excellent performance, while 3,4-DMBP could be used in
polyester or plasticizer production at a lower cost. Therefore,
in the base-case scenario, the price ratio of mixed xylene to p-
xylene (0.71) is used as a surrogate for the 3,4-DMBP to 4,4'-
DMBP price ratio because of the similarities in molecular
structure and applications. A sensitivity analysis is later
performed to account for market price uncertainty for this
emerging chemical product.

The MSP of 4,4'-DMBP by the toluene-based XOM process
is $2488/t for the base-case scenario, but this value is highly
sensitive to the isomer price ratio and byproduct cost
assumptions. Figure 4 compares the MSP breakdown between
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Figure 4. Cost comparison between XOM and UD processes (XOM
and UD 2.0 both use 83 kmol/h feedstock; XOM-large and UD 2.0
both produce 6600 kg/h 4,4'-DMBP; XOM, and UD 2.0-small both
produce 1420 kg/h 4,4’-DMBP).

XOM and UD processes. One reason for the XOM process to
have lower MSP than the UD processes is the revenue by
selling the 2,X"-DMBP and MCHT mixture to other refineries.
The XOM process also has the edge over the UD processes
because of its fast reaction rate, leading to smaller equipment
sizes and capital investment. This process could achieve better
performance if the 2,X’-DMBP isomers from the byproduct
stream are separated, isomerized, and sent back to the XOM
process to increase 3,4-DMBP and 4,4-DMBP vyields.>*
Nevertheless, an unfavorable market for the MCHT/2,X'-
DMBP mixture or limited processing ability of the downstream
refinery will lead to the deteriorated economic performance of
the XOM process. However, after the reaction improvement,
the UD 2.0 process has a noticeable decrease in the capital
investment compared to UD 1.0 and shows comparable
production cost to the XOM process if the byproduct cost is
not considered ($3082/kg). Moreover, the UD process is still
at its early stage of development. When the solvent usage and
reaction time are further reduced, the UD process economic
performance is expected to improve.

Another essential assumption in the XOM process is the
byproduct prices. Since 4,4'-isomers are produced in relatively
small quantities, most of the profit comes from less valuable 3,4
and 2,X’ isomers. If the demand for the 4,4'-isomer is more
urgent, the XOM process with merely 20.3% 4,4’-DMBP
selectivity is apparently disfavored.

3.4. Sensitivity Analysis. Although the preliminary
economic evaluation indicates that the XOM process has an
advantage over the UD process in the base case, this
comparison largely depends not only on the assumptions
made but also on the uncertainties in the parameters
considered in the modeling. As mentioned in Section 3.4,
the price ratio between the 4,4’-DMBP and 3,4'-DMBP could
drastically change the final selling price of the targeted 4,4’
isomer. It is also widely acknowledged that processes with large
production capacities benefit from economy-of-scale. Another
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source of uncertainty comes from the highly dynamic chemical
market and subsidies for biomass-based feedstocks. Thus, a
sensitivity analysis is performed to study the effects of these
uncertainties.

The minimum selling prices of DMBP by XOM and UD 2.0
processes at different scales are first compared. When the
feedstock’s mole flow rates are kept constant, the UD process
produces much more 4,4-DMBP isomers than the XOM
process (6600 vs 1420 kg/h) due to its high 4,4’-isomer
regioselectivity. Two additional cases are considered in which
the UD process produces 1420 kg/h 4,4’-DMBP (UD 2.0-
small) and the XOM process generates 6600 kg/h 4,4’-DMBP
(XOM-large). As illustrated in Figure S, after scaling the
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o
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2 1000
b
< 0 -
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3,4'-DMBP / 4,4'-DMBP price ratio

Figure 5. Minimum selling price (MSP) of 4,4-DMBP under
different isomer price ratio (Green square represents the critical
isomer price ratio of 0.438).

capacity up by a factor of 4.6, the MSP for the XOM-large
process reduces by merely $384/kg to $2104/kg. The UD 2.0-
small process, on the other hand, has a more significant cost
rise of $655/kg to $3699/kg. It is noteworthy that the XOM
process in the base case already has a relatively low capital cost
and fixed operating costs, leaving little room to improve
through the expansion of plant scales.

