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Studies on energy matrices underscore the critical need to transition to sustainable energy sources,
emphasizing diversification and the reduction of greenhouse gas emissions. This study uses Aspen Plus
software to conduct research focused on the valorization of agro-industrial waste, specifically sugarcane
derivatives, through the simulation of an industrial plant using the E-NRTL (Electrolyte Non-Random Two-Liquid)
thermodynamic model. This model determines chemical equilibrium and component interactions in the saline
hydrolysis of biomass. The proposed approach offers significant advantages: electrolytes facilitate the
transformation of the crystalline biomass structure into amorphous forms, enhancing breakdown efficiency and
minimizing product degradation during the reaction. Process simulations were conducted using Aspen Plus 8.7
software, based on literature data. Results show that optimal methods and operating conditions depend on the
type of salt used. For annual sugarcane bagasse production of 4,000,000 kg, NaCl enables efficient biomass
processing at concentrations of up to 20 % by mass, reducing salt consumption and mitigating separation
challenges. Conversely, LiBr allows up to 30 % biomass concentration, but requires higher reagent and energy
inputs.

1. Introduction

The search for new energy matrices has gained increasing global relevance, driven by the need to address
environmental challenges and combat climate change. Since studies began in the 1970s, lignocellulosic
biomass has emerged as a promising alternative for both energy generation and industrial sugar production.
This approach offers an innovative and environmentally friendly solution, with the potential to play a key role in
future industrial processes (Araujo et al., 2022).

Biomass, composed of renewable organic materials such as agricultural residues, wood, and energy crops, is
a widely available resource that can be converted into valuable products, including bioethanol, bioenergy, and
platform chemicals. Conversion processes such as combustion, gasification, saline hydrolysis, and fermentation
contribute not only to carbon emission reduction but also to the efficient use of natural resources (de Souza and
Nogueira, 2022).

However, the recalcitrant nature of lignocellulosic biomass poses challenges for hydrolysis and fermentation. In
this context, saline hydrolysis emerges as a promising approach to facilitate the breakdown of lignocellulosic
bonds, particularly in cellulose and hemicellulose. This process involves the addition of salts (or ionic liquids),
which act as catalysts in a hydrothermal reaction. The reaction follows a specific order, depending on the nature
of the salt and the reaction conditions, and is driven by thermodynamic factors such as temperature and Gibbs
free energy. As a result, crystalline cellulose transitions into an amorphous form, enhancing depolymerization
and promoting the release of monosaccharides such as glucose and xylose, which are key intermediates for
biofuel and biochemical production (Jiang et al., 2018).

This process is advantageous as it operates under milder temperature and pressure conditions compared to
conventional hydrolysis, reducing both operational costs and environmental impacts. Additionally, the
conversion of lignocellulosic sugars into biofuels (e.g., bioethanol and biodiesel) and other value-added
molecules (e.g., furfural, levulinic acid, and 2-methyltetrahydrofuran) makes it a promising alternative for
sustainable industrial applications.
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This study simulates the saline hydrolysis of biomass using Aspen Plus 8.7, evaluating NaCl and LiBr as
catalysts. NaCl was selected for its industrial availability, while LiBr was chosen for its reported efficiency in
biomass-to-sugar conversion. The Electrolyte Non-Random Two-Liquid (E-NRTL) model (Bollas et al., 2008)
was applied to account for electrolyte interactions. Additionally, a preliminary operational cost analysis was
conducted to assess the process's economic feasibility.

2. Methodology

Figure 1 illustrates the design of the biorefinery for saline hydrolysis of biomass using two salts (NaCl and LiBr).
The biorefinery operations were modeled using Aspen Plus 8.7 (Aspen Tech, Inc., Bedford, USA), with an
assumed processing capacity of 4 million tons of sugarcane annually, in an operational year of 200 days, this
period is shorter than 365 days due to the off-season, during which there is no sugarcane production, and
prolonged storage is not feasible (Leal Silva and Maciel, 2024). The process flowsheet was developed in Aspen
Plus using unit operation blocks such as RStoic, Flash2, Heater, and Sep for different steps of the process. The
reaction kinetics were not explicitly modeled; instead, stoichiometric conversion was assumed for the hydrolysis
reactions, as described in Equations 1 and 2. The use of biomass ranges from 8 % to 48 % of the total biomass
(on a dry basis) when using NaCl, with increments of 8 %. Conversely, when using LiBr, the range is 5 % to 50
%, with increments of 5 %. Conversion rates depend on the concentration of biomass and salt at the process
input. The unused portion of the biomass is allocated to energy generation and to supply the industrial plant.
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Figure 1: Schematic design of a biorefinery for sugar production from sugarcane bagasse.

