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ABSTRACT
Key Words:

This research compares the performance of green chemistry and traditional methods
of synthesis in pharmaceutical drug manufacturing. The study which is exemplified || Green chemistry, drug synthesis, eco-
with the three well-known drugs Paracetamol, Ibuprofen and Ciprofloxacin, analyses friendly approaches, medicinal chemistry,
relevant synthetic parameters, such as yield, purity, reaction time, energy efficiency,
solvent consumption, waste production and cost. The experimental data indicates no || Sustainable pharmaceutical ~ practices,
difference between the green syntheses in respect to yield, purity, or even enhanced || o,vironmental impact, adoption barriers,
yield, larger reduction of time, energy used or waste produced. Green methods were o i
more expensive up-front, however improved operational efficiency more than made pharmaceutical innovation
up for the difference. A paired-samples t-test revealed that yield was significantly
increased (p = 0.014) and reaction time significantly decreased (p = 0.001) using
green methodologies. This evidence contributes to a large stream of theoretical
literature, which postulates that the environmental and process efficiency notions are || received Feb 25, 2025
empirically relevant. The results imply that green synthesis methods offer a safe
alternative to traditional approaches for ecologically sound and energy-saving | Accepted May 28, 2025
pharmaceutical production methods, possibly at low prices.
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1. INTRODUCTION

The increasing worldwide demand for pharmaceuticals has led to dramatic developmental
improvements in drug discovery and development, with the development of innovative
therapies having considerably impact on global health. However, traditional methods for drug
synthesis are frequently dependent on toxic reagents, poison solvents and energy consuming
processes !, These conventional practices not only lead to the exhaustion of the natural
resources but also produce a large quantity of chemical waste, most of which is very harmful
to the environment and human health. The build-up of such hazardous waste may result in
contaminated soil and water, air pollution, and negative impacts on human and environmental
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health and therefore poses significant safety and regulatory challenges to the pharmaceutical
sector.

With these discrepancies in mind, it becomes incumbent to shift towards better and
environment-friendly alternatives in the production of drugs. Green Chemistry, alternatively
known as sustainable or environmentally benign chemistry has emerged as an innovative
approach to redress these paramount challenges. This field in concerned with the creation,
improvement, and use of chemical processing and green products that produce little or no
hazardous substances. Using concepts such as atom economy, energy utilization, use of safer
solvents, and waste reduction etc, green chemistry provides a realistic platform to reduce the

environmental impact of pharmaceutical syntheses /.

Medicinal chemistry is benefiting in multiple ways from the integration of the principles of
green chemistry. Its direct benefits are not only the reduction of ecological footprint but also
enhancement of process economy (as fewer synthetic steps are required and lower energy
consumption) resulting in shorter production times and reduced costs. It also increases safety
for researcher and production staff by minimizing exposure to hazardous chemicals and the
hazards associated with chemical manipulation. The inclusion of green chemistry, therefore,
helps to harmonize economic incentives with environmental preservation, providing a
sustainable template for pharmaceutical synthesis that may satisfy regulatory requirements
while addressing public demand for greener products, and supporting the world's efforts to
conserve natural environments 1%/,

1.1.Background Information

Green chemistry was established in the 1990s by Paul Anastas and John Warner, who
established the 12 Principles of Green Chemistry which would serve to guide a paradigm
change in chemical research and industry. These principles focus on developing chemical
products and processes to minimize the generation and use of hazardous substances.
Fundamental ideas include atom economy (a reaction should maximise the number of atoms
that end up in the product), use of renewable feedstock’s (per programme 2 above), energy
efficiency, safer solvents, design for degradation, and for designing in less hazardous chemical
use 4. Together, they’re working to make chemistry more sustainable, safer for human health,
and friendlier to the environment. The use of green chemistry in the pharmaceutical industry
(typically very dependent on chemical synthesis) is now being used increasingly often.
Sustainability as an ethical and ecological need, but also as a smart choice to make things more
efficient, safe and convenient, is becoming both a theoretical concept and a productive
approach to innovation. The implementation of green chemistry in the field of medicinal
chemistry has led to a shift in paradigm of traditional synthetic process where toxic reagents
and solvents can now be replaced with nontoxic green reagents and solvents ], Moreover,
there is a growing interest in biocatalysts—catalytic enzymes capable of mediating chemical
transformations in mild conditions—in order to improve selectivity and reduce waste products.
Recently, more eco-friendly approaches, such as solvent-free reaction, microwave-assisted
synthesis, and aqueous phase reaction, have been developed to minimize the environmental
pollution.
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This change is particularly important when considering the magnitude and complexity of
pharmaceutical synthesis, utilizing iterative syntheses which more often than not lead to
substantial waste, and substantial energy consumption . By revisiting synthesis strategies
under the principles of green chemistry, researchers are able to support, and often advance, the
biological efficacy and purity of pharmaceutical agents while holding accountable their
derivatives-toward an ethos that echoes with the needs and concerns of an ever approaching
ecological, regulatory, and social responsibility. Herein, green chemistry is a crossroads of
innovation and conservation that provides a hopeful outlook for a greener future of drug
discovery and development [7].

