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ABSTRACT

Context: The improper disposal of unused prescription opioids has a potential for abuse as well as envir-
onmental contamination. Consequently, there is an imperative need for an environmentally safe, conveni-
ent, and effective drug disposal system.

Objective: The objective of this study is to analyze the deactivation efficiency of the disposal system
employing four model opioid drugs of high abuse potential.

Methods: The deactivation system used in this investigation is an activated granular carbon based disposal
system in the form of a pouch, which can be used to safely and effectively deactivate unused or expired
medications. HPLC method validation for each drug was performed prior to analyzing drug content in the
deactivation study. Opioid drugs in different dosage forms were added to individual pouches in the pres-
ence of warm water. Pouches were shaken and sealed, then stored at room temperature. The deactivation
efficiency of the system was tested by collecting samples at different time points up to 28d.

Results: An average of 98.72% of medications were adsorbed by activated carbon within 8 h and contin-
ued to do so over time. At the end of the 28-d study, more than 99.99% of all drugs were deactivated. In
the desorption study, almost no drug leached out from the activated carbon in larger volume of water
and less than 1.3% leached out on extraction with ethanol.

Conclusion: This unique drug disposal system successfully adsorbed and deactivated the model opioid
medications by the end of 28d, offering a safe and convenient route of disposal of unused or residual opi-
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Introduction

The abuse and misuse of prescription drugs has become a serious
health, safety, and environmental problem over the last two deca-
des in the United States. An estimated 54 million Americans mis-
use prescription drugs at least once during their lifetime [1]. In the
late 1990s, the treatment of chronic pain with prescription opioid
medications became prevalent and by the year 2012, almost 259
million prescriptions were written for opioids, which was approxi-
mately equal to the adult population in the US [2].

Opioids exert analgesic effects and euphoria by binding to opi-
oid receptors in the nervous system, gastrointestinal tract, and
other organs throughout the body to inhibit neurotransmitter
release [3]. Common side effects associated with opioid use
include sedation, dizziness, nausea, vomiting, constipation, and
respiratory depression. Repeated exposure to increasing doses of
opioids alters the brain such that it functions normally when
opioids are in the system and abnormally when withdrawn from
the opioids. Results of this alteration are opioid tolerance (the
need for higher doses to achieve the same opioid effect) and drug
dependence (susceptibility to withdrawal symptoms). Repeated
administration desensitizes the opioid receptor making them less
responsive to opioid stimulation and thereby leading to tolerance.
Opioid withdrawal is one of the most compelling factors that drive
opioid dependence/addictive behaviors and can eventually lead to
fatal consequences due to overdose [4]. Today in the United

States, nearly half of all the opioid overdose deaths involve a pre-
scription opioid and in 2015, more than 15,000 people died from
prescription opioids related overdose [5]. Deaths due to overdose
of opioid analgesics has now exceeded deaths involving heroin
and cocaine abuse [6].

The dramatic increase in the number of prescriptions for opioid
therapy has led to an increase in the rate of illicit use and misuse
of these drugs. Hoarding and non-adherence to the prescribed
course of treatment contributes to unintentional risk of exposure
and additional waste of unused or expired opioids in the medicine
cabinets which is a very common source for non-medicinal use of
these drugs. Based on the data from the National Survey on Drug
Use and Health from 2008 to 2011, more than 50% of non-medical
users obtained opioids from friends and relatives for free [7].

US Food and Drug Administration (FDA) recommends the dis-
posal of unused medication by mixing with unpalatable substan-
ces such as cat litter or used coffee grounds and to place this
mixture in a sealed container followed by direct disposal in normal
household trash [8]. Medicines discarded in this manner may end
up in the landfill and contaminate freshwater resources and pro-
mote drug resistance in bacteria [9]. FDA also suggests flushing of
drugs in order to prevent their misuse but this may also result in
these medications entering the water system and thereby affect-
ing not only marine life but also animal and human life [10]. Even
though direct excretion of pharmaceutics via human waste is con-
sidered the primary route by which drugs enter the environment,
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disposal of unwanted medications by flushing into the sewers is
also a significant source [11]. Martinez et al. monitored 100
organic contaminants in municipal sewage treatment plants and
found anti-inflammatory and analgesic drugs to be the most com-
monly encountered contaminants [12]. It is therefore critically
important to dispose such unwanted pharmaceuticals safely in
order to protect both human life and the environment.