Next, the 4,4’-DMBP minimum selling price of the XOM
process as a function of the isomer price ratio is depicted in
Figure 5. This price ratio also reflects the relative importance
of different DMBP isomers. When the need for 4,4’-DMBP is
urgent, more emphasis should be given to its production,
causing the 3,4’-DMBP to 4,4’-DMBP price ratio to drop. If
the 3,4’-DMBP isomer price is lower than 0.438 of the 4,4’
DMBP price, the UD 2.0 process will outperform the XOM
process.

The effects of other uncertain parameters on the UD 2.0 and
XOM processes’ MSPs are illustrated in Figure 6. For both
processes, the feedstock prices are the biggest contributor to
the overall MSP variations. One vital assumption for the UD
2.0 process is the homogeneous catalyst loss during the
continuous operation. Even if the Palladium acetate catalyst
loss increases by ten folds (from 1 to 10% every 6 months), the
final MSP only increases by $140/t. Moreover, the XOM
process relies heavily on the byproduct revenue for cost
reduction. Thus, a slight fluctuation of the byproduct cost
would trigger noticeable changes in the 4,4’-DMBP’s minimum
selling price.

3.5. Life-Cycle Assessment. Life-cycle assessment has
been widely used for the comprehensive evaluation of different
processes’ environmental impacts, which enables sustainable
decision-making.” Since the mass allocation is performed on
the 3,4'-DMBP byproduct, the underlying assumption is that 1
kg of 3,4’-DMBP will bear the same emission burden as 1 kg of
4,4'-DMBP. Another common method to treat byproducts is
economic allocation, which is based on the total values of the
product streams and is more susceptible to price fluctuation.
The global warming potentials (GWPs) of producing 1 kg
DMBP by both processes are compared in Figure 7.

(a)

UD 2.0

Palladium Acetate Loss (0%:1%:10%)
Ethylene Price (432 : 540 : 648 $/t)
Hydrogen Price (1,256 : 1,570 : 1,884 $/t)
Furfural Price (728 : 910 : 1,092 $/t)
Equipment Cost (60.4 : 75.5 : 90.6 $ MM)

Utility Cost (9.1: 11.4: 13.7 $ MMly)

2500 2700 2900 3100 3300 3500
MSP($/t)
(b) XOM
Catalyst Cost (0.71: 0.88 : 1.06 $ MM/y)
E Byproduct Price (336 : 420 : 504 $/t)
s Toluene Price (500 : 625 : 750 $/t)
[ Equipment Cost (14.1: 17.7 : 21.2 $ MM)
[ Utility Cost (5.15: 6.44 : 7.72 $ MMly)
2000 2200 2400 2600 2800 3000
MSP($/t)

Figure 6. Sensitivity of the MSP of 4,4’-DMBP to feedstock and byproduct price, equipment investment, utility cost, and catalyst loss. Parameters
were varied +20% relative to the base-case design, except for the palladium acetate catalyst loss every 6 months. Blue indicates the high parameter
value, and orange indicates the low parameter value. The solid black line shows the baseline cost.
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Figure 7. Global warming potential (GWP) breakdown of 1 kg
DMBP produced by XOM and UD 2.0 processes.