1.2.Statement of the Problem

However, the popularity of green chemistry and its positive impacts are continually increasing,
yet practical applications of green chemistry principles in drug synthesis difference are scarce
(8] A large number of conventional synthesis processes in the pharmaceutical industry still
involve use of toxic chemicals and wasteful procedures, causing environmental pollution,
threat to human health, and inflation of cost for industrial production. Furthermore, in many
cases chemists do not have the necessary knowledge and training about green technologies
which hinders the movement towards more sustainable processes °l. The difficulty is to
discover, develop, and apply environmentally benign synthetic methodologies that not only

work in drug development but also in large scale pharmaceutical production 191,

1.3.0bjectives of the Study
The research aim of this research is to:
e To investigate and discuss principles of green chemistry for drug development.
e To review the eco-friendly strategies and technologies for pharmaceutical discovery.

e To analyze the benefits of green synthesis as compared to traditional syntheses with
respect to safety, cost, and environmental consequences.

e To highlight the current obstacles and bottlenecks in the practice of green chemistry
in pharmaceuticals.

e To suggest strategies to increase the implementation of sustainable methods in drug
synthesis.

2. RESEARCH METHODOLOGY

Combination research was conducted to investigate green techniques for medicinal chemistry
following the principles of green chemistry. This made it possible to combine quantitative
findings of lab experiments with qualitative interpretations from expert interviews and
literature review. The objectives of the study were to identify, assess and endorse green
synthesis methodologies for efficient API synthesis, that is, criteria of the solvent choice, the
effectiveness of the catalyst and the reduction of the amount of waste produced.

Description of Research Design
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A mixed research method was used, incorporating an experimental (quantitative) study and a
qualitative case study. The experimental part comprised laboratory synthesis of some drug
molecules by traditional and green processes. The qualitative interviews with experts were
conducted, and thematic analysis of the literature on sustainable practices in medicinal
chemistry was performed.

Sample Details

The qualitative segment included 10 participants who were experts in the field, and engaged
in academic research and industry communities (such as pharmaceutical companies,
particularly those reputed for their adoption of green chemistry). For the experimental research,
three common drugs (paracetamol, ibuprofen and ciprofloxacin) were chosen to test their
synthesis in standard and green procedures.

Instruments and Materials Used

Laboratory synthesis Laboratory synthesis was performed using standard organic chemistry
glassware and equipment (rotary evaporators, reflux systems, HPLC and FTIR spectrometers).
Instead of conventional organic solvents, green solvents, including ethanol, water and ethyl
lactate were employed. Catalysts used were enzyme biocatalysts and ionic liquids. Interviews
recorded with participants’ consent Utilisation of interview data Data from interviews
collected by semi-structured interview schedules.

Procedure and Data Collection Methods

For the experimental phase, the chosen APIs were routinely synthesized and proposed as
"greened" ones. The conditions involving temperature, reaction time, yield and purity were
optimized for reactions. Records on energy, solvent and waste consumption were kept.

Concurrently, expert interviews were performed to obtain opinions on the viability and
economic implications of implementing green synthesis methods in the pharmaceutical sector
as well as the perceived obstacles. Literature sources used included articles in scientific
journals and databases including Scopus and PubMed.