Biomass has been added to the software as an insoluble solid compound, a more suitable approach for obtaining
sugars from biomass. Eventually, nonconventional solids are used to model solids that are characterized as a
function of empirical factors in which the ratio between atoms varies — as is the case with coal. However,
cellulose, hemicellulose, and lignin do not need this simplification. Some studies still adopt this simplification to
model biomass gasification processes. For this process, the biomass composition is 0.44 % cellulose, 0.33 %
hemicellulose, 0.23 % lignin and 0.02 % of ashes (de Morais Rocha et al., 2015).

Another reason for this approach is that Aspen Plus version 14 (the latest) includes a database with these
components, and by default, they are conventional solids. This version features cellulose as a glucose polymer,
xylan as a xylose polymer, and other polysaccharides, as well as several lignin options (because lignin varies,
including H-rich, C-rich, and O-rich types). The thermodynamic model used for the simulations was the
ELECNRTL framework, which is suitable for modeling electrolyte solutions and has been validated for systems
containing salts and acids. This model was chosen to accurately represent phase equilibria, particularly for the
dissolution and interaction of salts in aqueous solutions (Bollas et al. 2008).

For the simulations with NaCl, the conversion rate varies according to the concentration of biomass and salt,
ranging from 55 % to 80 % conversion. As the amounts of biomass and salt increase to maintain the same mass
ratio across all simulations (and consequently increase the concentration), the amount of water decreases as
the concentration of other species increases. In addition, the amount of acid (0.05 % Wt) remains constant in
all simulations and acts as a mild catalyst, since higher concentrations of acid could lead to product degradation
into unwanted species during the salt hydrolysis process. The biomass concentration at the process input
ranges from 5 % to 30 % by mass, increasing by 5 % for each simulation according to the previously mentioned
biomass increment.

For the simulations using LiBr, molar ratios of 3.5 water/salt and 69 salt/biomass were applied. In this
configuration, the salt (LiBr) approaches a molten salt concentration, achieving a yield of 85 %, while minimizing
degradation and the formation of lower sugars such as arabinose and galactose (Deng et al., 2015). The same
ratio cannot be used for the simulation with NaCl, as the solubility of LiBr is much higher than that of NaCl, which
would result in large amounts of undissolved NaCl in the solution.
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The first part of the process is conducted in batch mode with a temperature of 80 °C (for NaCl) and 120 °C (for
LiBr). The batch mode is employed due to the difficulty of pumping the mixture when the biomass concentration
is too high. After mixing the reactants (Hz20, salt, and acid), the entire content is transferred to a set of batch
reactors where hydrolysis reactions take place, as described by Eq. 1 and Eq. 2 for the formation of glucose
and xylose, respectively.

CeH1905 + Hy0 = CgH120¢ (1

CsHgO4 + Hy0 — C5Hy05 (2)

After hydrolysis, the acid present (H,SO,) in the solution is neutralized with Ca(OH), to form a solid that is
insoluble in water and can be easily separated during the solid-liquid separation by centrifugation. Once the acid
is neutralized, all the contents are transferred to a storage tank to be processed later in a continuous process.
After separation, the solids are removed from the process, and a washing process with excess water is required,
which leads to the recrystallization of type Il cellulose.

Up to this point, the entire biorefinery layout has been the same for both salts. However, due to differences in
the concentrations of salt, water, and biomass between the two processes, two distinct paths must be followed.
When NaCl is used, and the biomass concentration in the process does not exceed 25 % by mass, it is
necessary to use multiple-effect evaporators to evaporate large volumes of water at lower energy costs.

