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Continuous drop-in-biofuel production from
pretreated sugarcane bagasse in a microwave-
visible irradiated continuous stirred slurry reactor:
reaction kinetics & techno-enviro-economic
sustainability analysest

Sourav Barman and Rajat Chakraborty @ *

This work utilizes an innovative microwave-visible irradiated continuous stirred slurry reactor (MWVIS-
CSSR) for sustainable continuous production of a drop-in biofuel, namely, ethyl levulinate (EL), from
pretreated sugarcane bagasse (PSCB). Besides, a novel realistic kinetic model, considering MWVIS
intensified EL production through parallel non-catalytic and homogeneous—heterogeneous catalytic
pathways in the presence of a magnetic NigsZngsFe,O4 (NZF) photocatalyst in conjunction with an
oxalic acid—choline chloride based acidic deep eutectic solvent (DES2), was also formulated and
validated (R? adj. = 0.95). The 5 liter volume MWVIS-CSSR could render maximum 54.7 mol% EL yield
(selectivity: 97.85%) at a feed flow rate of 35 ml min~* under optimized conditions (temperature: 100 °C,
NZF loading: 6 wt% PSCB, stirring speed: 500 rpm). Remarkably, the synergistic impact of MW and VIS
irradiation substantially elevated the EL yield (54.7 mol%) compared to those of the individual MW
(29.45 mol%) and VIS (20.1 mol%) systems. The optimally produced EL when blended at 5 vol% with B10
and B20 (10% and 20% biodiesel-diesel blends) could enhance the brake thermal efficiency (1-2%)
besides mitigating 21-22% HC and 7.5-20% CO engine exhaust emissions in comparison with reference
blends (B10 and B20). Notably, the reactor scale-up study based on the penetration depth of the MW
and VIS energy of NZF and DES2 showcased the potential to upscale the 5 liter MWVIS-CSSR to a 1 m®
volume, allowing EL production to reach 689 kg h™! with a sugarcane bagasse processing capacity of
2000 kg h™. Moreover, the process simulation conducted in Aspen Plus software, utilizing COSMO-
based property estimation with DFT calculations, alongside the techno-economic analysis, revealed
a robust internal rate of return (IRR) of 54.25% and a net present value (NPV) of 8.22 x 10° US$ with
a payback period of 4.91 years. Additionally, the environmental impact analysis study for the scaled-up
EL production process in the MWVIS-CSSR revealed a reduction of 40—-60% in marine ecotoxicity and
39-61% in human toxicity compared to the separate MW-CSSR and VIS-CSSR systems.

Ethyl levulinate (EL) is a potential oxygenated drop-in biofuel and a versatile platform chemical. Hence, with sustainable production of EL from lignocellulosic
biomass, EL is set to have a promising future as a central platform chemical within the developing biorefinery sector. This work offers an energy-efficient,
sustainable method for continuous EL production using a microwave-visible irradiated slurry reactor with a magnetic Ni, 5Zn, sFe,O, photocatalyst and an
oxalic acid-choline chloride deep-eutectic-solvent. The developed realistic EL production kinetic model in this work could aid in efficient reactor design for
industrial scale-up. Additionally, the study assessed the economic feasibility, environmental impacts of the continuous EL production process, and engine
performance of EL blended fuels, highlighting EL's potential in reducing emissions. This work aligns with UN SDG 7 (affordable and clean energy), SDG 9
(industry, innovation, and infrastructure), and SDG 13 (climate action).

Chemical Engineering Department, Jadavpur University, Kolkata-700032, India.

1 Introduction

In a rapidly developing country like India, rising air pollution
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(GOI) introduced Bharat stage VI emission standards (BS-VI)
norms in 2020 to regulate the vehicle exhaust emissions." In
order to meet such stringent emission regulations, biodiesel
has been blended with commercial diesel to upgrade exhaust
emission quality.”? However, biodiesel also has some shortfalls,
viz. high viscosity and cloud point and low volatility, which have
plagued the use of biodiesel in cold climates.® Ethyl levulinate
(EL), a potential oxygenated drop-in biofuel (oxygen content:
33%) for biodiesel, has recently gained popularity as a cold flow
enhancer.” Unlu et al.® reported that 20 vol% blending of EL
with canola oil biodiesel could significantly enhance the kine-
matic viscosity (3.5 mm? s~ ") and cloud point (—6 °C) properties
of the blended fuel. Besides serving as a cold flow enhancer, EL
serves as a versatile platform chemical for the production of
high-value compounds, including 2-methyltetrahydrofuran, -
valerolactone, valeric esters and more.®® Hence, with sustain-
able production of EL from lignocellulosic biomass, EL is set to
have a promising future as a central platform chemical within
the developing biorefinery sector.

In the literature, various studies investigated the EL
synthesis process from lignocellulosic biomass as well as
cellulose-derived platform chemicals such as glucose, HMF,
furfural and levulinic acid, employing both homogeneous and
heterogeneous catalysts.” Among homogeneous catalysts, acidic
ionic liquids and DESs have been recently employed as prom-
ising homogeneous catalysts for EL synthesis from biomass,
owing to their high thermal stability and non-toxicity compared
to strong mineral acids. For instance, Guan et al. employed
a sulfonated ionic liquid (IL) and managed to attain a 16 wt%
yield of EL from wheat straw within 60 minutes at a temperature
of 200 °C.* On the other hand, Sert et al.** achieved 86.83 mol%
EL yield from levulinic acid by utilizing a choline chloride—p-
toluene sulfonic acid-based DES at 90 °C for the same time
duration. Other work done by Hu et al. achieved 88.82 mol% EL
yield from furfuryl alcohol by utilizing ChCl-5-sulfosalicylic acid
(5-SSA) based acidic DESs at 100 °C and 2 h.*” It's worth noting
that there has been substantial research into the direct
conversion of EL from lignocellulosic biomass using ionic
liquids. However, there currently exists a research gap in the
direct transformation of EL from lignocellulosic biomass or
cellulose using DESs, despite the advantages of DESs over ILs,
including their cost-effectiveness, straightforward preparation,
and reduced toxicity.

In recent decades, researchers have demonstrated that
substituting conventional heating with microwave heating
significantly amplifies reaction rates. For instance, Nguyen et al.
reported that MW heating outperforms conventional heating
methods and demonstrated that, through MW irradiation, it is
possible to achieve 90.38% EL from levulinic acid (LA) within 60
minutes at a temperature of 200 °C under non-catalytic condi-
tions.” Liu et al.** demonstrated that mechanically pretreated
corn stover produced 31.23% EL at 160 °C under MW irradia-
tion (power: 600 watt). Other electromagnetic radiations mainly
UV and visible (VIS) light were also employed to synthesise EL
through photocatalytic esterification of LA. Raut et al. produced
94 mol% EL from levulinic acid employing a carboxylic acid
functionalized IL entangled porphyrin photo-catalyst under 5
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watt LED light at room temperature for 20 h.** Another study
done by Castafieda et al. reported that a fluorine (1%) modified
TiO, photocatalyst successfully converted 100% of LA to EL in
the presence of CCl, solvent in 1 h at 60 °C under UV irradia-
tion.'® It is noteworthy that, so far, no research has been re-
ported on the synthesis of EL from lignocellulosic biomass
using a photocatalyst, primarily due to challenges associated
with the separation of the nano-photocatalyst from the reaction
mixture. Magnetic Ni-Zn-ferrites (NZF) have drawn significant
research attention for their distinctive electric and magnetic
properties, high stability, and lower energy bandgap, rendering
them suitable as magnetically separable visible range photo-
catalysts for various photochemical reactions."”** Work done by
Nimisha et al.*® showed that 88% fluorescein dye degradation
could be achieved employing NZF under solar irradiation in 1 h.

Very recently, our research group demonstrated the syner-
gistic enhancement of reaction rates by combining different
electromagnetic radiations, resulting in energy savings
compared to conventional heating methods.>®** In a study
conducted by our group,” it was found that employing
microwave-xenon irradiation yielded a 60.3 mol% EL yield from
delignified sugarcane bagasse in the presence of a ternary DES
composed of FeCls, citric acid, and choline chloride. Notably,
there has been no reported research on EL synthesis using NZF
photocatalysts and DESs through the effective utilization of
microwave-visible irradiation.