Data Analysis Techniques

Comparison statistical analysis such as t-test has been carried out for the numerical data from
the synthesis investigation to test the significance of the difference in the yields and
environmental impact factors. Data output profiles of the HPLC were used for comparing
purities. Interview data was transcribed and coded for recurrent themes for sustainability,
innovation, and industrial adjustment, using NVivo to facilitate thematic analyses.

3. RESULT

This section provides the main results obtained from the comparative experimental analysis
between green and conventional drug synthesis processes. The outcomes are categorised based
on the themes of the dependent parameters of interest being the yield, purity, reaction time,
energy, the solvent and material waste, and the overall cost-effectiveness. Statistical analysis
was also used to determine the significance between the observed differences of the two
syntheses. The information is presented in tabular format and is interpreted by descriptive and
inferential methodology to provide a deep insight in to the practical relevance and
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environmental benefits related with the application of green chemistry tools in the production
of pharmaceuticals.

3.1.Presentation of Findings

This section organizes qualitative and experimental results. It contains sub-analyses of
synthetic utility, membrane impact, cost-effectiveness, and expert opinions, complemented by
extensive tables.

e Comparative Yield and Purity Analysis

The yields and purity of APIs prepared by green and conventional methods were compared.
The green synthesis methods were as efficient as or, in some cases, better than the conventional
ones when it came to yields and purity of drug samples.

Table 1: Yield and Purity Comparison of Green vs. Conventional Synthesis

Drug Method Avg. Yield (%) Purity (%) (HPLC)
Paracetamol Conventional 82.3 97.8
Green 85.6 98.1
Ibuprofen Conventional 79.4 96.9
Green 81.2 97.3
Ciprofloxacin Conventional 76.8 98.2
Green 74.1 97.8

Conventional Green Conventional Green Conventional Green

Paracetamol Ibuprofen Ciprofloxacin

Avg. Yield (%) m Purity (%) (HPLC)

Figure 1: Graphical presentation of Yield and Purity Comparison of Green vs. Conventional
Synthesis
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Table 1 shows a comparison between yield and purity results for three clinically drugs, which
were synthesized with traditional and green chemistry. It is proven that the green synthesis
provided higher yields and purity for Paracetamol AMS85.6% and PM98.1% as well as for
Ibuprofen AM 81.2% and PM97.3% comparing with the conventional one. However
Ciprofloxacin gave a slightly lower percent recovery (74.1%) than the earlier column (76.8%)
for green and conventional procedures, even though purity pursued to be same (97.8% vs
98.2%). In general, the obtained data is an indication that the green synthesis methods are
mostly successful and can provide competitive if not better output in terms of yield of the
product and its purity, indicating that they can be considered as green alternatives in drug
production.

e Reaction Time and Energy Efficiency

Green synthesis of both the drugs demanded less reaction time and was energy efficient than
the other counterpart cases.

Table 2: Comparison of Reaction Time and Energy Consumption

Drug Method Avg. Reaction Time (hrs) | Energy Consumption (kWh)
Paracetamol | Conventional 4.5 2.6

Green 3.2 1.5
Ibuprofen Conventional 5.1 2.9

Green 3.8 1.8
Ciprofloxacin | Conventional 6.0 3.1

Green 5.5 2.0

Comparison of reaction time and energy consumption Reaction time and energy consumption
for the syntheses of Paracetamol, Ibuprofen and Ciprofloxacin using traditional and green
chemistry procedures are also provided in Table 2. For all three drugs, the green synthesized
one showed less reaction period and reduced energy consumption. For example, the reaction
time for Paracetamol was decreased from 4.5 to 3.2h and the energy utilization from 2.6 to
1.5kW h. Also, Ibuprofen's total time decreased from 5.1 to 3.8 hours and its energy use from
2.9 to 1.8 kWh, whereas the processing time of Ciprofloxacin was 6.0 to 5.5 hours and energy
consumption of 3.1 to 2.0 kWh, respectively. These data demonstrate the improved process
Footnote * footprint of green synthetic routes, illustrating their ability to minimize resource
and environmental requirements in pharmaceutical manufacture00.

e Solvent Utilization and Waste Minimization

Green routes, synthesizing methods which reduce organic solvent consumption and the amount
of solid waste, were also reported for lowering organic solvent consumption and solid waste
generation.

