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Abstract 

This review summarizes that 
methodology of bioactive compounds for 
sustainable recovery by the principles of 
circular economy, green chemistry and 
advanced waste management. Ecological 
damages are mitigated by the use of 
incineration, chemical treatment of waste and 
filtration of wastewater. The 3Rs (reduce, 
reuse, recycle), Waste to Energy (WTE) and 
thirdly, reducing cost through resource use 
are more sustainable lab practices. Emerging 
technologies like AI driven waste monitoring 
should be used to treat and improve their 
efficacy. To contribute in economic growth 
and to prevent environment, sustainable 
recovery strategies are designed to regulate 
compliance for better future.  
 
Keywords: Active pharmaceutical ingredients 
(API), AI in waste management, Antibiotic 
resistance, Circular economy, Green 
Chemistry, Opioid and Non-opioid analgesics. 
 
1. Introduction 

In recent days, people have started 
believing that expired drugs are becoming 
toxic, but originally, they lose their therapeutic 
efficacy. This believes leads to irregular 
disposal of drugs. In this regard, there are 
multiple possibilities to extract and reuse API 
(Active pharmaceutical ingredients) from 
unused and expired drugs like painkillers [1]. 

Nowadays, many organizations are 
over concern of environmental pollution, 
which is caused by irregular disposal of 
drugs, which are being dumped in landfills 
and many water sources which causes 
contamination of these sources that promotes 
the growth of bacteria which are resistant to 
antibiotic. The organization introduced a 

concept of circular economy to spread 
awareness for bringing back the recycle 
waste into the production house [2]. 

The transformation of antibiotic waste 
into beneficial products decreases the 
harmful impacts on environment and also 
leads to economic growth [3].The appropriate 
guidelines and protocols are required to 
rightfully discard antimicrobial drugs and to 
promote sustainability. 
 
2. Active Ingredients in Painkillers 

Painkillers – called as analgesics are 
medicines that are particularly designed for 
pain relieve. The effectiveness of an 
analgesics will depend upon its active 
metabolite that determines its action in the 
body and its potency [4] [5] [6]. 

Aspirin: It is a Nonsteroidal Anti-
Inflammatory Drugs (NSAIDs), it works on 
mild pain relievers [7] [8] [9]. 

Ibuprofen: It is a drug which is used 
for fever and pain relief [10] [11]. 

Diclofenac: This drug is used for 
migraine and osteoarthritis [12]. 

Morphine: It is an opioid drug that 
works against severe pain and post-surgery 
[13]. 
 
2.1 Types of analgesics 

2.1.1 Non-Opioids- Non opioids are NSAIDS 
(non-steroidal anti-inflammatory drugs) / non 
narcotics, aspirin like analgesics [14]. Non 
opioid analgesics which relieves pain by 
reducing local inflammatory responses. 
These compounds are used for short-term 
pain relief and for mild pain, such as that of 
migraine muscle strain, bruising, or 
osteoarthritis [15] [16] [17]. 
2.1.2 Opioids- Narcotics or morphine like 
analgesics is included in this category. The 



Sustainable Recovery of Bioactive Compounds 

Current Trends in Biotechnology and Pharmacy                   117 
Vol. 19 (Supplementary Issue 3A), September 2025, ISSN 0973-8916 (Print)., 2230-7303 (Online)  
10.5530/ctbp.2025.3s.8 
 

 

opioid analgesics were called narcotic drugs 
because they act on the brain (CNS) and can 
induce sleep[18] [19]. The opioid analgesics 
are addictive and can be taken for shorter or 
longer period of time[20] [21]. 
 
2.2 Aspirin (acetylsalicylic acid) 

Aspirin is an NSAIDS that reduces 
inflammation, mild pain, thins blood to prevent 
clots and during fever it lowers the body 
temperature [22] [23]. 

2.2.1 Harmful effects of aspirin on 
environment: 

The waste water treatment plants are 
not able to eliminate all pharmaceutical 
residues that lead to contamination of water 
which has harmful effect on aquatic life, and it 
also affects the growth pattern in marine 
species [24]. 

