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Unused medications have the possibility of being abused, causing serious harm to individuals who were not
prescribed the drug. The Food and Drug Administration (FDA) recommends the proper disposal of unused
prescribed medications to maintain safety and prevent environmental hazards. However, many of the current
disposal techniques do not properly address safety. A drug disposal pouch containing granular activated carbon
offers a unique disposal method to deactivate residual or expired medication in a convenient, effective, and safe
manner. A robust and validated method for methylphenidate hydrochloride and loxapine succinate was de-
veloped using high-performance liquid chromatography (HPLC) and the deactivation efficiency of the disposal
system was tested. Methylphenidate hydrochloride was analyzed on a C18 analytical column (250mm �
4.60 mm, 100Å) using acetonitrile-water (0.05% (v/v) trifluoroacetic acid) as the mobile phase at a flow rate of
1.0 mL/min with a run time of 15min and retention time of 7.8 min. Loxapine succinate was separated on a C8
100Å (250 mm � 4.6 mm, 5 mm) column maintained at 25 °C using a flow rate of 1.0 mL/min. The run time
was 10min and the retention time of the drug was around 4.6 min. Mobile phase was composed of acetonitrile
and water (0.3% triethylamine) at pH 3.0 as 40:60 (v/v). Reference standard solutions (100 mg/mL) for both
drugs were prepared by dissolving in mobile phases. These methods provide good linearity (R2 ¼ 0.999) over
the range of 5–100 mg/mL for methylphenidate hydrochloride and 0.1–100 mg/mL for loxapine succinate. The
assay methods were successfully applied to study the deactivation of these drugs.
& 2018 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Proper disposal of unused prescription medications has become a
significant problem. Storage of expired and unwanted medications
can lead to either accidental exposure or intentional use or abuse of
prescription medications. The potential for misuse and addiction to
prescription medications, such as those for pain, is a national health
concern that has social and economic implications. In 2015, over
33,000 Americans died as a result of opioid overdose or substance
abuse disorders related to prescription of opioid pain medications,
and 591,000 suffered from addiction to heroin [1,2]. Although pre-
scription medications play an important role in the treatment of
severe and acute chronic pain conditions, due to their over pre-
scription or prescription without adequate safeguards, their misuse
can have devastating effects. According to the National Survey on
Drug Use and Health, fewer than four percent of people who had
niversity.

on and hosting by Elsevier B.V. Th

).
used prescription painkillers non-medically started using heroin
within five years [1]. Thus, the proper disposal of prescription
medication is important. In the present study, we focused on the
disposal of two psychoactive medications, methylphenidate hydro-
chloride (MPH) and loxapine succinate.

MPH is a common prescription medication used for treating
attention-deficit hyperactivity disorder (ADHD), and affects the
dopamine balance in the brain by stimulating the nervous system
[3]. The pharmacological action of MPH through the intranasal
route is similar to that of cocaine, which causes rapid release of
dopamine [4]. It is listed as a Schedule II, federally-controlled
substance because of its high potential for abuse, which is similar
to morphine and may lead to severe physiological dependence.
This effect of intensely gratifying euphoria makes MPH very ad-
dictive [5]. Another drug which has potential for abuse is loxapine
succinate. It is a tricyclic, antipsychotic prescription medication,
which is used for treating schizophrenia. Loxapine succinate exerts
its action by blocking the action of dopamine, and is thus used to
manage emotions and actions that are usually accompanied with
schizophrenia. Loxapine succinate has a potential of being abused,
is is an open access article under the CC BY-NC-ND license
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as it only provides temporary relief and is used for the manage-
ment of schizophrenia [6]. Both drugs are prescribed frequently
and thus have increased the potential for abuse.