Table 3: Solvent and Waste Metrics
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Drug Method Solvent Used (mL) | Waste Generated (g)
Paracetamol | Conventional 150 22.5

Green 90 13.2
Ibuprofen Conventional 160 24.1

Green 95 14.7
Ciprofloxacin | Conventional 155 23.8

Green 100 15.3

Conventional Green Conventional Green Conventional Green

Paracetamol [ Ibuprofen Ciprofloxacin

Solvent Used (mL)  ® Waste Generated (g)

Figure 2: Graphical presentation of Solvent and Waste Metrics

The quantity of solvent and waste generated in the synthesis Paracetamol, Ibuprofen and
Ciprofloxacin by conventional method and green chemistry method are presented in Table 3.
The comparative results indicate that green synthesis leads to substantial decrease in solvent
usage and solid waste generation in all three drugs. And for Paracetamol, solvent utilisation
was reduced from 150 mL to 90 mL, generating only 13.2 g of waste compared to 22.5 g that
is produced by conventional methods and for Ibuprofen, under green method, 95 mL instead
of 160 mL was required and 24.1 g of waste was generated compared to 14.7 g of waste that
was generated by green pathways instead of 95 mL as well, sol-vent usage reduced to 100 mL
from 155 mL and a decrease from 15.3 g of waste to 23.8 g of waste was noticed for
Ciprofloxacin The above results all point to the environmental benefits of green chemistry; for
example, green chemistry has the effect of minimising the amount of solvent used and the
chemical waste generated—both of which, as we know, are integral to sustainable
pharmaceutical production.

e Cost Analysis of Green vs. Conventional Synthesis
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The green methods, on the other hand, had higher initial material costs, since bio-catalysts or
green solvents are usually more expensive, but because of energy and waste savings it resulted
in lower overall operational costs.

Table 4: Estimated Cost Comparison (Per Synthesis Batch)

Drug Method Material Cost | Energy Cost | Total Cost
(INR) (INR) (INR)
Paracetamol | Conventional 2,500 420 2,920
Green 2,800 250 3,050
Ibuprofen Conventional 2,700 460 3,160
Green 3,000 290 3,290
Ciprofloxacin | Conventional 3,200 480 3,680
Green 3,500 310 3,810

The cost analysis comparison between conventional and green synthesis of three
pharmaceutical drugs based on material, energy and total cost per synthesis batch is given in
Table 4. Green synthesis processes cost more in materials across all three drugs (e.g., 32,800
for Paracetamol as opposed to 32,500 for the conventional method), but show significant
reductions in energy consumption (e.g., X250 versus 3420 for Paracetamol). However, in spite
of these energy savings, the overall cost/batch was marginally higher for the green synthesis
(e.g., 3,050 vs 22,920 for Paracetamol; 3,810 vs 23,680 for Ciprofloxacin). These findings
imply that, although green chemistry reduces the running energy-economical cost, the use of
eco-friendly reagents and catalysts makes the overall cost higher over the short term. Long
term, benefits such as decreased impact on the environment, waste disposal and regulatory
matters may compensate for these up-front cost differences.

3.2.Statistical analysis

Section 3.2 Statistical method for assessing the efficacy of green chemistry vs. traditional
synthesis in pharmaceutical drug discovery is explained in this section. To compare the yield
percentage and reaction time of ten matched drug samples prepared in the two procedures, a
paired samples t-test was used. This was selected to compute the significance of the difference
between the two methods since it is suited for two related groups. The reliability of effects ws
analysed using SPSS software and the signification fixed at p <0.05.

e Paired sample t-test

The Pairwise difference between the yield percentage and the reaction time for the green and
conventional synthesis methods were assessed using a paired sample t-test. This test was
justified since an identical number of drug models (n = 10) was created under both conventional
and green chemistry conditions that could be compared one-to-one. Paired samples t-tests
were used to compare the mean changes of yield and reaction time between the two techniques
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and zero. Statistical analysis was carried out with SPSS software Version XX and the
significance level was considered at p < 0.05.

Table 5: Paired Samples Test Results

Pair Paired Differences t df | Sig. (2-tailed)
Mean Std. Std. Error
Deviation Mean
Yield (Green —| 2.13 2.21 0.70 302 |9 0.014*
Conventional)
Reaction Time (Green | —1.27 1.10 0.35 —4.56 | 9 0.001*
— Conventional)

Note: *p < 0.05 indicates statistical significance.