Take-back programs have the potential to prevent the misuse
of leftover pharmaceuticals and have been suggested as a
straightforward way to prevent pollution. However, there are sev-
eral disadvantages including the restrain on returning controlled
substances like opioids, scavenging from the disposal location,
lack of adequate and sustained funding and low percentage of
consumer participation [13]. Moreover, the collected drugs from
take-back programs are disposed by incineration or landfilling
which contribute to toxic air emissions or potential contamination
of groundwater due to aging and leakage from the leachate that
can last for decades or even centuries [14].

Waybright et al. evaluated the efficacy of a commercial drug
disposal product composed from a slurry of activated carbon in an
80z bottle to deactivate different types of drugs and the results
showed that more than 98% of the active ingredients were
sequestered after 48 h [15]. The system does not demonstrate its
ability to prevent leaching of drugs from the disposal system in
presence of large quantities of water or organic solvents.

In face of all the risks associated with opioid abuse, the result-
ing environmental risks and previous research, there is an impera-
tive need to provide a simple and cost-effective way of drug
disposal to improve adherence in public and prevent environmen-
tal contamination. Our study aims to furnish this urgent need by
using an activated carbon based deactivation system to deactivate
opioids of high abuse potential. Our drug disposal system com-
prises of a sealable outer pouch and an inner water permeable
pouch which contains 15g of proprietary activated carbon which
utilizes patented MAT;, ©® Molecular Adsorption Technology to
give significant amount of surface area to insure sufficient adsorp-
tion and retention properties [16]. Deactivation is referred to as
inactivation or removing the effectiveness of the drug. In our
study, this is achieved by adsorption of the pharmaceutically
active ingredient by activated carbon thereby rendering them
inactive and unapproachable for misuse.

The objective in the present investigation was to use four
model opioid drugs including; morphine sulfate, methadone
hydrochloride, hydromorphone hydrochloride, and meperidine
hydrochloride to test the deactivation efficiency of this activated
carbon drug disposal system. Morphine is the most abundant
alkaloid found in opium which is used before and after surgical
procedures to relieve severe pain and is regarded as the gold
standard of analgesics [17]. However, morphine is a highly addict-
ive substance which can cause intense physical and psychological
dependence and lead to abuse and eventually overdose death by
respiratory depression. As a derivative of morphine, hydromor-
phone (semi-synthetic opioid) has similar pharmacological action
to morphine but 6-8 times more potent than morphine and its
physical and psychological dependence results in its high abuse
potential [18]. Meperidine hydrochloride is a synthetic opioid with
multiple pharmacological actions similar to morphine, however,
may lead to fatal reactions in patients who have received mono-
amine oxidase inhibitors [19]. Methadone is a synthetic opioid that
can be used in the management of opioid addiction due to its
long half-life, but its use is associated with a high proportion of
overdose deaths [20]. The aim was further extended to demon-
strate the robustness of drug adsorption by the disposal system
via a desorption study.

Desorption is a phenomenon whereby a substance is released
from or through a surface, which in our study is referred to the
release of drug from the activated carbon disposal system [21].
The study was designed to simulate a landfill situation where
drugs can potentially leach out. High performance liquid chroma-
tography (HPLC) methods used to evaluate the deactivation of
opioids were validated to ensure the methods were suitable for
their intended use.

Materials and methods
Materials

Deterra® Drug Deactivation System were provided by Verde
Environmental Technologies Inc. (Burnsville, MN). Morphine sulfate,
methadone hydrochloride, hydromorphone hydrochloride, and
meperidine hydrochloride (active pharmaceutical ingredient) used
in this study were purchased from Sigma (St. Louis, MO). Dosage
forms used in the study were 20 vials of (multiple dose containers
each containing 50 ml) morphine sulfate injections (300 mg/20 ml),
two bottles (100 tablets in each bottle) of methadone hydrochlor-
ide (10 mg), two bottles (100 tablets in each bottle) of hydromor-
phone hydrochloride (4 mg), and two bottles (100 tablets in each
bottle) of meperidine hydrochloride (10 mg) tablets were provided
by Verde Environmental Technologies Inc. (Burnsville, MN).
Acetonitrile (ACN), methanol, ammonium acetate, and sodium
phosphate monobasic were obtained from Fisher Scientific
(Pittsburgh, PA). All other reagents used were of HPLC or
American Chemical Society (ACS) grade.