Regarding choosing lignocellulosic biomass for EL produc-
tion, sugarcane bagasse has emerged as a prime candidate
owing to its widespread availability as an agro-industrial
residue, particularly in countries like India, where it accounts
for approximately 23% of global sugarcane production.*
Moreover, its relatively high cellulose and hemicellulose
content makes sugarcane bagasse a favourable feedstock for the
EL production process.

Some works have been reported on continuous flow reactor
systems, viz. fixed bed reactors, pervaporation membrane
reactors, and reactive distillation for synthesis of EL from LA.*
For instance, Unlu et al.** reported that 100% LA conversion had
been realised in 5 h at 70 °C within a pervaporation membrane
reactor using a silicotungstic acid functionalized membrane.
Kong et al.”® used a catalytic fixed-bed reactor filled with cerium-
phosphotungstic acid grafted silica gel pellets for EL synthesis
and reported that 99.0% EL yield was accomplished in 50 h.
Notably, a fixed bed reactor encounters certain key challenges,
viz. non-uniform heat transfer and high pressure drop across
the reactor bed, whereas a membrane reactor has high initial
costs.”® Nevertheless, raw lignocellulosic biomass presents
a notable challenge due to its inherent difficulty in solubiliza-
tion with solvents. In previous studies, researchers addressed
this issue by employing a two-step process where intermediate
levulinic acid was used to generate ethyl levulinate in a contin-
uous reactor. In the context of continuous EL synthesis from
lignocellulosic biomass, a continuous stirred slurry reactor
(CSSR) could stand out in its ability to maintain consistent
mixing and temperature control when dealing with slurry feeds,
outperforming other reactor types. Notably, Bermudez et al.”’
emphasized the necessity of taking into account a significant
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Fig. 1 Sequential steps of the present work.

amount of reaction mass for a precise assessment of the true
energy efficiency of the MW irradiation system. Therefore, in
this study, to attain a thorough comprehension of both the
actual energy performance of the MW-VIS irradiation system
and the sustainability of the process, the EL synthesis process
was conducted in a sizable continuous flow stirred slurry
reactor, following prior batch system experimentation.

Kinetic studies conducted on lignocellulosic biomass to EL
synthesis processes have so far extensively employed simplified
pseudo-homogeneous kinetic models to describe such multi-
phase reactions.”®* For instance, Tao et al®** employed
a simplified pseudo-homogeneous first order kinetic model to
understand the EL synthesis process from cellulose in the
presence of a solid Al,3H,SiW;,0,4, catalyst. However, devel-
opment of a realistic reaction kinetic model for such complex
multiphase reactions is crucial to understanding the reaction
mechanisms and scaling up industrial processes. As far as we
know, no scientific literature is available on the development of
a kinetic model by considering the PSCB to EL conversion
through a parallel homogeneous-heterogeneous reaction
pathway in the presence of an NZF photocatalyst and acidic
DES.

In recent years, a number of studies have examined the
engine performance of EL as a fuel additive in a biodiesel-diesel
blend. For instance, Wang et al. investigated the four-stroke
diesel engine performance of an EL-diesel blend, and re-
ported that smoke emission decreased with increasing EL
content.** Notably, Lei et al.’* optimized the ethyl levulinate—
biodiesel-diesel blends based on the blended fuel's physical
and chemical properties. This research also entailed an analysis
of the performance and exhaust emissions resulting from the
utilization of these optimized blended fuels in a diesel engine.
However, it is noteworthy that there is a gap in the existing
literature as no prior work has been reported regarding the
optimization of EL blending ratios with biodiesel-diesel fuel
blends, with a particular focus on the exhaust emissions and
the associated environmental impacts of these blended fuels.

Computational resources nowadays play a crucial role in the
successful design and assessment of overall process sustain-
ability in biorefineries. This involves a comprehensive analysis
of process economics and associated environmental impacts.

2600 | RSC Sustainability, 2024, 2, 2598-2614

EL synthesis process sustainability
assessment through economic and
environmental impact assessment

Aspen Plus software is extensively employed to seamlessly scale
up laboratory-scale processes to industrial operations, facili-
tating detailed economic evaluations for informed and cost-
effective decision-making.*® Concurrently, in recent years,
environmental impact analysis has become an essential tech-
nique for assessing climate change risks, examining a process's
environmental effects, and scrutinizing energy consumption.
Carfion et al. investigated the overall process sustainability of EL
production from Colombian rice straw, utilizing both Aspen
Plus and OpenLCA software.* In the present work, we have also
made an effort to investigate the overall sustainability of the
continuous EL synthesis process through economic and envi-
ronmental impact analysis employing both Aspen Plus and
OpenLCA software.

So, the primary objective of the current work was to produce
EL synthesis from sugarcane bagasse (SCB) through a sustain-
able and energy efficient protocol. To achieve this, various
acidic DESs were initially prepared, and their efficacy in EL
synthesis was investigated (Fig. 1) in the presence of the NZF
photocatalyst under the photo-thermal effect of MW and VIS
irradiation systems within a batch reactor (MWVIS-BR). Subse-
quently, the batch EL production process parameters were
optimized. Following this, the EL synthesis process was
explored within a continuous stirred slurry reactor system
(MWVIS-CSSR), and continuous EL synthesis kinetic analysis
was performed. The produced EL was blended with biodiesel-
diesel, and its impact on fuel properties, engine performance,
and exhaust emissions was analysed, alongside determining the
optimal EL blending ratio through environmental impact
assessment. Finally, the entire SCB to EL conversion process
was upscaled to handle a processing capacity of 2000 kg h™* of
SCB and simulated using Aspen Plus, followed by a compre-
hensive sustainability assessment involving economic and
environmental impact analyses.

2 Materials and methods
2.1. Materials

Ethanol (99.9%), choline chloride (ChCl, 98%), p-toluene
sulfonic acid (CH3C¢H,4SO3H - H,0), oxalic acid (C,H,0,-2H,0),
malonic acid (CH,(COOH),), citric acid (CeHsO,-H,0),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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phenylpropionic acid (CoH;00,), ethyl levulinate (EL), levulinic
acid, 5-ethoxy methyl furfural (5EMF), ethyl B-o-glucopyrano-
side, ethyl B-p-xylopyranoside, peroxyacetic acid, and NaOH
were purchased from Merck. Ni-Zn-ferrite (NZF) nanoparticles
(Nig.5Zng 5Fe,0y; size <30 nm) were procured from Nanoshel
Limited whereas sugarcane bagasse (SCB) was collected from
Shree Renuka Sugars Limited, Haldia, India.

2.2. Methods

2.2.1. Screening of DESs for efficient EL synthesis. To
assess the efficacy of acidic DESs in the efficient synthesis of EL
from pretreated sugarcane bagasse (PSCB) (the detailed
pretreatment process is given in ESI Section S1t), five acidic
DESs with a broad pH range were synthesized. The DESs were
prepared by combining choline chloride (ChCl) with p-toluene
sulfonic acid, oxalic acid, malonic acid, citric acid, and phe-
nylpropionic acid in a 1:1 molar ratio, as specified in Table 1
and subsequently employed in the EL synthesis process.

The batch EL synthesis process (Fig. 2(a)) was performed in
an MW (frequency: 915 MHz; specific power input: 4 watt per ml
of reaction volume)-VIS (wavelength: 400-700 nm; specific
power input: 4 watt per ml of reaction volume) irradiated stirred
batch reactor (MWVIS-BR) at fixed reaction conditions
(temperature: 100 °C, time: 45 min; stirring speed: 500 rpm) in
the presence of the NZF photocatalyst. In this arrangement, 1 g
of PSCB was reacted with 10 ml of ethanol in the presence of
a fixed amount of the prepared DES and NZF nano-
photocatalyst (5 ml of DES and 4 wt% NZF, proportional to
the PSCB quantity).