The irregular dumping of antimicrobial 
waste containing aspirin in landfills affect the 
nutrient cycle. 

Continuous exposure of aspirin has a 
harmful effect causing long term ecological 
balance [25]. 
 

2.3 Ibuprofen     (2-(4-isobutylphenyl) 
propanoic acid) 

Ibuprofen is an NSAIDS which 
reduces pain and inflammation; it is also an 
antipyretic drug [26]. 
2.3.1Harmful effects of ibuprofen on 
environment: 

The risk of consumption of drugs for a 
long term is high.  

It impacts the behavior and 
reproduction of aquatic organisms [27]. 
 
2.4 Diclofenac (2-(2,6-dichloroanilino) 
phenylacetic acid) 

Diclofenac is used for osteoarthritis, 
migraine and menstrual pain; it relieves 
severe pain and inflammation. This can also 
be used to reduce post-surgery pain during 
the time of recovery [28] [29]. 

2.4.1 Harmful effects of diclofenac on 
environment: 
Due to diclofenac there is decrease in the 
number of vulture species in South Asia 

It causes damage of organs in aquatic 
organisms (fish)[30]. 
 
2.5 Morphine  

Morphine is a strong opioid drug that 
works directly on the CNS. It relieves severe 
pain, mainly after surgery and on cancer 
patients [31] [32]. 
2.5.1 Harmful effects of morphine on 
environment: 

Pharmaceutical waste production 
from morphine manufacturing becomes 
hazardous to the environment unless proper 
waste management protocols exist. 
Professional cultivation of morphine-
producing opium poppies leads to 
deforestation and damage to land quality in 
addition to requiring intensive pesticide use 
during production [33]. 

Manufacturing 100 mg of morphine 
results in carbon dioxide emissions that equal 
driving an average car one kilometer. End-stage 
manufacturing activities including both 
sterilization and packaging processes create 
most of these emissions because they demand 
considerable energy consumption [34]. 
 

3. Sources of medical painkiller waste 

3.1 Pharmaceutical manufacturing 

3.1.1 Raw material waste:In pharmaceutical 
manufacturing, raw material waste consists of 
excessive usage of chemical reagents from 
drug synthesis, expired or decayed API, and 
also from unused excipients like filters, 
preservatives and benders [35]. 

3.1.2 Production waste:It consists of left over 
materials from tablets and formulation 
residues, out of specification, painkiller 
batches, liquid production and capsule [36]. 

3.1.3 Expired or recalled products:It consists 
of those painkillers that have exceeded their 
life span before use and also from those 
painkillers that are withdrawn from the 
production due to safety concerns or 
regulatory violations [37]. 
 
3.2 Hospitals and healthcare facilities 

3.2.1 Patient leftovers:It consists of unutilized 
medications from discharged or expired 
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patients, syringes, pill bottles or partial doses 
of medication in IV bags [38]. 

3.2.2 Spilled or contaminated medication:It 
consists of tablets and capsules become 
unusable due to irregular handling and also 
from spills of liquid painkiller during 
administration [39]. 

3.2.3 The disposal of controlled substances:It 
includes those painkillers that are needed to 
go through strict procedure to inhibit 
medications discarded and misuse due to 
legal or regulatory compliances [40] [41]. 
 
3.3 Household and community waste 

3.3.1 Irregular disposal:When medications 
which are not in use are discarded into the 
trash in the house can increase the risk of 
environmental harms and also from the 
medications that are flushed down the toilet 
or sink that leads to water contamination [42] 
[43]. 

3.3.2 Illegal or recreational use waste: This 
consist of rejected packaging from misuse 
and leftover substances from unauthorized 
consumption [44]. 

3.3.3 Medication waste from caregivers: This 
consist of drugs that are not in use after a 
patient recovers or passed away and also it 
includes unused painkillers from disabled or 
temporary ill patients [45] [46]. 
 
3.4 Research and laboratory waste 

3.4.1 Expired or unused chemicals:It  
consists of compounds that are degraded or 
expired before use and also from surplus 
reagents and solvents from drug development 
[47]. 