Methods

Chromatographic and detection conditions

An Alliance system (Waters Corporation, Billerica, MA) and reverse-
phase HPLC methods were used for the quantification of all sam-
ples. HPLC assay methods obtained from previous literature were
modified and validated for each drug [22-25]. Morphine was ana-
lyzed using a C18 Kinetex (150 x 4.6mm, 5um) column with
methanol and pH 4 NH,4OAc buffer (10:90%v/v) as mobile phase.
The flow rate of 1 ml/min with an injection volume of 30 ul and an
absorption wavelength of 285nm was used. For the analysis of
methadone, the column used was C18 Kinetex (150 x 4.6 mm,
5 um) set at 30 °C with acetonitrile (ACN) and water (60:40%v/v) as
a mobile phase. A sample volume of 20 ul was injected at a flow
rate of 1ml/min and analyzed at the absorption wavelength of
200 nm. In addition, for the quantitative analyses of hydromor-
phone and meperidine, the columns used were Kinetex C18
(250 x 4.6 mm, 5um) and Kinetex C18 (250 x 3.5mm, 5um) set at
40 °C, respectively. Hydromorphone was analyzed under the influ-
ence of mobile phase ACN:water (0.5% w/v sodium dodecyl
sulfate and 0.4% trifluoroacetic acid) in a composition ratio of
35:65 (%v/v). Whereas for meperidine, ACN: buffer (0.02M ammo-
nium acetate, pH 6.9) in a composition ratio of 35:65 (% v/v) was
used as the mobile phase. An injection volume of 20 ul at a flow
rate of 1 ml/min was used for both hydromorphone and meperi-
dine. The absorption wavelength of hydromorphone was 282 nm
and that of meperidine was 258 nm. All standards used for HPLC
quantification were prepared in deionized water.

Validation of HPLC methods

Method validation provides high degree of assurance and evi-
dence that the method employed for the specific purpose is suit-
able for its intended use. Considering analytical method validation



can provide consistent, reliable, and accurate results, all the HPLC
methods used in this study were validated to demonstrate that
the methods employed can guarantee reliable determination lev-
els of the four opioids in the samples. The HPLC methods were
validated in terms of specificity, linearity, accuracy, and precision.
Method validation of all the four drugs was performed over a 3-d
period. The specificity of each assay was determined by comparing
the chromatograms of the blank solution (water) with that of the
drug standard solution (drug in water) of varying concentrations.
Linearity of the standard curves was determined over a range of
2.5-50 pg/ml for morphine, 0.1-50 ug/ml for methadone, and
0.25-100 pug/ml in case of hydromorphone and meperidine.
Accuracy of the methods was determined for both intra-day and
inter-day variations using multiple analysis of different concentra-
tions of samples. The precision of the methods was determined by
repeatability (intra-day), which is performed during the same day,
and intermediate precision (inter-day) that was assessed by com-
paring the assays on three different days.

Deactivation of dosage forms

This study was performed as per the protocol established by
Verde Technologies Inc. (Minnetonka, MN) in association with the
National Institute on Drug Abuse (NIDA) where this unique acti-
vated carbon based disposal system was used to evaluate the
deactivation efficiency of four model opioid medications.
Deactivation studies were done in duplicates, to use the duplicate
pouch in case of any spillage during handling of the pouches or
accidental rupture of pouch. Deactivation of methadone, meperi-
dine, hydromorphone tablets, and morphine solution was tested
using the drug disposal system up to 28d. The schematic repre-
sentation is shown in Figure 1 where 20 ml solution of morphine
sulfate or 10 tablets of all the other model drugs were stored in
the activated carbon containing pouches. About 50 ml of warm
tap water (43°C) was added into the pouches containing metha-
done, hydromorphone, and meperidine tablets while 30 ml of tap
water was added into the pouches containing morphine sulfate
solution. The pouches were then sealed after 30s and agitated to
ensure thorough contact of the drugs with the activated carbon.
All the pouches were stored upright in a cabinet at room tempera-
ture during the study period. Samples were collected at 8h, 1, 2,
4, 7, 14, 21, and 28d from duplicate pouches at each time point
and analyzed by the validated HPLC methods after filtration with
0.22 um nylon filters.