2.2.2. Optimization of EL synthesis process in the MWVIS-
BR. After identifying the most effective DES, the optimization of
other process factors associated with the EL synthesis process,
viz. temperature (Qr), stirring speed (Qs), NZF to PSCB ratio
(Qnzrpsce) and synthesis time (£2,) (Table 2), was carried out.
For this object, L-9 Taguchi orthogonal design (L9-TOD) was
employed to design experimental runs at different factorial
combinations, as outlined in Table 3 and a total nine experi-
mental runs were conducted. Notably, the levels of the four
process factors were chosen according to the preliminary results
obtained from the single factorial experimental studies. After
completion of nine experimental runs, the optimum factorial
levels for the EL synthesis process in the MWVIS-BR were
determined through SN ratios (eqn (1)) while considering the
“larger is better” option for EL yield (Qg;) as the response
parameter. The Qg;, (mol%) was calculated according to eqn (2)
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1 <& 1
SN ratio = —10 log| - — 1
(13 on) a

i=1

g of EL produced
g of holocellulose present in x 0.
f holocellul in DSB x 0.8891

x 100%

QEL (mol%) =

(2)

Here, i is the number of replications and n the number of
experimental runs as per L9-TOD. The denominating factor
0.8891 accounts for the mass reduction during conversion of
the repeating units of holocellulose (hemicellulose + cellulose)
present in PSCB to EL.

2.2.3. Product analysis. After completion of the EL
synthesis process from pretreated sugarcane bagasse, the
reaction mixture was separated according to Fig. S1.f After
separation, the EL and by-products were purified using a syringe
filter before the analysis. The analysis of the EL and byproducts
such as ethyl formate (EF), 5-ethoxymethyl furfural (5EMF), 5-
hydroxymethyl furfural (5HMF), and ethyl glycopyranosides
(EDGP) was performed using GC-MS with an HP-5MS column
(0.25 x 30 m?), with helium serving as the carrier gas at a flow
rate of 1.0 ml min~". The samples were injected at a volume of
1 ml with a split ratio of 1: 10, while maintaining the inlet and
source temperatures at 250 °C and 280 °C, respectively.

The other intermediate products (glucose, oligosaccharides)
were analysed using HPLC (Waters high performance carbohy-
drate column: P/N WAT044355: 4.6 mm x 250 mm column with
4 um Nova-Pack@ spherical silica bonded with trifunctional
amino propyl silane; Waters 410 refractive index (RI) detector).
Acetonitrile and water (75:25 (V/V)) with a flow rate of 1.4
ml min ! were used as a mobile phase.

2.2.4. EL synthesis in MWVIS-CSSR. After the optimization
study in the MWVIS-BR, the performance of a large MWVIS
assisted continuous-stirred slurry reactor, ie. MWVIS-CSSR
(reactor diameter: 15 cm; reactors height: 30 cm; with a total
working volume of 5 L), in the EL synthesis process was inves-
tigated to assess the intensification effects of MW and VIS
energy in the presence of large reaction volume. The decision to
use a CSSR or over a plug flow reactor was driven by the aim to
achieve a homogeneous slurry, a characteristic challenging to
attain in plug flow systems due to superior reactant mixing and
uniform reaction conditions. As shown in Fig. 2(b), PSCB and
NZF were first fed to a mixing tank through a screw feeder,
where they were mixed with the DES. The resultant mixed slurry
was then fed to the MWVIS-CSSR through a diaphragm pump

Table 1 Components, freezing point, and pH of different prepared acidic deep eutectic solvents

Abbreviation DES Freezing temperature (°C) pH (at 25 °C)
DES1 Choline chloride : p-toluene sulfonic acid 12 —1.45
DES2 Choline chloride : oxalic acid 34 —0.97
DES3 Choline chloride : malonic acid 10 —0.16
DES4 Choline chloride : citric acid 69 0.15
DES5 Choline chloride : phenylpropionic acid 20 1.12

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Independent process factors and their levels for L9-TOD
Factors Name Units —1level 0 level 1 level
Qp Reaction temperature °C 80 90 100
Qg Stirring speed rpm 400 500 600
Qnzepsce NZF to PSCB ratio (Wt%) 2 4 6
Q¢ Synthesis time min 30 45 60

Table 3 L9-TOD for one pot EL synthesis from PSCB

Qr Q Onzrrpsce Qs Qgy,

(°C)  (min)  (Wt%) (rpm)  (mol%)  SD SN ratio
80 30 2 400 20.50 +0.50 26.23
80 45 4 500 29.50 +0.15 29.39
80 60 6 600 27.50 +0.05 28.78
90 30 4 600 31.75 +0.50 30.03
90 45 6 400 44.10 +0.30 32.88
90 60 2 500 36.40 +0.10 31.22
100 30 6 500 47.10 +0.20 33.46
100 45 2 600 39.75 +0.30 31.98
100 60 4 400 50.20 +0.25 34.01

along with ethanol. The slurry diaphragm pump flow rates were
controlled using the VFD controller and to monitor the reactor's
temperature, three temperature probes were installed at various
radial positions of the reactor. The reaction mixture was
agitated with a turbine type mechanical impeller (Fig. 2(b)) at
500 rpm and the product was collected under steady state
conditions after carefully monitoring the MW and VIS energy
system at a controlled reactor temperature (100 °C). The reactor
outlet was connected to a magnetic separator, where the NZF
photocatalyst was separated. Subsequently, the residual slurry
was connected to a three-fold vacuum separator unit to separate
the humin. Finally, the unreacted ethanol and ethyl formate
(EF) were separated through a vacuum evaporator and the
product EL and DES were isolated through solvent extraction

2602 | RSC Sustainability, 2024, 2, 2598-2614

(a) Batch EL synthesis in the MWVIS-BR; (b) continuous EL synthesis process in the MWVIS-CSSR.

and purification. Lastly, the recovered ethanol and DES were
reintroduced into the reactor.

2.2.5. Plausible reaction mechanism and kinetic model
formation. The plausible reaction pathways for the synthesis of
EL from PSCB under optimal reaction conditions are shown in
Scheme 1. The PSCB to EL conversion reaction initiated with the
hydrolysis step where PSCB depolymerized to release hexose
(glucose and mannose monomers) and pentose (mainly the
xylose monomer) with the aid of hydrogen bond donor-acceptor
complexes of the acidic DES and Lewis acidic sites of the NZF
photocatalyst. Afterwards, 5SEMF was formed from hexose and
pentose (not shown in Scheme 1), which may follow two
possible routes. In route-1, glucose and mannose were first
alcoholised, yielding EDGP, which was then dehydrated to
generate 5EMF. In route-2, glucose and mannose were first
isomerized to produce fructose, followed by dehydration to
produce 5HMF and subsequently, the 5SHMF was alcoholised to
yield 5EMF. Finally, the produced 5EMF further alcoholised and
produced EL and ethyl formate (EF).

During an experimental kinetic study of the continuous EL
synthesis process, EDGP, 5SEMF, EL, and EF were identified as
the main generated products (Fig. 9). Additionally, glucose and
5HMEF were detected in trace amounts in the product mix. Based
on the above results, it was assumed that formation of EDGP
from glucose or mannose takes place rapidly and the overall

oH Houzc o OH OH o
S Glucose HO‘ \/ CH,0H Dehydraﬂon\xf7
% wo e KO shme
HO.-- PR ‘-q,ﬁ OH Fructose
/ &7 o
HO OoH 2 NN 0N
Hydrolysis * Condensati . i
PSCB HO N . Humin °
3 +
ol £ g% :
Ho (} (\ M 0 E . C e w Ao~
wd “on oy, oH 5 2P Ethyl Formate
Mannose Ho_ L o 3H,0 O
S 0./ 2=, TN
HOT ™ penvdration \WAA
SEMF

Scheme 1 Possible reaction pathway for EL synthesis from PSCB
(green colour represents route-1 and red colour represents route-2).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Simplified reaction scheme of EL synthesis from PSCB.

reaction pathway primarily follows route-1.>> Moreover, forma-
tion of humin was also observed under optimized process
conditions. Thus, the continuous PSCB to EL conversion
process employing NZF and DES2 was simplified as Fig. 3.