The life-cycle assessment shows that the GWP associated
with utilities in UD 2.0 (5.99 kg CO, equiv/kg DMBP) is close
to that of the XOM process (5.20 kg CO, equiv/kg DMBP).
Moreover, the utility usage leads to the highest CO, emissions
for both processes, although its contribution to the cost is
modest. This is because steam, electricity, and other heating
sources are supplied primarily from burning fuels. Not
surprisingly, the UD 2.0 process has lower greenhouse gas
emissions than the XOM process, primarily because of its use
of biomass-based furfural feedstock instead of fossil-based
toluene. Furfural is manufactured industrially through the use
of corn cob, an agricultural waste. Thus, carbon dioxide is
stored and converted to organic components during the
biomass growth stage, leading to the negative emission factor
(—1.82 kg CO, equiv/kg DMBP). On the other hand, toluene
is produced from petroleum, which inevitably causes green-
house emissions (3.70 kg CO, equiv/kg DMBP). In addition
to toluene, the XOM process only uses hydrogen gas as its
feedstock. Since the majority of the hydrogen gas produced
from the second-step dehydrogenation reaction was recycled
and fed back to the hydroalkylation reactor, only a minimal
amount of makeup hydrogen stream was needed. It is assumed
that the excess hydrogen gas is supplied by the methane steam
reforming process. Consequently, the XOM process has a
relatively low GWP from the use of other chemicals as
compared to the UD 2.0 process. Overall, 1 kg of DMBP
produced by the UD 2.0 process has a cradle-to-gate GWP of
5.00 kg CO, equiv, only 60.3% of that produced by the XOM
process (8.28 kg CO, equiv).

4. CONCLUSIONS

Two 4,4'-DMBP production routes using different feedstocks
are designed and simulated based on experimental results and
patent information. Then, the economic and environmental
performance of the furfural-based process (UD 1.0 and UD
2.0) is benchmarked against the toluene-based process
(XOM). The cost breakdown provides insight into the path
toward economic viability by optimizing the reaction
conditions, such as shorter reaction times and a more robust
catalyst. The XOM process benefits from small equipment
sizes and cheap toluene feedstock, showing a lower MSP
($2488/t) than the UD 2.0 process ($3044/t) in the base case.
Nevertheless, various byproduct and 3,4-DMBP price
scenarios could still render it less appealing economically
than the UD 2.0 process.

On the other hand, the UD 2.0 process has a higher
regioselectivity towards the most valuable DMBP isomer,
making it a carbon-efficient method to produce and separate
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the valuable 4,4'-DMBP in larger quantities.54 The carbon
efficiency of the furfural-based route is nominally 1 as no other
DMBP positional isomers are formed, although this value may
be slightly lower in reality due to the byproduct formation and
coke accumulation. Consequently, a smaller plant size is
enough to cater to the same demand of 4,4’-DMBP as the
toluene-based process. It is also less sensitive to the market
price fluctuation of isomers that have different applications.
From the process operation point of view, the XOM process
requires heating to as high as 425 °C for the dehydrogenation
reaction and cooling to as low as —18 °C for isomer
crystallization, making the product quality more challenging
to control than the UD process. The furfural feedstock, hexane
solvents, catalysts, and other chemicals in the proposed UD
route are commonly used in the chemical industry with
abundant supply. Reaction conditions have been optimized to
give good conversions and avoid unwanted side reactions.
Although scale-up and careful engineering design remain the
focus of our future work, our analysis has emphasized the need
to reduce solvent usage and reaction time, which is typically
achieved in technology development and scale-up.”™>* These
process improvements will further increase the financial and
operational feasibility of the biomass-based routes. Environ-
mentally, the use of renewable feedstock (furfural) significantly
reduces the greenhouse gas emissions of the 4,4'-DMBP
production, encouraging customers to choose this process with
the increasing awareness of global warming,

Overall, the novel furfural-based 4,4-DMBP process
proposed and optimized in this work has the potential to
produce polyesters with higher quality, lower emission, and
reasonable costs. As indicated by the sensitivity analysis, the
process economics will benefit significantly with decreased
turfural prices or subsidies for decreased CO, emission. Future
research efforts that can further cut the cost include reduced
solvent usage and residence time for extraction and reaction
and a more eflicient recycling method of the homogeneous
Pd(1I) catalyst.
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