S —— — — — ]

Deterrae

Heat tap water to 43°C Dosage forms were added

into pouch and 50mL tap
water was added

Figure 1. Schematic figure for adsorption study.
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Desorption study

Desorption studies were done to test the system for potential
leaching of the active ingredients from the disposal system in
presence of water and alcohol as shown in Figure 2. Landfill situ-
ation was simulated by the addition of higher volumes of water
and organic solvent to test the potential leaching of drugs from
the disposal system into landfill. At the end of the adsorption
study, pouch contents of 28 d were transferred to 500 ml closed
containers and 200 ml tap water was added into each of these
containers. Followed by slow rocking on the platform shaker for
1h and then allowed to stand for an additional 23 h at room tem-
perature. Samples were taken out, filtered, and analyzed by HPLC
followed by complete replacement of the solution in each con-
tainer with 250 ml of 30% ethanol. After 1h of shaking and add-
itional 23 h of standing, the samples were filtered and analyzed by
HPLC.

Results
Validation of analytical methods

Specificity

The analytical methods obtained and modified from the literature
enabled the direct determination of the different drugs without
any significant interference [26]. Chromatographic peaks of blank
solution (a) and standard drug solution (b) of four opioids are rep-
resented in Figures 3-6. The drug peaks were well separated from
matrix samples indicating the specificity of the analytical methods.
Samples generated from adsorption and desorption studies were
also compared to blank and standard drug solutions but showed
no interfering peaks at the drug retention time.

Linearity

Linearity is the ability of the analytical method to elicit results
that are directly proportional to the concentration of the ana-
lyte within a given range. The acceptance criterion for linearity
is that the correlation coefficient () should not be less than
0.990. Standard curve plots of morphine, methadone, hydro-
morphone, and meperidine for 3 d were found to be linear in
the range of 25-50, 0.1-50, 0.25-100, and 0.25-100 pg/ml,
respectively, with an r*>0.999. The results demonstrated linear-
ity of the methods for all four model drugs over a wide range
of concentration.

) )
Deterrae
The pouch was

sealed and stored at
room temperature

Samples were collected Samples were
at 8h,1,2,4,7,14,21,and filtered and
28 days analyzed by HPLC
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Day 28
.@,&»

Tap water

..

()
Pouch contents of 28-day were
transferred to bottles and 200 ml tap

water was added into each bottle The bottles were rocked slowly on
the platform shaker for one hour

30% Ethanol

The solution in each bottle was
completely replaced with 250 ml
of 30% ethanol

Figure 2. Schematic figure for desorption study.

Day 29

~ e

The bottles were allowed to stand for

an additional 23 hours and samples

were taken from each one and

analyzed by HPLC Day 30

1) i e

The bottles were allowed to stand for
an additional 23 hours and samples
were taken from each one and
analyzed by HPLC.

The bottles were rocked slowly on
the platform shaker for one hour
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Figure 3. Chromatogram resulting from (a) blank sample, and (b) standard morphine sulfate solution.

Accuracy and precision

measurements from multiple sampling of a same sample. Intra-day

Accuracy is the closeness of agreement between the reference and inter-day accuracies and precision for the HPLC methods were
values with the measured value which is performed at three con- tested for the four model drugs and are listed in Table 1. For all
centrations within the range of the method. Precision is the meas-  drugs tested, the intra-day and inter-day accuracy ranged from a
ure of the repeatability of the method under normal operation, minimum of 91.92% to a maximum of 112.53% and the precision
which represents the closeness of agreement of a series of Wwas within 10% as shown in Table 1.
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Table 1. Intra-day and inter-day accuracies and precision of HPLC assay for the four drugs.
Intra-day (n=6) Inter-day (n=3)
Reference
Opioids value (pg/ml) Mean + SD Precision (%) Accuracy (%) Mean + SD Precision (%) Accuracy (%)
Morphine sulfate 25 2.34+0.1 4.99 93.5 239+0.2 6.95 95.7
10 9.93+0.2 1.86 99.3 9.95+0.2 2.14 99.5
25 2523+04 1.53 101 25.19+0.5 1.78 101
Methadone hydrochloride 25 239+0.04 1.49 95.7 2.39+0.05 2.22 95.8
10 9.31+0.05 0.54 93.1 9.19+0.2 2.29 91.9
25 24.01+04 1.66 96.0 24.12+04 1.63 96.5
Hydromorphone hydrochloride 5 5.14+0.2 2.98 103 527+04 6.79 105
10 10.49+0.2 1.50 105 10.19+0.4 391 102
25 23.20+0.4 1.52 92.8 2430+1.2 5.02 97.2
Meperidine hydrochloride 10 10.81+0.2 1.56 108 11.25+£0.5 471 113
25 25.55+0.2 0.71 102 25.62+0.6 2.20 102
50 5477 £0.4 0.80 110 50365 9.17 101