Notably, during experimental investigation, it was observed
that under non-catalytic conditions (without NZF and DES),
PSCB underwent partial conversion to EDGP in the MWVIS-
CSSR. Furthermore, in the presence of both the homogeneous
acidic DES and heterogeneous NZF photocatalyst, PSCB was
observed to convert to EL through parallel pathways, including
both homogeneous and heterogeneous processes. Conse-
quently, the overall rate of PSCB conversion (—rpscg) was
formulated by combining the non-catalytic (—ryc), homoge-
neous catalytic (—ry;) and heterogeneous catalytic (—7we)
conversion rate of PSCB. Notably, in formulating the rates for
non-catalytic and homogeneous catalytic conversion, a pseudo-
homogeneous irreversible first-order kinetic model was
assumed, while for heterogeneous catalytic conversion of PSCB,
the Eley-Rideal heterogeneous kinetic model was applied. In
formulating the Eley-Rideal heterogeneous kinetic model, it
was assumed that only ethanol was adsorbed on the NZF pho-
tocatalyst's surface, as PSCB's larger size (size range: —240 to
+300 mesh; average size: 58 um) prevented it from entering the
pores of NZF (average surface pore size of the NZF: 48 nm, from
Brunauer-Emmett-Teller (BET) analysis) and the surface reac-
tion was the rate controlling step.

—rpsce = —[rne + ran + pnzEFHU] 3)
Or,
kena Ce
—psce = ke Cpscs + ki Cescs +
pscB = e Crscs + Kn Crscs + Przr {3 e o
(4)

Accordingly, the formation rates of EDGP (eqn (5)), 5SEMF
(eqn (6)), EL (eqn (7)) and humin (eqn (8)) were also formulated
by considering a homogeneous pseudo first order kinetic model
and heterogeneous Eley-Rideal kinetic model. Notably, the
product yields were calculated based on the holocellulose
present in the PSCB.

repcp = kne Cesce + kui Cpscs — k2 Cepcp — kus Cepap
Fer Ce
1 + K1 Cg + Kpi Cepcp
_ ko Cepcp 5)
1 + Ka2Cepcp + Kp2 Csemr

+ PnzF
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rsemr = Ku2 Cepgp — Kra Csemr

4p kno Cepep B kne Csemr
N1+ KaaCepcp + Koo Csemr 1+ Ka3 Csemr + K3 Cer
(6)
kui Csemp
reL = kpa C —+ 7
L HATSEME T INzE 1 4 Ka3Cspmr + Kp3 CeL @)
T'Humin = Ka3CEDGP (8)

Here Cpscp represents the concentration (mol L") of hol-
ocellulose in PSCB, whereas Cg, Cxpgpy Csemrs Cery Crumin and
Cr1, denote the concentration of ethanol, EDGP, 5EMF, EF,
humin and EL, respectively. The NZF photocatalyst bulk density
was denoted by pnzr (g L™'). The non-catalytic rate constant
(min~") was represented by kyc whereas the homogeneous
catalytic rate constants (min~') for PSCB, EDGP, and 5EMF
conversion processes were denoted by ki, ki, and ky,. The
heterogeneous catalytic rate constants (g of NZF per min) for
PSCB, EDGP and 5EMF conversion processes were denoted by
Keie1, Ko, and kyes. The adsorption equilibrium constants are
represented by Ka1, Kas, and K3 and the desorption equilibrium
constants are denoted by K, Kp,, and Kpj respectively.

Finally, the observed rate of conversion or formation of each
species was determined employing the CSSR design equation
(eqn (9)) and the kinetic parameters of the formulated kinetic
model equations (eqn (4)-(8)) at different temperatures were
evaluated.

— 0S|urry(ci - CiO)
Vessr

i (9)
Here, Vcssr denotes the volume of the CSSR and gy, repre-
sents the volumetric slurry flowrate. C; and C;, represent the
final and initial concentrations of the ith species, respectively.
The activation energies of different reaction steps were calcu-
lated according to the Arrhenius equation.

(5
kl' = Am'e K

Here T represents the reaction temperatures while E; (k] mol )
and A,; are the activation energy and pre-exponential factor
respectively. R is the wuniversal gas constant (8.31 X
107 kJ] mol ' K™'). The kinetic parameters were estimated by
fitting experimental kinetic data using the fminsearch algo-
rithm in the MATLAB R2014a software.

2.2.6. EL-biodiesel-diesel blending and engine perfor-
mance of blended fuels. The continuously generated EL was
isolated, purified, and then blended with B10 (90 vol% diesel
and 10 vol% biodiesel) and B20 (80 vol% diesel and 20 vol%
biodiesel) at concentrations of 5% and 10%. Afterwards, the
characteristics of the synthesized EL and the resulting blended
fuels (EL5B10, EL10B10, EL5B20, EL10B20) were examined
(Table S27). From Table S2,T it was observed that the EL blended
fuels (EL5B10, EL10B10, EL5B20, EL10B20) showed enhanced
characteristics, with a 3-6 °C higher flash point and a 1-3 °C

(10)
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Table 4 Price of the individual feed, utility, product and byproduct streams

Stream Stream type Price (USS$ per kg) References
SCB Feed stream 0.024 33
Ethanol Feed stream 0.903 34

NaOH Feed stream 0.212 065

Peroxy-acetic acid Feed stream 0.344 505

ChCl Feed stream 0.77

Oxalic acid Feed stream 0.56

Electricity Utility stream 0.19 (US$ per kwh) 34
Cooling water Utility stream 0.001 318 34
Medium pressure Utility stream 0.008 627 34

steam

EL Product stream 3 34

EF Byproduct stream 2.16

Lignin Byproduct stream 0.5 38

Sodium acetate Byproduct stream 0.545 39

Humin Waste stream —0.04 40

lower cloud point compared to B10 and B20. After property
measurement, a four-stroke diesel engine (553 cc cylinder and
3.7 kW power output) was employed to assess the performance
of the blended fuels and the exhaust emissions at engine speed
ranging from 1000 to 1500 rpm were examined using an exhaust
gas analyser with measurement capabilities for CO (0-15%), HC
(0-20 000 ppm), CO, (0-20%), and NO,, (0-5000 ppm).

2.2.7. EL synthesis process sustainability analysis. To
assess the overall sustainability of the EL synthesis process from
sugarcane bagasse (SCB) under MWVIS, both techno-economic
and environmental impact analyses were conducted and
compared with individual irradiation systems. Cafion et al.®*
recently investigated the techno-economic analysis of EL
production from Colombian rice straw at a processing capacity
of 2000 kg h™". Thus, for techno-economic analysis of the SCB
to EL conversion process, as outlined in the current study,
processing capacity was upscaled to 2000 kg h™! and simulated
in Aspen Plus software. Following the techno-economic
assessment, the environmental impacts associated with the
upscaled process were examined using OpenLCA software.

2.2.7.1. Process scale-up and economic analysis. For techno-
economic analysis, the SCB to EL conversion process was sub-
divided into four sections and modelled as four hierarchy
blocks, viz. SCB PRETREATMENT, DES PREPARATION, EL
PRODUCTION and PRODUCT PURIFICATION, using Aspen
Plus software. During simulation of the SCB PRETREATMENT
hierarchy block, the SCB, containing 10% moisture, was
modelled as cellulose, hemicellulose and lignin content
according to Table S1.1 Additionally, information of the missing
properties such as solid molar volume, solid heat capacity of
cellulose, humin (insoluble solid) and lignin was collected from
the ASPEN PLUS INHSPCD (NREL Biofuels) databank.?®
Notably, the screw feeder setup utilised in the current study was
modelled as a pneumatic feeder during Aspen Plus simulation,
where air was used to convey the solid PSCB-NZF mixture
(Fig. S51). In the simulation of the EL PRODUCTION hierarchy
block, the MWVIS-CSSR was modelled as a custom CSTR with
the help of ASPEN CUSTOM MODELER, where the estimated

2604 | RSC Sustainability, 2024, 2, 2598-2614

kinetic parameters of the EL synthesis process were used to
simulate the PSCB to EL conversion process.