A multi-effect evaporator is a configuration of equipment used to concentrate solutions by removing water or
solvent through evaporation, while saving energy. It works by harnessing the steam generated in one effect (or
stage) as a heat source for the next, thereby reducing energy consumption compared to single-effect
evaporation systems.

The multi-effect evaporators were simulated using a combination of Heater, Flash2, HeatX, and Valve models,
based on a method described in the literature (Leal Silva et al., 2020) with temperatures (°C) of MEE: 115.70,
109.00, 100.80, 89.90, 58.90 and pressure (bar): 1.69, 1.31, 0.93, 0.54, 0.16. These evaporators have been
integrated into the process to reduce the liquid volume to be treated, which consequently decreases the required
size of the separation membrane. Additionally, this configuration was crucial to ensure that the saline solutions
remained within the concentration parameters required by the membrane, both before and after the separation
process, ensuring that the salts remained diluted. This approach not only optimized membrane usage,
preventing overloading, but also increased the overall efficiency of the hydrolysis process by matching operating
conditions to the separation system's capacity.

After the first effect, the pressure reduction was adjusted to ensure a minimum temperature difference of 10 °C.
For subsequent effects, the pressure reduction was set to maintain a constant heat transfer area relative to the
first evaporator. The heat transfer area was calculated using an overall heat transfer coefficient that was
estimated through the software. The water outlet from the heat exchangers is directed through pumps to regulate
the pressure before being combined into a single water outlet.

With the solutions meeting the concentration standards required by the membrane, the process can proceed to
the final phase of component separation by nanofiltration. The separation membrane was modeled based on
experimental data (Mallakpour and Azadi, 2022) that relate the use of various types of membranes for salt and
sugar separation. The best configuration was identified as the use of NF270 and Desal 5DK membranes. The
operation of membrane filtration is illustrated in Figure 2.
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Figure 2: Membrane separation processes and pore size ranges.

For the economic analysis, only the cost of reagents and the sale of the final products were used. Thus, the
following considerations were made: sugarcane biomass as the main raw material of the process ($28.0/t),
sulfuric acid used as a small catalyst ($79.1/t), water used as the main solvent in the process ($5.5/t), calcium
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hydroxide ($200.0/t), sodium chloride ($20.0/t), and lithium bromide, whose cost per ton could not be directly
found due to its high market value. Instead, it was calculated based on the price per kilogram, estimated at
approximately $1200.0/t (Dias et al., 2016; Intratec, 2023; Sabesp, 2024; Businessanalytiq, 2024; Alibaba,
2024). Regarding the products obtained, xylose in a 10 % solution by mass ($72130.00/t) and the glucose
solution ($20000.00/t) (Endocommerce, 2024).

3. Results and discussion

Figure 3a illustrates the behavior of the products (glucose and xylose), produced and recovered, based on the
initial concentration of biomass at the process input when NaCl is used, with the concentration ranging from 5
% to 30 %, and the amount of biomass varying from 8 % to 48 % of the total. Figure 3b shows the same behavior
of the products, produced and recovered, through the membrane separation process for the process using LiBr,
where here the variant term is the amount of biomass used from the total biomass available.
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Figure 3: a) Amount (kg/h) of sugars produced and recovered by mass concentration (percentage) of biomass
at the process input. b) Amount (kg) of sugars produced and recovered by the amount of biomass (%) at the
process input relative to the total biomass available.

It is possible to observe that, as the concentration of biomass at the entrance increases, there is a progressive
growth in both total and recovered sugars. However, the recovery of sugars does not exactly follow the increase
in total sugars, indicating a divergence trend between the two curves.

This difference suggests that, despite the increase in the amount of biomass processed, not all total sugars
present in the system are completely recovered, which may be indicative of limitations in the separation or
recovery process. At the beginning of the graph, up to a concentration of 10 %, the amount of total and recovered
sugars exhibits a similar behavior. However, from this point on, the deviation between the curves becomes more
evident, especially at concentrations of 25 % and 30 %, where the total sugars increase significantly, but the
recovery is proportionally smaller.

This can be explained by factors such as the efficiency of the membranes or other aspects of the separation
process, such as the large amount of salts present in these concentrations. As the amount of biomass increases,
the recovery process can be hampered by limitations in extraction capacity or by the saturation of the salts
present. Figure 4 presents the comparison between the products.