Deactivation study

Deactivation of the four opioid model drugs (morphine, metha-
done, hydromorphone, and meperidine) with the drug disposal
system was observed over 28d. Once the dosage forms were
placed into the pouches and water was added, adsorption starts
almost immediately. For morphine and hydromorphone, almost all
of the drug (99.84% and 100%) were adsorbed while in case of
methadone and meperidine, 97.12% and 97.93% of the drugs
were deactivated by the drug disposal system by the end of 8h.
All four opioids continued to be adsorbed over time and by the
end of 28d, an average of 99.99+0.01% of the drugs were effect-
ively deactivated by the drug disposal system. The deactivation
profile of all the four opioids is presented in Figure 7.

Desorption study

Desorption study was performed in order to test the potential
desorption of the opioids from activated carbon after exposed to

a landfill situation by adding higher volumes of water and organic
solvent. At the end of the 28-d adsorption study, all the pouch
contents were transferred to the containers and 200 ml of tap
water was added into each container. Almost no drug leached out
after one day of desorption (Table 2). To test the robustness of
the system to extraction by alcohol, the solution in the container
was replaced by the same volume (250 ml) of 30% alcohol. Due to
the strong interaction of the drug molecules with the activated
carbon, an average of less than 1.3% of drugs leached out from
activated carbon after 24 h (Figure 8).

Discussion

Prescription opioid medications have been widely used in pain
management for many decades. Although opioid therapy is suc-
cessful in relieving pain, it is associated with risks for misuse and
abuse. The high risk of intentional abuse for non-medical proposes
is due to the euphoric effects produced by these opioids or may
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Figure 7. Deactivation profiles of four opioid drugs.

Table 2. Desorption study of morphine, methadone, hydromorphone, and
meperidine in water and ethanol.

Medications % Leached in water % Leached in ethanol
Morphine sulfate 0.00 0.52
Methadone hydrochloride 0.20 0.25
Hydromorphone hydrochloride 0.00 0.50
Meperidine hydrochloride 0.00 1.40

be due to a greater degree of drug dependence associated with
such drugs and in order to avoid withdrawal symptoms. Unsafe
storage conditions and hesitancy to dispose these medications after
its prescribed use is one of the reasons which may lead to the
abuse and diversion of leftover drugs. In addition, direct disposal of
these medications in household trash is imprudent and is a major
cause of abuse or accidental exposure by children [27-29]. Hence,
the proper use, storage, and disposal of opioid analgesics have
been identified as one feasible step to counteract such illegal and
harmful activities. If take-back programs or other similar alternatives
are not readily available or if individuals are not aware of such pro-
grams, flushing medications down sewer drains is a common rec-
ommendation made to consumers. In fact, toilet disposal has the
lowest emissions and is regarded as the fastest and easiest way to
dispose controlled substances [30]. However, many sewage treat-
ment plants are ill-equipped to handle such compounds in waste-
water due to which these compounds have been detected even in
surface and tap water. As a result, many environmentalists consider
this method to be the least desirable largely due to the unknown
effects on the environment [31]. Although incineration following
proper disposal of these controlled substances is regarded as the
most environmental friendly way, studies show that airborne emis-
sions of carcinogens, global warming, and ozone depleting com-
pounds increases significantly on incinerating pharmaceuticals [30].
Due to this, compromises are required to maintain a proper balance
between human and environmental exposure resulting in conse-
quences such as accidental poisoning, unintended overdoses, pre-
scription drug misuse, and pharmaceutical waste.