Since MPH and loxapine succinate have a high potential for
abuse, we wanted to investigate their deactivation profile using
drug disposal system. The analytical accuracy of the method de-
veloped for both drugs was also tested. In the literature, there are
few analytical methods reported for the determination of MPH
[7,8] and loxapine succinate [9]. All the available methods are time
consuming and expensive and use liquid chromatography–mass
spectrometry (LC–MS) or high-performance liquid chromato-
graphy (HPLC) with multiple solvents as mobile phases. Conse-
quently, there is a need to develop a simple, sensitive, economical,
and time-efficient method for the determination of MPH and
loxapine succinate in dosage forms (tablets and capsules). There-
fore, we developed an easy and reproducible reverse-phase HPLC
(RP-HPLC) for the estimation of MPH and loxapine succinate in
dosage forms by following the International Council for Harmo-
nization (ICH) of Technical Requirements for Registration of
Pharmaceuticals for Human Use validation guidelines [10]. This
method allowed us to investigate deactivation of MPH and lox-
apine succinate in the presence of activated carbon, as well as test
the stability of the drug under different storage conditions.

One of the ways by which accidental exposure of unneeded
medicines can be avoided is through the “medicine take back
program.” This program offers safe disposal of most types of un-
needed prescription medicines [11]. If no medicine takeback
programs or DEA-authorized collectors are available, the easiest
way to dispose of these medications in household trash is by
mixing these medications with an unpalatable substance such as
dirt, cat litter, or coffee grounds. Medications that pose a potential
threat can be flushed down the toilet. To minimize the accidental
exposure and misuse of these prescription medications, the Food
and Drug Administration (FDA) has developed several guidelines
to encourage the proper disposal of these medicines, as mentioned
in the FDA recommendations for drug disposal [12]. Still, there are
some medicines, for example, fentanyl patches, that may be
harmful, and, in some cases, fatal with just one dose, especially if
they are used by someone other than the person for whom the
medicine was prescribed [13]. All the above mentioned procedures
do not actually make the drug inactive, and have harmful effects
on the environment as the mixing of these medications with the
cat litter or coffee grounds cannot deactivate the drug, and can
lead to contamination of the water system [14] .

Activated carbon is one of the best alternatives to dispose of
medications, as it attracts and holds the organic compounds by the
adsorption process [15]. Due to its property of material porosity,
active pharmaceutical ingredient (API) easily sticks to the surface
area [16]. However, this technology has not been explored to ad-
dress the drug disposal problem, and there is a pressing need for
more research on effective disposal techniques for highly addictive
prescription medications.

In the present study, we aimed to evaluate the deactivation
efficiency of the activated carbon-based drug disposal system,
Deterras. This drug deactivation system is based on MAT12s

Molecular Adsorption Technology, which deactivates the API by a
physical adsorption process [17]. The term “deactivates” is used to
signify the irreversible physical adsorption process between active
substance and activated carbon. We investigated the drug disposal
of two model psychoactive prescription medications which have a
potential of abuse, MPH and loxapine succinate.

The proposed drug deactivation system offers a unique disposal
method to deactivate unused, residual or expired medications by
using granular activated carbon within a pouch that is convenient,
safe and effective. This study is aimed to investigate the deacti-
vation profile of MPH and loxapine succinate using an activated
carbon disposal system. Successful method development and va-
lidation of MPH and loxapine succinate was performed to test the
efficiency of this system precisely.
2. Experimental

2.1. Chemicals and reagents

MPH and loxapine succinate were purchased from Sigma-Al-
drich (St. Louis, MO, USA). Dosage forms: generic MPH (20 mg,
CorePharma) tablets and loxapine succinate (20 mg, Lannett)
capsules were provided by Verde Environmental Technologies Inc.
(Minnetonka, MN, USA). The Deterras drug deactivation system
(the pouch containing 15 g of granular activated carbon within a
water soluble film reservoir) was also provided by Verde En-
vironmental Technologies Inc. Acetonitrile (ACN), methanol and
trifluoroacetic acid (TFA), of HPLC grade, were obtained from
Fisher Scientific (Pittsburgh, PA, USA). Nylon filters (0.22 mm) used
for sample filtration were purchased from Medsupply Partners
(Atlanta, GA, USA). Deionized water (DI) (MQ res: 18.2 MΩ·cm,
permC: 7.4 mS/cm) was generated with a Milli-Q Direct 8 (Milli-
pore, Bedford, MA, USA). All other reagents used were of HPLC or
ACS grade.