A Non-Random Two-Liquid with Redlich-Kwon (NRTL-RK)
model was considered as the primary thermodynamic package
for phase equilibrium and thermodynamic calculations.
However, in order to successfully simulate the PRODUCT
PURIFICATION block in Aspen Plus, we chose to utilize the
COSMO-SAC property model for estimating activity coefficients,
due to the absence of binary interaction parameters for DES2
with other components in the simulation. The COSMO data
(sigma (o) profile) for individual components (Fig. S2t) were
determined through density functional theory (DFT) calcula-
tions carried out in the DMOL3 module of the Material Studio
software.*”

After successfully simulating the EL conversion process,
economic analysis of the plant was conducted using the Aspen
Plus Economic Analyzer, considering a 20 year plant life and
a one-year construction period. Table 4 displays the prices of the
individual feed stream, utility stream, waste stream, product,
and byproduct stream. The price of NaOH (https://
www.echemi.com/), peroxy-acetic acid (https://
www.echemi.com/), oxalic acid (https://www.chemanalyst.com/
HYPERLINK  "http://www.chemanalyst.com” \o  "http://
www.chemanalyst.com"www.chemanalyst.com), and EF
(https://www.indiamart.com/) was obtained from various
sources. Notably, the equipment cost of the MWVIS-CSSR was
determined by combining the cost of a closed agitated tank
with a similar capacity and the additional cost for MW and
VIS generator units. The average reported cost of 100 kW
microwave generators typically varies between 75000 and 100
000 US$ depending on various design parameters.*' Therefore,
in the MWVIS-CSSR equipment cost calculation, a cost of
1000 US$ per kW for a 915 MHz MW generator was
considered. Similarly, the equipment cost calculation for the
MWVIS-CSSR included a pricing of 1000 US$ per kW for the
VIS source.*?

2.2.7.2. Environmental impact assessment. After economic
analysis, the environmental impacts associated with the EL

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 System boundary for LCA analysis of the SCB to EL conversion
process and EL blended fuels.

synthesis process were analysed using OpenLCA 1.9 software.
Additionally, the environmental impacts related to specific
irradiation systems were scrutinized to comprehend the influ-
ence of energy consumption in both MW and VIS irradiation
systems on the overall environmental footprint. To explore
these impacts, a gate-to-gate life cycle assessment (LCA)
approach was utilized, where the system boundary (Fig. 4; 1st
system boundary) encompasses the transport of raw materials,
the pretreatment of waste SCB, the preparation of a DES, and
the synthesis and purification process of EL. In the context of
transportation, it was assumed that the transportation of all raw
materials would cover a distance of 100 kilometres using a 16
metric ton truck equipped with a EURO VI engine. Additionally,
the waste humin generated in the EL synthesis process was
considered to be managed through hazardous waste treatment,
specifically underground deposition. It is noteworthy that all
electric energy employed in the operation was considered to
dissipate into the atmosphere as waste heat.*’ Moreover, to
identify the optimum EL blending ratio in B10 and B20, envi-
ronmental impact analysis for each blend was also performed
employing the engine exhaust emission data though the gate to
grave approach (Fig. 4; 2nd system boundary).

The life cycle inventory (LCI) database was prepared based
on the Aspen Plus simulated data of the upscaled EL synthesis
process. “ReCiPe Midpoint (H)” life cycle analysis method-
ology** with Ecoinvent database 3.5 was used to assess and
evaluate the potential environmental impact indicators associ-
ated with the EL synthesis process. During LCA analysis, phys-
ical allocation was considered for the multioutput processes
and LCA results were normalized based on “World ReCiPe H”
normalization and a weighting factor.

3 Results and discussion
3.1. Screening of DESs in the MWVIS-BR

In Fig. 5(a), it is evident that the oxalic acid-based DES (DES2)
exhibited the highest EL yield from PSCB in the presence of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) EL yield in the prepared DES (reaction conditions: Q1: 100 °

C; Qnzrpsca: 4 Wt%; Q¢ 45 min; Qs: 500 rpm). (b) TGA analyses of the
DES; (c) density and (d) viscosity of the DES.

NZF photo-catalyst, despite its higher pH value compared to
DES1. Interestingly, in the absence of the NZF photo-catalyst,
DES1, with the lowest pH value, achieved the highest EL yield
(31.0 mol%) compared to the other prepared DESs under the
same reaction conditions. This discrepancy was attributed to
the partial solubility of the NZF catalyst in DES1 at 100 °C,
leading to its ineffective performance under VIS irradiation.
Notably, the NZF photocatalyst was completely insoluble in
DES2 and retained its magnetic properties, allowing easy
separation from the reaction mixture and reuse for up to eight
cycles without compromising EL yield. Additionally, TGA anal-
ysis (Fig. 5(b)) revealed that DES2 was thermally stable at the
reaction temperature and it also has low viscosity (Fig. 5(c)) and
density (Fig. 5(d)) at the reaction temperature, which facilitates
the reaction. Thus, considering the experimental findings and
the physical properties of the DESs (characterization details of
DESs are given in ESI Section S37), it could be concluded that
DES2 is the most efficient medium for synthesizing EL from
PSCB in the presence of the NZF photo-catalyst. As a result, for
subsequent investigations, the EL synthesis process was con-
ducted using DES2 as the chosen medium.

3.2. Optimization of the EL synthesis process in the MWVIS-
BR

Analysis of variance (ANOVA) for the EL synthesis process in the
MWVIS-BR indicated that the Q1 and Quzppsce Were the most
statistically significant factors (p-value < 0.05) (Table 5). The
normal probability plot of residuals and the model fit summary

Table 5 Analysis of variance (ANOVA)

Source DF Adj. SS Adj. MS F-value P-value
Regression 4 749.93 187.484 28.10 0.003
Qr 1 591.03 591.034 88.58 0.001
Q¢ 1 36.26 36.260 5.43 0.080
Qnzrpscn 1 81.03 81.034 12.14 0.025
Qg 1 41.61 41.607 6.24 0.067
Error 4 26.69 6.672

Total 8 776.62

RSC Sustainability, 2024, 2, 2598-2614 | 2605
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Table 6 S/N ratio of the EL synthesis process

Level Qr Q¢ OnzFpsce Qs

1 28.14 29.91 29.81 31.05
2 31.38 31.42% 31.15 31.36%*
3 33.15%* 31.34 31.71% 30.27
Delta 5.01 1.51 1.90 1.09
Rank 1 3 2 4

along with correlation between process factors and Qg is
shown in Fig. S3.f Notably, Table 6 reveals that the process
factors with higher 4 values showed a stronger influence on the
response factor (Qgp). Accordingly, the order in which the
relative significance of the process factors on the response (Qg;)
could be arranged is: Qr > Qnzppsce > Q¢ > Qs. Moreover, the
highest S/N ratio value for each process factor is denoted by an
asterisk (Table 6), which showed that the optimized process
factors were 100 °C (2y), 6 Wt% (2nzg/pscs), 45 min (Q,), and
500 rpm (Qg), which provided a maximum experimental
54.50 mol% EL yield (selectivity: 97.85%) in the MWVIS-BR in
the presence of DES2 medium.

3.3. Individual parametric effects on the EL synthesis
process in the MWVIS-BR

After optimization, the individual impact of process factors on
the EL synthesis process under optimized conditions was
investigated. The analysis of the effect of reaction temperature
on EL yield, as depicted in Fig. 6(a), indicated that beyond
areaction temperature of 100 °C, the EL yield began to decrease,
possibly due to the formation of humin from EDGP at higher
temperatures. Furthermore, the EL yield monotonically
increased with increasing stirring speed up to 500 rpm
(Fig. 6(b)) where mass transfer resistance was negligible which
was confirmed through external and internal mass transfer
calculations employing the Mears criterion and Weisz—Prater

60, (a) 60 (b)
504 545 50
£ 09 |8, 470 M3 sz
E 416 E i
- 30 ° S
= 328 i
2 20f 2 50 | B3
] o |
w w
10 10
Y80 90 100 110 0300 400 500 600
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60, (c) 60 (d)
__ 501 545 55.3 50 54.5
= 9 50
= 46.75 = 46.3
S 404 S 40
E £ 405
2 301 3%
> >
o 207 o 20
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v 2 4 6 8 = 5 10 15 20
NZF to PSCB ratio (wt. %) Ethanol to PSCB ratio (wt./wt.)