The drug disposal system investigated in our study provides a
simple and sustainable way to combat these problems and comply
with the federal regulations at the same time. A key component
of this disposal system is proprietary activated carbon contained

within a pouch, which has a very small particle size and a large
surface area [32]. In many studies, activated carbon has been rec-
ommended for treating different drug overdose or chemical poi-
sonings in emergency situations due to its strong adsorption
property [33]. Adsorption is a phenomenon which occurs when an
adsorbate adheres to the surface of an adsorbent, such as acti-
vated carbon, due to hydrophobic and electrostatic interactions
between the two [34]. Activated carbon is a universal adsorbent,
which can inactivate drug substances by adherence of an
extremely thin layer of the compounds to the surface of the car-
bon by Van Der Waals forces and other stronger bonds.
Adsorption efficiency of activated carbon is contributed mainly by
the presence of micro-pores which provides the maximum surface
area from 500 to 1500g/m? and causes sufficient adsorption and
retention of pharmaceutical compounds [35]. With adsorption, the
intermolecular force which connects the carbon and the drug sub-
stances may strongly prevent the release of the molecules from
the carbon and render the drug substances physiologically
inactive. The adsorption efficiency is also influenced by the struc-
ture of the drug molecules or adsorbate [36]. The presence of aro-
matic rings in all of the four opioid drugs contributes to their
hydrophobicity and adsorption by activated carbon due to pi-pi
interactions [37]. Morphine sulfate solution provided greater sur-
face area since the drug was in a pre-dissolved state, this lead to
faster adsorption to activated carbon compared with adsorption of
drugs in solid dosage form. Solid dosage forms like tablets require
dissolution of the drugs in water before adsorption can occur.
Dissolution to precede adsorption can slightly delay the rate of
adsorption of methadone tablets compared to morphine solution.
Previous research has noted the influence of molecular weight
and hydrophobicity of the adsorbate on adsorption capacity of
activated carbon. In our study, we did not observe any significant
differences in the adsorption capacity of the disposal system
towards the model opioids. The results from our adsorption stud-
ies revealed the robustness of the drug disposal system by dem-
onstrating 99.98-100% deactivation of all the opioid medications.
Within 8h, more than 98% of the drug substances had been
adsorbed to the activated carbon. The minor difference
(2.88-0.01%) in the deactivation profile of the drugs is due to the
variation in HPLC method linearity. As presented in the method
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validation, linearity of the drugs varied from 2.5-50, 0.1-50,
0.25-100, and 0.25-100 for morphine, methadone, hydromor-
phone, and meperidine, respectively. From the range of linearity, it
is evident that the sensitivity of the HPLC methods for the opioids
differed and this difference is the reason we see a minor differ-
ence in the deactivation profiles of the drugs. The recommended
capacity for this disposal system is 15 pills, 2 ounces of solution or
two transdermal patches per pouch. Hence, the formulation used
to test the drug disposal system did not exceed the limit.

Active pharmaceutical ingredients (APIs) released into the envir-
onment via improper disposal such as landfill leaching may con-
taminate freshwater resources [11]. To examine the robustness of
the drug disposal system in retaining the adsorbed pharmaceuti-
cals, a desorption study was carried out to with large quantities of
water and organic solvent under agitation conditions where there
is a strong likelihood of the drug leaching out of carbon. The
aqueous washout test showed that the medications remained
highly adsorbed to the activated carbon and thus cannot leach
out to cause contamination of the environment in presence of
large volumes of water. On extraction with alcohol, less than 1.3%
of the drugs leached out of the system indicating that most of the
drug has already been deactivated by adsorption to activated car-
bon and the risk of leaking of these drugs from landfills may be
eliminated. Hydrophobicity of the opioids influenced their leaching
out from alcohol during the desorption study. A previous investi-
gation by Nam et al. established the influence of hydrophobicity
with adsorption efficiency of activated carbon [26]. Methadone has
the highest hydrophobicity with the largest partition coefficient
compared with the other three opioids and thus showed the low-
est extraction from alcohol due to the strongest binding with acti-
vated carbon.

Conclusion

In conclusion, the improper disposal of prescription opioids is a
major concern due to associated potential abuse and risks of
environmental contamination. Despite existing disposal protocols
and programs, there is an imperative need for an environmentally
safe, convenient, and effective drug disposal system. The disposal
system evaluated in our study furnishes this need by demonstrat-
ing its efficiency by deactivating and retaining the four model

opioids with high abuse potential. This system could successfully
adsorb or deactivate 99.99% of the four model opioids within 28 d
and did not release them when exposed to different stress condi-
tions. Hence, this drug disposal system is not only an improve-
ment over traditional methods of disposal of unused medications
at home but also furnishes the need for a simple, convenient, safe,
and environmentally friendly drug disposal procedure for both
patients and healthcare providers. While our study demonstrates a
promising drug disposal system, further testing with a range of
drugs and dosage forms is required to deem the disposal system
universal.
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