Glucose (NaCl) w=eeee Xylose (NaCl) —e— Glucose (LiBr) --©--- Xylose (LiBr)
140000.00

120000.00
100000.00
80000.00
60000.00

40000.00

Recovered sugars (kg/h)

20000.00

0.00

8 18 28 38 48
Total biomass used (%)

Figure 4: Comparison of xylose and glucose production by the studied salts.
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Figure 4 shows that the use of LiBr results in higher yields for both glucose and xylose compared to NaCl. This
behavior can be explained by the more favorable conditions provided by LiBr, such as higher temperature and
concentration, which promote a more efficient hydrolysis. The production of glucose, in particular, shows more
marked differences between the two salts, focusing solely on quantities, which indicates that LiBr is especially
efficient in the breakdown of cellulose, a direct precursor of glucose.

In addition, regardless of the salt used, it is observed that glucose production is consistently higher than that of
xylose. This difference is easily attributed to the composition of the biomass, which generally contains a higher
proportion of cellulose (the basis for glucose) compared to hemicellulose (the precursor of xylose). During the
product separation step, a nanofiltration membrane is used. Figure 5 shows a comparison between the
membrane sizes required for the process.
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Figure 5: a) membrane size for NaCl simulation. b) membrane size for LiBr simulation.

The membrane size was calculated based on the mass flow it can handle without compromising filtration.
Anomalous and nonlinear behavior was observed due to variations in each process step. The smallest
membrane was recorded at 5% biomass, justified by the use of five evaporative effects, which remove more
water and reduce membrane size and salt demand.

Between 10% and 20% biomass, membrane size decreased linearly, as higher biomass means less initial water
and, consequently, less water generated. At 25% and 30%, membrane size increased significantly due to the
absence of evaporators and the need for dilution before filtration to avoid salt-related issues. For LiBr, membrane
size increased with biomass due to higher water content, influenced by the simulated proportions.

In the economic analysis for NaCl, the increase in the quantities produced results in increasing total costs — due
to the increase in the amount of reagents used, but the revenue also increases significantly. For example, at
30% concentration, the production revenue reaches approximately U$8,151,084.10, evidencing the viability of
production in large quantities.

However, each simulation has its peculiarity, such as the simulation in which the biomass is more diluted (5 %),
where there is a large amount of water compared to the other concentrations, in addition to the need to use one
more effect in the evaporators, which could make the process more expensive. On the other hand, this is the
simulation in which there is more recovery of sugars. For the biomass concentration of 30 % and 25 %, although
they do not use multiple-effect evaporators, the concentration of solids in these simulations is high, which leaves
the mixture non-pumpable or requiring an extremely powerful pump, increasing energy consumption and
equipment wear. Thus, simulations using average biomass concentrations become more attractive, as they do
not require excessive water and are easier to pump.

For the LiBr simulations, the process is only viable if reagent reuse is implemented due to the high cost of LiBr.
If 75 % of the reagent is reused monthly, the first four simulations show profitability. However, the simulation
using 50 % of the total biomass still results in losses, highlighting the necessity of reagent reuse.

Finally, although the goal of this work is to obtain the sugars of interest, they can be converted into other higher-
value-added and industrially significant products, such as ethanol through fermentation, furfural, MTHF, HMF,
formic acid, and other products.

4. Conclusions

A study of the valorization of sugarcane biomass residues was carried out considering a saline hydrolysis
process. Although higher concentrations generate greater quantities of products, some counterpoints are
important, such as the increased costs, the difficulty in pumping the solution due to high biomass concentrations,
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and the reduced efficiency of product separation as the biomass volume increases. On the other hand, lower
concentrations of biomass generate higher conversions and higher recovery rates; however, the large volume
of water required for low concentrations can result in additional operating costs associated with multiple-effect
evaporators. The use of intermediate biomass concentrations (20 % by mass) becomes a viable alternative for
this reaction (for NaCl), while lower amounts of biomass (30 % of the total available) are recommended when
using LiBr to avoid the main disadvantages of the process. Additionally, higher temperatures (greater than 120
°C) can result in the degradation of sugars into other products; therefore, it is necessary to maintain
temperatures below this threshold.
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