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Introduction

Malonic acid, also known as propanedioic acid, is a dicarboxylic acid
with two carboxyl groups (-COOH) attached to a three-carbon chain. It is
an important intermediate in the chemical industry, used in the synthesis of
various products, including pharmaceuticals, agrochemicals, and polymers.
Due to its versatile chemical structure, malonic acid is involved in the synthesis
of a wide range of organic compounds, such as barbiturates, vitamin B1,
and various herbicides. The demand for malonic acid has been steadily
increasing, driven by its application in fine chemicals, materials science, and
the production of bio-based and sustainable chemicals. In this context, the
synthesis and production of malonic acid have become a topic of significant
research and development, with a focus on optimizing production processes
to make them more efficient, cost-effective, and environmentally friendly.
This article explores the techno-economic assessment, process synthesis,
and design of malonic acid production, emphasizing recent advancements
and the challenges involved in scaling up production. The traditional method
for producing malonic acid involves the cyanoacetic acid process, in which
cyanide and acetic acid react to form cyanoacetic acid, which is subsequently
hydrolyzed to produce malonic acid. While this process is effective, it has
significant limitations, including the use of toxic and hazardous reagents (such
as cyanide) and environmental concerns related to waste generation. These
issues have prompted researchers to explore alternative, greener methods for
malonic acid production.

Description

One promising approach involves the bio-based production of malonic
acid, using renewable feedstocks such as sugars or biomass-derived
chemicals. This method typically employs microbial fermentation or enzymatic
processes to produce malonic acid, offering the potential for a more sustainable
and environmentally friendly process. The synthesis of malonic acid via
microbial fermentation generally involves the use of genetically engineered
microorganisms, such as Escherichia coli or Saccharomyces cerevisiae,
which can metabolize carbon sources like glucose, glycerol, or other sugars to
produce malonic acid. The process is based on the principle of biosynthesis,
where microorganisms convert simple carbon substrates into value-added
products through biochemical pathways. The advantage of this method lies in
its use of renewable raw materials, the potential for lower energy consumption,
and the reduction of hazardous byproducts. To improve the efficiency of bio-
based malonic acid production, research has focused on optimizing microbial
strains, fermentation conditions, and metabolic pathways. The genetic
engineering of microorganisms allows for the enhancement of malonic acid
yield by overexpressing key enzymes involved in the malonate biosynthesis
pathway, while also minimizing the production of undesired byproducts.
Advances in synthetic biology, metabolic engineering, and systems biology
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have enabled the development of highly efficient strains capable of producing
malonic acid at higher titers and productivity. Additionally, fermentation process
parameters such as temperature, pH, oxygen supply, and nutrient composition
are carefully optimized to maximize malonic acid production [1].

In terms of process synthesis and design, the production of malonic
acid can be analyzed using various methodologies, including Process Flow
Diagrams (PFDs), material and energy balance analysis, and process
simulation tools. A process flow diagram outlines the key steps involved in
the production of malonic acid, from the preparation of raw materials to the
final product recovery. For example, in a hio-based process, the PFD would
include the stages of fermentation, downstream processing (e.g., separation
and purification), and product formulation. The Techno-Economic Assessment
(TEA) of malonic acid production is an essential part of process design, as it
helps evaluate the economic feasibility and profitability of the process. TEA
typically involves analyzing the costs associated with raw materials, utilities,
labor, equipment, and other operational expenses. Capital costs for setting up
a production facility, as well as ongoing operational costs, must be taken into
account to determine the overall cost per unit of malonic acid produced. By
comparing different process routes, such as conventional chemical processes
versus hio-based processes, the most cost-effective and sustainable
production method can be identified. A key element of the TEA is the estimation
of the production cost, which includes both fixed and variable costs. Fixed
costs typically consist of capital investment, including the cost of building the
production facility, purchasing equipment, and installation. Variable costs, on
the other hand, are directly related to production, such as raw material costs,
energy consumption, waste disposal, and labor. In a bio-based malonic acid
production process, raw materials such as glucose, glycerol, or other carbon
sources can account for a significant portion of the variable costs. In contrast,
the capital costs associated with fermentation equipment, bioreactors, and
downstream processing steps must also be carefully considered [2].

One challenge in the hio-based production of malonic acid is the potential
for high raw material costs, which can significantly affect the overall cost of
production. However, if renewable feedstocks such as agricultural residues
or waste streams can be utilized as carbon sources, the cost of raw materials
can be reduced, making the bio-based process more competitive. Additionally,
improving fermentation efficiency through metabolic engineering and
optimizing the fermentation process can lead to higher yields and lower overall
costs. Energy consumption is another important factor in the techno-economic
assessment of malonic acid production. Both conventional chemical and bio-
based production processes require significant energy inputs, particularly for
heating, cooling, and maintaining optimal conditions for fermentation. The use
of energy-efficient equipment, such as heat exchangers, membrane filtration
systems, and energy recovery systems, can help reduce the overall energy
consumption of the production process. Additionally, integrating renewable
energy sources, such as solar or wind power, into the production facility
can improve the sustainability of the process and reduce reliance on non-
renewable energy sources [3].

The recovery and purification of malonic acid from the fermentation broth
or chemical reaction mixture is a crucial step in the production process. Several
separation techniques can be employed, including filtration, distillation, solvent
extraction, and crystallization, depending on the specific process. The choice of
recovery method is influenced by factors such as the purity required for the final
product, the concentration of malonic acid in the mixture, and the presence of
impurities. The efficiency of these separation processes can have a significant
impact on the overall cost of malonic acid production, as the purification steps
often account for a substantial portion of the operational expenses. In addition
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to cost considerations, the environmental impact of malonic acid production
must also be evaluated. Sustainable production methods, such as bio-based
processes, offer the potential to reduce greenhouse gas emissions and
environmental pollution associated with traditional chemical processes. By
using renewable raw materials and reducing the reliance on toxic reagents,
bio-based production methods can contribute to the transition toward a more
sustainable and circular economy. Life Cycle Assessment (LCA) can be used
to evaluate the environmental impact of different production routes, considering
factors such as carbon footprint, water usage, and waste generation [4,5].

Conclusion

To further enhance the competitiveness of bio-based malonic acid
production, research efforts have focused on improving process integration
and optimization. By using process simulation tools, different process
configurations and operating conditions can be modeled and optimized
to minimize costs and maximize efficiency. Process integration involves
combining different unit operations in a way that maximizes the use of energy
and raw materials while minimizing waste generation. Techniques such as heat
integration, material recycling, and the use of byproducts can help reduce the
environmental and economic impact of malonic acid production. In conclusion,
the production of malonic acid has significant industrial relevance, particularly
in the fields of pharmaceuticals, agrochemicals, and materials science. While
traditional chemical processes have been widely used, the development of
bio-based production methods offers the potential for more sustainable and
cost-effective alternatives. The techno-economic assessment of malonic acid
production plays a critical role in evaluating the feasibility and profitability of
different production routes, taking into account factors such as raw material
costs, energy consumption, capital investment, and environmental impact. By
optimizing microbial fermentation processes, improving process integration,
and leveraging renewable feedstocks, bio-based malonic acid production
can become a competitive and sustainable alternative to traditional chemical
methods. As research in this field continues to advance, it is expected that new
innovations and improvements will further enhance the efficiency, scalability,
and cost-effectiveness of malonic acid production, contributing to its wider
application in the global market.
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