3.4.2 Contaminated laboratory materials:It 
includes the usage of glassware gloves, vials 
with painkiller residues lab coats and also 
from protective equipment exposed to 
chemicals in laboratory[48] [49]. 

3.4.3 Waste from quality control and testing:It 
includes discarded batches of painkillers that 
do not meet regulatory standards and also 
from leftover samples from potency and 
stability test[50] [51]. 

4.Reuse of extracted active ingredients 
from expired drugs 

Extracting pharmaceutical 
substances from wasted drugs presents an 
environmentally friendly solution for pharma 
waste disposal [52]. These pharmaceutical 
compounds become valuable when 
repurposed for scientific research and 
industrial production as well as medical 
treatments which simultaneously supports 
drug development initiatives and lowers 
expenses and environmental harm[53] [54]. 
 

4.1 Aspirin 
Aspirin that has been recovered from 

expired drugs has many applications. It is 
used in pharmaceutical research as an aid to 
stabilize and formulation trials. It is brought to 
the ph of skin in industry for skincare to 
convert it into salicylic acid [55]. It is used as 
lab experiments in educational institutions, 
and purified aspirin is repurposed in 
veterinary medicine for the pain management 
[56].These practices in the pharmaceutical 
sector encourage waste reduction, cost 
effectiveness and optimization of the 
resources [57]. 
 

4.2 Ibuprofen 
Ibuprofen can be used in many fields 

of applications. It can be used in 
pharmaceutical research and development as 
a tool for drug formulation studies, a tool for 
stability testing and a tool for bioavailability 
research [58]. Ibuprofen itself is used as a 
precursor to chemical synthesis in industrial 
applications to produce related anti-
inflammatory drugs. Extracted ibuprofen can 
be used in analytical chemistry and 
pharmaceutical training for benefit to 
educational institutions. In veterinary 
medicine, purified ibuprofen can be 
repurposed as a pain medication in animals 
under veterinary supervision [59]. They are 
related to waste reduction, resource 
optimization and circular economy principles 
in the pharmaceutical industry [60]. 
 

4.3 Diclofenac 
The recovered diclofenac from the 

expired drugs has several applications in 
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diverse fields. In chemical synthesis, 
diclofenac serves as a precursor for novel 
derivative and related anti-inflammator
compounds, and thus potentially improved 
therapeutic profiles[61]. In addition, purified 
diclofenac can be used by educational 
institutions in laboratory experiments, as a 
purification, analysis or formulation training. 
By contributing to sustainability,
reduction and the circular economy principles 
through these reuse practices, these reuse 
practices are relevant to the pharmaceutical 
industry [62] [63]. 
 
4.4 Morphine 

The extracted morphine can be used 
to study the pharmacological properties of 
morphine in laboratories and optimize drug 
formulation. This helps in improving the 
existing therapies or the creation of new 
drugs for the treatment of pain [64]. It is an 
important precursor for the synthesis of a 
number of opioids. It can be used to make 
compound like codeine or semi synthetic 

Fig. 1: Sustainable Recovery of Bioactive Compounds from Painkiller Waste
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diverse fields. In chemical synthesis, 
diclofenac serves as a precursor for novel 

inflammatory 
compounds, and thus potentially improved 
therapeutic profiles[61]. In addition, purified 
diclofenac can be used by educational 
institutions in laboratory experiments, as a 
purification, analysis or formulation training. 
By contributing to sustainability, waste 
reduction and the circular economy principles 
through these reuse practices, these reuse 
practices are relevant to the pharmaceutical 

The extracted morphine can be used 
to study the pharmacological properties of 
morphine in laboratories and optimize drug 
formulation. This helps in improving the 
existing therapies or the creation of new 
drugs for the treatment of pain [64]. It is an 

tant precursor for the synthesis of a 
number of opioids. It can be used to make 
compound like codeine or semi synthetic 

opioids which would have differed therapeutic 
profiles or lack of side effects [65] [66].
 