The paired samples t-test indicated that the mean increase in yield attained through greener
methods of synthesis was statistically significant (2.13%), (t = 3.02, df =9, p = 0.014). This
suggests that green chemistry methodologies are responsible for a significant increase in yield
of product in the 10 paired samples. Additionally the test indicated that there was a significant
(t=-4.56,df =9, p = 0.001) decrease in the reaction time for green synthesis with a mean
decrease of 1.27 hours compared with the traditional route. These data further prove that green
chemistry not only enhances the synthetic efficacy of pharmaceuticals but also saves time and
energy, confirming the merits of environmentally friendly drug synthesis.

4. DISCUSSION

Green chemistry has been considered a promising and sustainable alternative for traditional
pharmaceutical synthesis, which may bring the potential benefits such as less impact on the
environment, more efficient use of resources and more cost effective. The current article
presented a comparison between the green and conventional methods of synthesis of three
widely used pharmaceutical drugs such as Paracetamol, Ibuprofen, and Ciprofloxacin. These
results provide valuable information regarding the potential benefits and limitations of the
application of green methods in the pharmaceutical industry.

4.1.Interpretation of Results

The experimental results demonstrated that green syntheses offered similar or slightly higher
yields and purity for both Paracetamol and Ibuprofen while Ciprofloxacin in turn showed
slightly lower yield. Crucially, P contents were kept very high even using green methods,
supporting the concept of “green” chemistry producing high quality products. The decrease in
reaction time and energy in all three drugs also indicates the effectiveness of green protocols.
Ends statistical analysis by paired samples t-testing, improvement of yield and reaction time
reached statistical significant levels (p < 0.05). Moreover, green synthesis displayed much
lower solvent consumption and solid waste formation rates, which further supported its
101 Although the material cost associated with green catalysts and
solvents are a bit higher than those with the redox-neutral Pd/C catalyst, the lower energy cost
reflects a more sustainable long-term operation.

environmental benefits [
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4.2.Comparison with Existing Studies

These observations are in good agreement with earlier reports in the literature that highlighted
the environmental and efficiency advantages of the green chemistry as a concept, and its
application in pharmaceutical syntheses. But overall, the previous works mostly offer
theorizations (in a very large sense of this word) of the phenomenon, not systematic
descriptions. On the contrary, this study provides quantitative experimental data and
statistically proves the efficiency of green synthesis approaches. Furthermore, even if some
previous studies were related to green analytical chemistry, the current investigation was based
on full-scale synthetic processes and therefore results were extrapolated to a larger number of
synthetic processes and downstream applications in manufactory plants. Hence, the present
study addresses an important gap in the literature to provide data in support of ecological and

managerial implications from previous reviews.

Table 6:Comparison with Existing Studies

Author(s) & | Objective Method Used Key Findings Superiority of Present
Year Study
Banik, B. (Ed.), | To explore | Review of green | Emphasized theory | Your study  provides
2024 1 sustainable drug | chemistry and case-based | empirical data  with
design using | applications  in | applications of eco- | experimental  synthesis
green medicinal | drug design friendly drug | and statistical validation
chemistry synthesis pathways
techniques

Castiello et al.,

To review current

Literature review

Proposed roadmap

Your work complements

2023 121 and future | and strategic | for sustainable | this by offering direct
challenges in | outlook on green | drug synthesis with | yield, reaction time, and
developing green | drug  chemistry | emphasis on | cost comparisons for
processes for | trends catalytic and | specific drugs
drug design solvent innovations

Mehta et al, | To  investigate | Review of green | Highlighted Your study  extends

2024 131 recent eco- | analytical environmentally beyond analysis to actual
friendly chemistry (GAC) | benign analytical | green  synthesis  and
analytical techniques techniques for | compares it quantitatively
methods in pharmaceutical with conventional
pharmaceutical quality control methods
sciences

Kar et al., 2021 | To present a | Comprehensive | Provided broad | Your research tests those