Fig. 6 Effect of (a) temperature and (b) stirring speed on EL yield, (c)
NZF to PSCB ratio and (d) ethanol to PSCB ratio on EL yield in the
MWVIS-BR.
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criterion respectively.*> However, the EL yield started to
decrease due to the vortex formation when the stirring speed
was extended beyond the optimal level. The effect of batch
reaction time on EL yield is shown in Fig. S4.f

The impact of the NZF to PSCB ratio (2nzrpscs) on EL yield,
depicted in Fig. 6(c), revealed that there was a marginal increase
in EL yield beyond the optimal Qnzgpsce value of 6 wt%. A
similar trend was also observed when the DES2 to PSCB ratio
was increased beyond 5 wt/wt. On the other hand, the optimum
ethanol loading per gram of PSCB was found to be 10 ml;
beyond that point, the EL yield started to decrease (as depicted
in Fig. 6(d)). This decrease in yield can be attributed to the
higher ethanol loading, which results in a reduction of acid
concentration within the reaction medium and a decrease in
the absorption capacity of MW.

3.4. MWVIS-CSSR performance study in the EL synthesis
process

The performance of the 5 L MWVIS-CSSR was examined in the
EL synthesis process at various feed flow rates while maintain-
ing the otherwise optimized batch process conditions, viz. 100 °©
C (21), 6 wt% (2nzr/pscr), and 500 rpm (Qs). Fig. 7(a) shows that
under steady state conditions, a similar EL yield to that in the
MWVIS-BR (54.50 mol%) could be achieved in the MWVIS-CSSR
at a slurry feed flowrate of 35 ml min~" (space time: 142 min).
Notably, further decreasing the feed flow rate didn't increase
the EL yield much (2.7% EL yield increment). The reusability
study of the DES2 medium was conducted using a fresh NZF
photocatalyst in the MWVIS-CSSR which revealed that the oxalic
acid—choline chloride-based DES medium could be easily
reused up to 5 times without compromising the EL yield
(Fig. 7(b)). Importantly, no decrease in the efficacy of the NZF
photocatalyst up to eight cycles, as measured by EL yield, was
observed throughout the NZF reusability study.

Interestingly, to facilitate comparison, experimental runs for
EL production from SCB and cellulose were conducted at a feed
flow rate of 35 ml min~'. Notably, EL yield from cellulose was
43 mol%, while EL from SCB reached 58.60 mol%. However,
despite the higher EL yield from SCB compared to PSCB,
separating EL and recycling the DES2 from the product mixture
after the reaction proved to be challenging.

The impact of individual and combined MW and VIS energy
systems on EL yield in the large MWVIS-CSSR was also explored
and illustrated in Fig. 8(a). This inquiry revealed a synergistic
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Fig. 7 (a) Effect of feed flow rate on EL yield. (b) DES2 reusability study
in the MWVIS-CSSR.
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effect in the combined MW and VIS irradiation system, signif-
icantly enhancing EL yield (54.7 mol%) compared to individual
MW (29.45 mol%) and VIS (20.1 mol%) irradiation systems. The
synergistic effect of MW-induced heating, driven by dipolar
rotation and the ionic conduction mechanism in the presence
of DES2,* coupled with the absorption of VIS energy by the NZF
photocatalyst, modifies the internal energy of the reacting
molecules and decreases the activation energy,” enabling
higher EL yield in the presence of the MWVIS system.

Notably, the specific energy consumption for achieving
54.7 mol% EL yield with combined MW (0.05 kW h L") and VIS
(0.02 kW h L") energy (Fig. 8(b)) in the large 5 L CSSR (total
specific energy consumption: 0.07 kW h L") was substantially
lower than in the smaller 15 ml batch reactor system (6 kW h
LY. This observation is in line with Bermudez et al.'s*” find-
ings, showing that raising the sample weight from 5 to 100 g
leads to a significant 90-95% reduction in the MW specific
energy consumption for sample heating, while beyond 200 g,
the specific energy consumption of MW energy remains rela-
tively constant.
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3.5. Kinetics parameters evaluation for the EL synthesis
process in the MWVIS-CSSR

The PSCB to EL continuous conversion kinetic data (Fig. 9)
obtained from the MWVIS-CSSR at different reaction tempera-
tures under otherwise optimal reaction conditions were fitted in
the formulated kinetic models employing MATLAB R2014a.
Notably, the formulated kinetic models exhibit remarkable
agreement with experimental data, showcasing high R adj.
(=0.95) and low RMSE values (<5.15 x 10~’) (Table 7).
Accordingly, the kinetic rate constants for different reaction
steps involved in the PSCB to EL synthesis process were evalu-
ated and tabulated in Table 7. Analysis of Table 7 revealed that
the rate of the conversion reaction from PSCB to EDGP was
significantly slower in the heterogeneous catalytic route (2.0 x
10~* g of NZF per min) compared to the homogeneous coun-
terpart (0.0428 min~'). However, the heterogeneous catalyst,
NZF, demonstrated significant advancements in enhancing the
rate of the EDGP to 5EMF and 5EMF to EL conversion steps
(Table 7), aligning closely with the performance of the homo-
geneous counterpart, i.e. DES2. Besides, the evaluated activa-
tion energies (E) and pre-exponential factors (4,) (Table 8)
suggested that the conversion reaction from EDGP to humin
exhibits the highest activation energy (96.467 k] mol~') among
all the reaction steps involved in the PSCB to EL synthesis
process, suggesting the NZF photocatalyst and DES2 could
effectively inhibit humin generation.

3.6. Techno-economic analysis of the SCB to EL conversion
process

Fig. 10 depicted a successful simulation of the SCB to EL
conversion process, showcasing four hierarchical blocks (DES
PREPARATION, SCB PRETREATMENT, EL PRODUCTION, and
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Table 7 Estimated kinetic parameters of PSCB to EL conversion reaction steps

Rate constants
Temperature
(K) kNC kHl kHZ kH% kH4 kHtl kHtZ kHtS R2 Radj2 RMSE
373 0.0013 0.0428 0.0128 0.0152 0.035 2.0 x 107* 0.0037 0.0028 0.96 0.95 5.15 x 107~
363 0.0008 0.0306 0.0116 0.0122 0.014 1.0 x 10°* 0.0025 0.0023 0.99 0.99 5.77 x 1077
353 0.0004 0.0205 0.0075 0.007 0.006 4.44 x 107° 0.0020 0.0017 0.98 0.97 5.64 x 1077

Table 8 Estimated activation energy and pre-exponential factors of PSCB to EL conversion reaction steps

Non-catalytic reaction pathway

Homogeneous catalytic
reaction pathway

Heterogeneous catalytic
reaction pathway

Reaction step E (k] mol™") A, E (k] mol™") A, E (k] mol™") Ao

PSCB to EDGP conversion 64.601 1.49 x 10° 40.167 18196.78 91.520 1.53 x 10°
EDGP to 5EMF conversion 29.161 160.20 33.185 161.41
5EMF to EL conversion 42.440 14 071.40 26.590 15.26
EDGP to humin conversion 96.467 1.11 x 10

PRODUCT PURIFICATION) along with corresponding feed and
product flow rates. The SCB PRETREATMENT hierarchical
block was simulated with a processing capacity of 2000 kg h™"
of SCB, resulting in the production of 378 kg h™" of lignin, 4314
kg h™* of sodium acetate, and 1423 kg h™* of PSCB. Notably, the
RSTOIC model was used to simulate the pretreatment and
neutralization reactor. A detailed process flow-diagram of the
simulated SCB PRETREATMENT is shown in Fig. S6.1

Within the EL PRODUCTION hierarchy block (Fig. 11), the
MWVIS-CSSR was simulated as a single CSTR (reactor volume:
72 m>, space time: 142 min), enabling the processing of 30 812
kg h™" of the reaction mixture. Following the completion of the
reaction, the NZF magnetic photocatalyst was separated using
a magnetic separator. Subsequently, humin was isolated
through filtration, and the remaining liquid product mixture
was directed to the PRODUCT PURIFICATION hierarchy block.
Notably, during the humin separation process, it was assumed
that 1% of the total utilized DES2 was lost.