5. Disposal of painkiller waste in research 
and laboratory 
 
5.1 Classification of painkiller waste

Painkiller waste can be classified on 
its disposal challenges and different 
composition of chemicals [67] (Figure 1)

5.1.1 Composition based: Strict regulations 
are needed for painkillers like morphine which 
are opioid analgesics whereas ibuprofen 
causes risk on environment which is a non
opioid analgesic. Expired painkillers convert 
into dangerous substances during their 
decomposition process. Specific classes of 
painkillers decompose naturally whereas 
synthetic NSAIDs are present in the 
environment [68]. 

5.1.2 Disposal Challenges: The degradation 
of expired painkillers produces dangerous 
compounds and unused painkillers 
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causes contamination, while manufacturing 
waste requires appropriate management 
schemes. Proper disposal methods are 
essential [69]. 
 
5.2 Sources of painkiller waste in 
laboratories 

5.2.1 Expired painkillers: Proper disposal of 
expired or unused painkiller which is stored 
for research purposes [70]. 

5.2.2 Residues from experiments research 
methodologies and testing procedures create 
experimental residues consisting of active 
ingredient which represents a hazard to 
environmental health [71]. 

5.2.3 The process of drug formulation 
produces waste materials which contains 
hazardous substances [72]. 
 
5.3 Regulations and guidelines for 
painkiller waste disposal 

Practices for disposing waste 
painkillers are regulated through 
environmental safety protocols to prevent 
improper usage. The authorities of biomedical 
waste management rules require appropriate 
disposal methods for both discarded and 
unnecessary painkillers for reducing 
environmental pollution [73]. The 
environmental protection agency through its 
resource conservation and recovery act 
governs hazardous pharmaceutical waste 
disposal. The world health organization offer 
international standards such as incineration 
and take-back programs. The regulations of 
local and national waste disposal authorities 
specify detailed procedures for 
pharmaceutical waste transport and safe 
disposal. All pharmaceutical waste disposals 
must follow these regulations[74] [75]. 
 
5.4 Methods of painkillers waste disposal 

The various methods of painkiller 
waste are: 
(i) Incineration process involves destroying of 
waste from painkiller at high temperatures so 
that active ingredients are fully destroyed. 
This process is typically applied for toxic 
wastes from pharmaceuticals[76]. 

(ii) Treatment with chemical agents is needed 
before disposal; to breakdown the compound 
of hazardous painkillers into substances that 
are not harmful [77]. 

(iii) For accurate disposal, different programs 
are been run by government to return expired 
painkillers. 

(iv) Advancement processes in filtration  
and treatment from chemicals serves  
the intended purpose of removing 
pharmaceutical residues in wastewater, 
effective for reducing pollutants in water 
bodies [78]. 
 
6. Sustainable and economic growth of 
laboratory waste 

Laboratory waste management is 
very important as irregular disposal of the 
waste can lead to various environmental 
problems taking up sustainable and cost-
effective waste management techniques can 
help laboratories minimize their ecological 
footprint while optimizing operational costs 
[79][80]. 
 
6.1 Principles of Sustainable Laboratory 
Waste Management 

The principles mainly focus on 
reducing the waste products, recycling it and 
adopting green chemistry approaches. 
Laboratories can reduce waste generation by 
optimizing resource use, substituting 
hazardous chemicals with safer alternatives, 
and implementing circular economy principles 
that promote reuse [81]. Properly segregating 
the waste at the source ensures that 
recyclable and biodegradable materials are 
effectively processed which reduces the 
overall burden on landfills and incineration 
facilities [82]. 
 
6.2 Economic Impact of Laboratory Waste 

Laboratories produce waste like 
hazardous chemical, biological, and 
radioactive, which requires costly specialized 
disposal.Compliance with regulations 
demands investments in segregation, 
storage, equipment, and external services, 
raising operational costs. Research and 
healthcare labs assign substantial budgets to 
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waste management, often limiting funds for 
core research, innovation, and scientific 
advancements [83]. 