14] critical review on | review of | guidelines and | principles through
green chemistry | principles, tools, | theoretical experimental  validation
principles in|and trends in | framework for | and quantifies their impact
pharmaceutical green chemistry | green on yield and efficiency
synthesis pharmaceutical

development
Ahmad et al, | To outline recent | Review of current | Discussed Your study uses real drug
2024 [15] developments in | synthetic biocatalysis, models and compares
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green technologies
in pharma

green  synthetic | protocols and | microwave specific metrics like cost,
approaches in | eco-friendly synthesis, ionic | time, energy, and waste
pharma methods liquids, and other | for green vs. standard

4.3.Implications of Findings

The work indicates that green chemistry can be sound alternative without sacrificing product
quality and synthesis efficacy!'¥l. The reduced consumption of energy and waste, as well as
minimization of the solvent are advantages for the environment. On the practical side (e.g.,
industry), the decrease in reaction time will increase production throughput. First material
costs might appear higher, but with the possibility of reducing final costs associated to energy,
waste elimination and environmental such as meeting regulations, resulting in very successful
and competitive green synthesis in the long run. Therefore, the incorporation of green
chemistry in pharmaceutical production has the potential to serve the environment in the most

cost effective way possible 11,

4.4.Limitations of the Study

The researchers tested only three drugs, so you can’t assume the results universally
apply to other drugs.

The number of paired samples in the experimental trials was ten, which may decrease
statistical power and decrease the robustness of the conclusions.

The work was only demonstrated on a lab scale; whether industrial/manufacturing is
feasible was not covered.

No consideration of long-term cost issue, including maintenance of green reactors,
sustainability and reusability of green catalysts.

Impending regulatory issues related to green chemistry prescriptions were disregarded.
The work did not consider the supply chain or the availability of environmentally
friendly reagents, which both have practical implications.

4.5.Suggestions for Future Research

Study more classes of pharmaceutical compounds, especially those with complex and
multi-step synthetic routes to examine the applicability of the green chemistry
advantages.

Scale-up studies (laboratory to pilot/industrial scale) for feasibility and economic
assessment.

Use Life Cycle Assessment (LCA) techniques to evaluate long-term environmental
impacts between green and conventional synthesis processes in a holistic manner.
Optimize lower cost, disposable and sustainable green catalysts and solvents for the
lower cost of the eco-friendly synthesis.

Investigate hybrid synthesis methods of mixing green and traditional methodologies
for performance, sustainability, and economics.
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Investigate regulatory, supply chain, and market readiness barriers to the widespread
adoption of green chemistry in pharmaceutical sectors.

5. CONCLUSION

The purpose of the present investigation was to systematically review and compare green
chemistry strategies and conventional methods of synthesis in the pharmaceutical industry.
The practical and environmental benefits of the green synthesis were deduced through the

analysis of yielding, purity, reaction time, energy consumption, solvent and waste formation,

and cost in general. By applying the statistical methods, we were also able to verify the
significance of the observed differences. In addition, the current work contextualized its

findings within the literature and provided rigorous support for previously theoretical
assertions.

5.1.Summary of Key Findings:

Selected pharmaceuticals drugs showed either higher or lower yields and purities in
the green synthesis method compared to the other methods.

Shorter reaction times with lower energy usage were observed during the green routes,
implying a better efficiency of the process.

Eco-friendly processes reduced use of solvents and solid waste production, advancing
environmental viability.

Green synthesis reduced the energy-related operating costs, even if material costs were
increased.

Stastical analysis has shown significant enhancement in both yields and reaction time
under green chemistry.

5.2.Significance of the Study

The results of the study offer both experimental and quantitative evidence on the
advantage of green chemistry, serving as a possible link of the theory with application.

It highlights the applicability of green chemistry as an environmental friendly approach
to reduce the impact on the environment while improving the productivity in the context
of pharmaceutical synthesis.

The work provides novel data to support the move toward more sustainable and cost-
effective drug production

5.3.Final Thoughts or Recommendations

Green synthetic protocols stands out as a hopeful alternative for achieving
sustainability in pharmaceutical production while maintaining quality.

Near-term cost impediments of environmentally friendly materials could be recouped
with long-term energy and waste-disposal savings.
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Businesses and academia must continue to explore green technologies that are scalable
and affordable, and policy makers must facilitate the transition with incentives and
clear and efficient regulations.
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