Although the MWVIS-CSSR was simulated as a single reactor
(72 m* volume), upscaling to such large volume poses chal-
lenges. One of the key challenges associated with large MW or
photo-reactors is uneven distribution of electromagnetic energy
due to their short penetration depth in the reactor medium. In
this context, a well-executed reactor design typically involved
the consideration of the penetration depth of MW within the
reaction medium, in conjunction with other conventional
design factors. Goyal et al*® reported the significance of
considering the microwave penetration depth when the reac-
tor's maximum diameter exceeds four times that depth, in order
to achieve consistent and uniform microwave heating. Based on
complex permittivity [¢(iw) = ¢(w) — ie(w)'] (Fig. 12(a)) and the
calculated penetration depth from eqn (1) (0.246 m) of DES2-
ethanol medium at 915 MHz MW frequency, it can be observed
that the 5 liter MWVIS-CSSR can be easily scaled up to 1 m?
volume (by increasing the reactor height and diameter by 6
times, while maintaining the same height-to-diameter ratio as
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in the MWVIS-CSSR). Conversely, in terms of scaling up the
CSSR with respect to VIS penetration depth poses no challenges,
as the size of the Ni, 5Zn, sFe,0, photocatalyst is smaller (<30
nm) than the VIS penetration depth (Fig. 12(b)) and the reaction
medium exhibits transparency to VIS irradiation. Notably,
various companies have already designed and implemented
industrial-scale MW intensified CSSR (https://
www.nanomagtech.com/) and photo-CSSR (https://
www.ekato.com/) systems for different reaction applications;
however, no previous company reported or designed
a combined MW and VIS irradiated large-scale CSSR system.
Thus, based on the MW and VIS energy penetration depths in
our reaction medium and insights drawn from analogous large-
scale industrial reactor designs, it would be practical to employ
72 CSSRs with a 1 m? reactor volume each, connected in parallel
instead of using a single 72 m® single CSSR. This approach will
not only guarantee consistent MW heating and VIS absorption
by the reaction medium but also reduce the issue of uneven
residence time distribution, which is a concern when using
a large single CSSR.

Fig. 13 illustrates the simulated PRODUCT PURIFICATION
hierarchical block, involving crucial unit operations such as
distillation, extractions, and evaporation for the efficient sepa-
ration of EL, DES2, ethanol, and EF. The hierarchical block
commenced with distillation column 1, accomplishing
complete separation of EF and a partial separation of ethanol
from the product mixture. Subsequently, the remaining product
mixture was sent to distillation column 2, where complete
separation of ethanol was achieved. An extractor was then used
to separate DES2 from the bottom product of distillate 2,
employing toluene as the extracting solvent. Finally, EL (purity
>999%) was separated from the extraction solvent by evaporating
and recycling the toluene. Notably, in the purification process,
DES2 served as an entrainer* in distillation column 3, facili-
tating the separation of ethanol from the EF-ethanol mixture
that was initially obtained as a distillate from distillation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Simulated process flow diagram of the SCB to EL conversion process.

column 1. Subsequently, EF was completely isolated from DES2
through evaporation, resulting in the collection of 99% pure EF,
while DES2 was recycled back into distillation column 3.

In Fig. 14(a), the depicted data illustrated the overall capital
expenses (CAPEX) and annual operating expenses (OPEX)
associated with the simulated conversion process from SCB to
EL, conducted at a processing capacity of 2000 SCB per hour.
Analysis of Fig. 14(a) revealed that raw material costs consti-
tuted the predominant share of the total annual OPEX,
comprising 45%, with utility costs following closely at 34%. On
the other hand, Fig. 14(b) highlighted that the major equipment
contributing to the total equipment costs includes the reactors
(50%), followed by the distillation column (26%) and heat
exchanger (16%). Notably, within the total reactor cost (cost of
the pretreatment reactor, neutralizer and MWVIS-CSSR), the
MWVIS-CSSR alone accounted for a total cost of 2.89 x 10° USS,
representing 67% of the total reactor cost. Despite the higher

Reactor Inlet (IN)

MWVIS-CSSR

EL PRODUCTION Q
7__{MASS FLOW RATE (Kg/h) =

cost of the MWVIS-CSSR, the annual electricity consumption
cost of the MWVIS system represents only 11% of the total
annual utility cost, amounting to a total of 4.92 x 10° US$. The
number of magnetrons used in a reactor significantly impacts
its operational cost due to their low efficiency in converting
electrical energy to microwave power.*® Conversely, the power
rating of the magnetrons influences the purchase cost of the
reactor, as higher power ratings typically lead to lower purchase
costs.”* Therefore, it is important to optimize the employed
magnetron system in order to enhance the energy savings. The
cost of the MWVIS-CSSR can also be reduced by employing
cutting-edge solid-state microwave generators which offers
substantial cost benefits over traditional magnetrons by
improving efficiency and reducing maintenance and opera-
tional expenses.*

Upon commencement of operations, the simulated process
reveals an annual product sale of 3.96 x 10’ US$, with 1.74 x

Product Mixture (OUT)

Humin: 852 kg/h
DES2: 100 kg/h

(LNO) uiuny

Fig. 11 Simulated process flow diagram of the EL PRODUCTION hierarchy block.

© 2024 The Author(s). Published by the Royal Society of Chemistry

RSC Sustainability, 2024, 2, 2598-2614 | 2609


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00250d

Open Access Article. Published on 16 July 2024. Downloaded on 12/6/2025 6:20:30 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Sustainability

»
o

For DES2-Ethanol solution (1:2)

(@)

60 -
= - 2
gSOr—0 3
ENgp{ @ 815
5. §
Q330 A 2
33 2!
g‘ I 20 - 2
S
%10 4 s(w)” 0.5
0 T T T T T " 0
0 1 2 3 4 5 6

Frequency (GHz)

Fig. 12

107 US$ from annual EL sales and an additional 6.42 x 10° US$
stemming from annual EF sales. The sales revenue data provide
insightful financial metrics for the simulated process, including
a robust internal rate of return (IRR) of 54.25% with a net
present value (NPV) of 8.22 x 10° USS$, signifying the project's
profitability. Additionally, the payback period is estimated at
4.91 years (including a 1 year construction period), demon-
strating the time required for the initial investment to be
recouped through generated profits. Zhuo et al.>* conducted an
economic analysis on large scale EL production from corn
straw, with an annual processing capacity of 70 000 tons of corn
straw and reported that the calculated IRR of the large-scale
production system was 35.08% and the payback period was
5.32 years. Notably, economic analyses were also carried out for
the SCB to EL conversion process utilizing the MW-CSSR and
VIS-CSSR, which revealed that the process involving the MW-
assisted CSSR yielded an IRR of 24.5% with a payback period
of 13.45 years whereas the process involving the VIS-assisted

PRODUCT PURIFICATION
|EMAss FLOW RATE (Kg/h)l

View Article Online
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(a) Complex permittivity of DES2. (b) UV-VIS absorption spectroscopic analysis of the NZF photocatalyst in DES2 medium.

CSSR showed no economic profit within the plant's lifetime of
20 years. Therefore, from the economic analysis, it is evident
that the utilization of the MWVIS-CSSR significantly enhances
the financial feasibility and attractiveness of the continuous
SCB to EL conversion process.