Inefficient inventory management in 
most laboratories causes undue consumption 
of reagents, chemicals, and single-use 
plastics, creating unnecessary waste and loss 
of money. Disposable items such as plastic 
pipettes, gloves, and petri dishes add a lot to 
the volume of waste and need to be replaced 
continuously, adding more to the cost. Poor 
planning and inappropriate storage of 
perishable reagents or temperature-sensitive 
chemicals also lead to spoilage, compelling 
labs to replace materials and adding to the 
total expenditure [84][85]. 

The improper disposal of any 
hazardous waste generated in a laboratory 
can lead to soil, water, and air contamination 
with associated high costs of remediation and 
long-term government and institutional 
funding for cleanup operations [86]. Other 
than the health complications posed to 
laboratory personnel, hazardous waste also 
complicates the health risks borne by the 
waste handlers, as well as by the surrounding 
communities. These factors altogether 
increase healthcare treatment costs and 
issues of prolonged health risks [87]. 
 
6.3 Sustainable Waste Disposal Methods 

6.3.1 Reduce, reuse and recycle (3Rs): 
It plays crucial role in reducing the 
environmental impact. The concept of  
reduce, consist of both reducing the 
consumption of resources through limited 
usage and also by choosing environment 
friendly material [88].The concept of  
Reuse, can easily extend the lifespan of  
the product by repairing the product, 
repurposing or through donation to lower the 
need for new production. The concept of 
recycling is to turn waste into materials such 
as paper, plastic, metals and glass into new 
product which saves resources and also 
minimizes the need to dump waste in landfills 
[89][90]. 

6.3.2 Waste to Energy (WTE): The process  
of conversion of waste to energy (WTE)  

uses, unusable waste to produce  
useful forms of energy by using techniques 
which consist of incineration and  
anaerobic digestion. The production of  
energy from this method reduced the  
amount of waste ending upon landfills 
[91][92]. 

6.3.3 Biodegradable and Eco-friendly 
packaging: The adaptation of environmentally 
friendly packaging consists of materials 
 from plant sources that naturally degrade into 
the environment easily instead of 
conventional plastics. These packaging  
are manufactured to decompose in nature 
which helps in reduction of environmental 
harm [93]. 

6.3.4 Landfill Management and gas 
recovery:A specialized site known as sanitary 
landfills incorporates liners and leachate 
treatment methods to stop untreated liquid 
from contaminating to earth and aquatic 
environments. The emissions of methane 
from waste decomposition are a huge source 
of renewable energy, the facilities capture 
and transform this gas into usable electricity 
[94]. 

6.3.5 Ocean and plastic waste reduction: To 
fight against the ocean plastic pollution it 
requires to prohibits the single use plastics 
and addressing people for carrying out 
organized cleanups or recycling to reduce 
marine contamination. Marine plastic waste 
reduction gets additional helps from the 
development of biodegradable plastics and 
improvements in waste collection methods 
[95][96]. 
 

6.4 Regulatory Compliance & Incentives 
The practice of regulatory 

compliances requires organisation to follow 
strict environment laws in order to  
protect both sustainable operations or to 
prevent penalties[97]. To boost, industrial 
green adaptation government provides  
eco-friendly technology incentive by reducing 
the taxes. This helps organisation to achieve 
better environmental performance by the time 
regulations remain strict while beneficial 
incentives exist alongside them [98]. 
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7. Current technologies for laboratory 
waste management 
 
7.1 Waste to Energy (WTE) Technique:  

To decrease contamination in the 
environment, waste to energy technology is 
used, as it changes pharmaceutical waste 
into energy that can be utilized. Incineration 
systems using energy recovery, burn 
painkillers at high temperature to create 
energy that produces electricity or steam. The 
gasification method changes waste into 
syngas (synthetic gas). Microorganisms 
produce biogas when they decompose 
organic pharmaceutical waste in anaerobic 
digestion process. Safe painkiller waste 
management through these technologies 
offer both on environmentally responsible 
method and sustainable energy generation 
while reducing contamination risks [99][100]. 
 