3.7. Engine performance and exhaust analysis

The engine performance analysis data, involving brake thermal
efficiency and brake-specific fuel consumption (BSFC) for
various EL-biodiesel-diesel blended fuels (EL5B10, EL10B10,
EL5B20, EL10B20) at 1500 rpm engine speed, is presented in
Fig. 15(a and b). Notably, an increase in EL vol% in B10
enhanced the brake thermal efficiency (1-2%), while increasing
EL vol% from 5% to 10% in B20 showed an adverse effect,
leading to a decrease in the thermal efficiency (Fig. 15(a)).
However, the BSFC was found to slightly increase (1-2.7%) with
the augmented blending proportion of EL in both B10 and B20
(Fig. 15(b)). These observations emphasize that incorporating

st}
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Ethanol: 0.78 kg/h
Water: 0.21 kgh

Product Mixture(IN)

Number of stages: 35

Feed stage: 7

Reflux ratio: §

Distillate to feed mole ratio: 0.0385
Condenser type: Total

Reboiler pressure: 1 atm
Condenser pressure: 1 atm

EL: 692 13kgh
5EMF: 0.267 kg/h
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X"CcooLING

Recycled DES2(OUT)

Fig. 13 Simulated process flow diagram of the PRODUCT PURIFICATION hierarchy block.
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5 vol% EL in both B10 and B20 has the potential to enhance
engine efficiency.

Fig. 15(c(i-iv)) illustrate the HC, NO,, CO,, and CO exhaust
emissions for B10, B20, and EL-blended fuels (EL5B10,
EL10B10, EL5B20, EL10B20). The HC emission data
(Fig. 15(c(ii))) demonstrates a notable reduction with 5 vol%
(HC reduction: 21-22%) and 10 vol% EL blending (HC reduc-
tion: 29-31%), compared to reference fuels B10 and B20. This
reduction in HC emissions is ascribed to improved combustion
in the combustion chamber, facilitated by the presence of
oxygen (33 wt%) in EL.** Notably, the NO, emission
(Fig. 15(c(ii))) values for EL-blended fuels were found to increase
with increasing EL content; however they were less than those of
B10 and B20. The rise in NO, emissions can be attributed to the
increased combustion efficiency with higher EL content which
leads to elevated maximum temperatures during the combus-
tion of EL-blended fuels, creating conditions that favour the
formation of NO,.>® Moreover, as the EL vol% in the EL-blended

fuels increased, CO emissions (Fig. 15(c(iii))) exhibited
a gradual decrease (7.5-20% at 5 vol% EL blending; 17.5-40% at
10 vol% EL blending), while CO, emissions (Fig. 7(c(iv)))
showed a gradual increase (4.5-8% at 5 vol% EL blending; 6-
10% at 10 vol% EL blending) compared to the reference blends,
B10 and B20, at a diesel engine speed of 1500 rpm.

3.8. Environmental sustainability analysis of the SCB to EL
conversion process

Fig. 16(a) illustrates the normalized environmental impacts (per
person per year) of the most significant ReCiPe midpoint (H)
impact indicators associated with the simulated continuous EL
synthesis process under MWVIS irradiation. The use of fossil
fuels for transporting chemicals and waste SCB,*® along with the
utilization of coal-based electricity,” results in significant
emissions of nitrates and nitrogen oxides (NO,). These emis-
sions contribute substantially to marine ecotoxicity (0.08142),
freshwater ecotoxicity (0.05277), freshwater eutrophication
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(0.02586), human toxicity (0.02143) and terrestrial ecotoxicity
(0.00805). Furthermore, the breakdown of percentage contri-
butions by sub-processes in the significant indicators
(Fig. 16(b)) revealed that product purification and EL produc-
tion sub-processes were the primary contributors, followed by
SCB pretreatment and DES2 preparation. The observed pattern
is attributed to the utilization of coal-based steam and elec-
tricity to meet the high energy demand during product purifi-
cation and EL production. Notably, Cafion et al.** conducted an
LCA analysis of the ethyl levulinate production process from
Colombian rice straw derived levulinic acid and reported
a comparable freshwater eutrophication value (1.624 x 10> kg
P eq.), slightly higher than the result obtained in the present
study, indicating the environmental sustainability of the
current process. The other minor environmental impact indi-
cators are associated with the simulated EL conversion process
and their normalized contributions are presented in ESI
Fig. S7.1

A comparative environmental impact assessment study
(Fig. 17(a)) for reactor systems indicated that the MWVIS-CSSR
has less environmental impact in all indicators compared to
MW-CSSR and VIS-CSSR systems. Thus, the synergistic MWVIS
irradiation system not only enhanced the EL yield, but also had
less environmental impacts on marine ecotoxicity, freshwater

(a) MWVIS-CSSR ~MW-CSSR * VIS-CSSR

&O‘JQA
s 3 8 8

~
e

Relative enivronmental
impact contribution (%)

ecotoxicity, freshwater eutrophication, human toxicity and
terrestrial ecotoxicity by 40-60%, 41-62%, 40-60%, 39-61% and
9-17%, respectively in comparison with the MW and VIS
systems.

Interestingly a comparative environmental impact analysis
based on the blended fuel exhaust emission (Fig. 15(c)) and
energy output data (Table S21) showed that 5 vol% EL blending
with B10 exhibited the least environmental impact in terms of
climate change (kg CO, eq.) among all other fuel blends
(Fig. 17(b)). Consequently, the integration of 5 vol% EL into B10
(biodiesel-diesel: 10:90 vol%) could significantly diminish
overall environmental impacts, despite the B10EL5 blend
showing elevated HC and CO emissions compared to other EL-
biodiesel-diesel blends. A plausible explanation for this
phenomenon could be the reduced NO, emissions by B10EL5
compared to other blends, thereby establishing itself as a less
significant contributor to climate change (1.72 x 10> kg CO,
eq.).”®

The comprehensive evaluation of both techno-economic and
environmental impact analyses revealed that the continuous EL
conversion process utilizing the integrated MWVIS irradiation
system in a CSSR demonstrated enhanced overall process
sustainability. This was evident in terms of both economic
feasibility and environmental sustainability when compared to
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employing individual irradiation systems. The synergistic effect
of MW and VIS irradiation in the presence of the NZF photo-
catalyst and DES2 medium contributed to improved efficiency
and cost-effectiveness, and reduced environmental impacts,
making it a promising approach for continuous ethyl levulinate
production.

4 Conclusion

Sustainable continuous valorisation of pretreated sugarcane
bagasse (PSCB) into ethyl levulinate (EL) was achieved
employing an innovative microwave-visible irradiated contin-
uous stirred slurry reactor (MWVIS-CSSR). Under mild reaction
conditions (142 min residence time and 100 °C reaction
temperature), the MWVIS-CSSR could render 54.7 mol% EL
yield in the presence of a magnetic Ni, 5Zn, sFe,04 (NZF) pho-
tocatalyst and oxalic acid—-choline chloride based acidic deep
eutectic solvent (DES2). Remarkably, the synergistic impacts of
MW and VIS irradiation substantially augmented the EL yield
(54.7 mol%), considerably exceeding the yields achieved with
individual application of MW (29.45 mol%) and VIS
(20.1 mol%) irradiation. Moreover, the developed novel reaction
kinetic model for the PSCB to EL conversion process, formu-
lated by considering parallel non-catalytic and homogeneous—
heterogeneous catalytic routes, has been proven to accurately
interpret the experimental data. The techno-economic study
and comparative environmental impact assessment revealed
that the continuous conversion of sugarcane bagasse to EL
employing the MWVIS-CSSR exhibited superior economic
feasibility (internal rate of return: 54.25%) and had less envi-
ronmental impact (marine ecotoxicity: 1.90 x 10" kg 1,4-DB
eq., freshwater ecotoxicity: 2.15 x 10~ ' kg 1,4-DB eq. and
human toxicity: 1.42 kg 1,4-DB eq.) compared to the EL
conversion process in the individual MW-CSSR and and VIS-
CSSR. Besides, environmental impact analysis based on the
exhaust emission of EL-biodiesel-diesel blends showed that
the 5 vol% EL blending in B10 exhibited the least environmental
impact in terms of climate change (kg CO, eq.). Thus, the
current continuous EL synthesis process, along with its subse-
quent application in assessing engine performance and the
engine emission profile, not only underscores the potential for
sustainable EL production through leveraging sugarcane
bagasse but also signifies a significant step toward addressing
energy efficiency and environmental concerns in the realm of
drop-in-biofuel synthesis and its sustainable applications
towards improvement in diesel engine performance and miti-
gation of adverse climate changes.
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