7.2 Advanced wastewater treatment: 

The removal of pharmaceutical 
residues such as painkiller waste is needed to 
prevent environmental contamination and 
requires advanced wastewater treatment. 
Drug residues can be absorbed by activated 
carbon filtration, effectively contaminating 
them. Ozone, UV light and hydrogen peroxide 
are advanced oxidation processes that break 
down pharmaceutical compounds. 
Microorganisms (such as Pseudomonas spp, 
Bacillus spp, and White rot fungi) are used in 
biological treatment for the degradation of the 
pharmaceutical waste naturally. These 
methods help assure cleaner water and 
minimize the risks related to health [101]. 
 
7.3 Green chemistry and Biodegradable 
materials: 

The main goal of green laboratory is 
to protect environmental damage by using 
resources effectively with the possible 
alternate energy sources and selecting non-
hazardous material. When available bioplastic 
and compostable packaging decompose 
naturally to provide an opportunity for 
reducing the environmental waste and 
minimizing the amount of material which ends 
up in landfills [102]. 

 
7.4 Smart waste segregation and 
monitoring 

Fielding uses sensors based on artificial 
intelligence, internet and technologies to 
established automated waste sorting system 
that helps in the recognition of different materials 
as well as organic or harmful waste. Efficient 
waste management system can develop 
through the implementation of waste tracking 
system together with routing optimization. 
System technologies improvement will help in 
greenhouse gas reduction by providing better 
eco-friendly waste management solutions for 
waste diversion [103]. 
 
7.5 Bioprocesses and Enzymes based 
treatment: 

Fungal and bacterial microbes 
convert toxic substances into less toxic end 
products that are an environmental 
remediation for environmental pollutions. 
Enzyme based treatments enhancewaste 
destruction rate by the application of certain 
enzymes that decomposes industrial 
pollutants with destruction rate by the 
application of certain enzymes that 
decomposes industrial pollutants [104] [105]. 

Enzymes such as Oxidoreductases 
which breaks complex organic pollutants into 
simpler ones and Hydrolases, this breaks 
complex molecules into simpler ones[106]. 
 
8. Sustainability Approaches in laboratory 
Waste Management 
 
8.1 Waste Reduction and circular 
economy: 

Waste reduction focus on methods 
that are used to reduce material usage during 
the process of developing environmentally 
friendly methods that reduces waste 
production in the model of circular economy, 
product, materials and resources continue 
through regenerative cycles by the help of 3R’s 
model that increases their lifespan. These 
waste reduction technique helps in reducing 
landfill waste and also conserve natural 
resources to establish an economic model 
which is based on sustainability [107] [108]. 
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8.2 Digital Transformation to reduce 
waste: 

To enhance waste management with 
smarter monitoring system and automated 
waste sorting abilities with analytical 
predication and analysis by merging AI based 
model with Internet of Things (IOT) and block 
chain method [109]. A paperless system 
together with cloud computing in business 
operations will decrease waste materials while 
real-time waste tracking systems implemented 
through electronic waste containers enhance 
collection methods. Innovative solutions 
generate swift sustainability benefits to both 
environment and costs and assist circular 
economic innovation [109]. 
 
Conclusion 

The bioactive compounds recovery 
from pharmaceutical wastes, and 
consequently from the painkillers specifically, 
is an important sustainable recovery that can 
minimize environmental contamination and 
promote economic growth. Disposal of 
expired or unused drugs in water or soil 
contaminates the environment and human 
health. Mitigation of these risks can be 
realized through implementing circular 
economy principles, green chemistry, and 
advanced waste management technology. 

Methods for effective disposal 
including incineration, chemical treatment, 
and filtration of wastewater, diminish the 
environmental hazards. Sustainable 
laboratory wastes management assumes the 
3Rs (Reduce, Reuse, Recycle) and waste to 
energy (WTE) techniques to reduce waste 
and optimize resource use while reducing 
costs. Eco-friendly practices would also 
benefit from regulatory compliance and 
government incentives. 

Pharmaceutical waste management 
can be improved via future innovations in AI 
driven waste monitoring, bioprocessing as 
well as digital solutions. Since environmental 
protection, resource conservation, and a 
healthier future shall be achieved through 
prioritizing sustainable recovery and proper 
disposal, these elements need to top the 
priority list during this period. 
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