2.2. Instrumentation

The analysis was carried out using a Waters Alliance HPLC
system (e2695 separating module) (Waters Co., Milford, MA, USA)
with photodiode array detector (Waters 2996) with an
autosampler and column heater. Data were collected and pro-
cessed using Empower™ software (Version 2) from Waters.
RP-HPLC methods were used for the quantification of all samples.

2.3. Chromatographic conditions

The assay method for MPH and loxapine succinate was devel-
oped, validated and applied to study the drug deactivation profile
of both drugs. This method was also used to predict the storage
stability of MPH and loxapine succinate in water. The mobile phase
was filtered through a 0.2 mm filter (GNWP 0.2 mm; Millipore,
Bedford, MA, USA) and degassed using sonication.

MPH was analyzed using a C18 Phenomenex Kinetex, biphenyl
(250 mm � 4.6 mm, 100 Å) column set at 25 °C with methanol
(0.1% formic acid (FA)) and water (0.1% FA, pH 6.8 adjusted using
ammonium hydroxide ) (50:50 v/v) as the mobile phase. A flow
rate of 1 mL/min with an injection volume of 25 mL and an ab-
sorption wavelength of 258 nm were used. The run time was
15 min and the retention time of the drug was around 7.8 min.

For the analysis of loxapine succinate, the compound was se-
parated on a C8 Phenomenex Luna (250 mm � 4.6 mm, 5 mm) at
an ambient temperature with acetonitrile (ACN) and water (0.3%
(v/v), trimethylamine, pH 3) (40:60 v/v) as the mobile phase. A
sample volume of 10 mL was injected at a flow rate of 1 mL/min
and analyzed at an absorption wavelength of 211 nm. The run time
was 12 min and the retention time of the drug was around
4.6 min.

2.4. Preparation of stock and working standards solutions

All standard solutions for MPH and loxapine succinate were
prepared using deionized water to give a working standard in
the range of 5–100 mg/mL and 0.1–100 mg/mL, respectively. Stock
standard solutions of MPH and loxapine succinate were prepared
at a concentration of 1 mg/mL in deionized water and stored at
4 °C. Working standard solutions of MPH and loxapine succinate
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were prepared by diluting the standard stock solution with deio-
nized water to yield concentrations of 0.1, 0.25, 0.5, 1, 2.5, 5, 10, 25,
50 and 100 mg/mL. Quality control (QC) concentrations were then
prepared at 50, 75 and 100 mg/mL for MPH and 25, 50 and
100 mg/mL for loxapine succinate control samples.
2.5. Method validation

HPLC methods were validated to ensure consistent, reliable,
and accurate results to determine the levels of two psychoactive
medications in all samples. The HPLC methods were validated in
terms of sensitivity, linearity, accuracy, precision, specificity and
robustness. Method validations for both drugs were performed
over a 3-day period.

2.5.1. Determination of the limit of detection (LOD) and limit of
quantification (LOQ)

The LODwas determined by injecting lower concentrations of MPH
and loxapine succinate sequentially until a signal (peak)-to-noise ratio
was obtained. The LOQ , which is the lowest quantifiable concentra-
tion, was also determined from the range of concentrations analyzed
for the LOD determination.

2.5.2. Evaluation of linearity
Standard solutions were evaluated for the linearity within a

concentration range of 5–100 mg/mL for MPH and 0.1–100 mg/mL
for loxapine succinate. The peak area was plotted against drug
concentration and the linearity was thus calculated by the linear
regression equation y ¼ mx þ c, where y represents the peak area
and x represents either the MPH or loxapine succinate con-
centration in mg/mL. A correlation coefficient of approximately
0.999 or more was considered as desirable for all calibration
curves.

2.5.3. Determination of accuracy and precision
The inter-day validation was conducted with three sets of three

QC samples of different concentrations for MPH (50, 75 and
100 mg/mL) and loxapine succinate (25, 50 and 100 mg/mL). These
samples were evaluated for three days by generating a calibration
curve for each day. As for the intra-day validation, six sets of three
different drug samples were assayed and evaluated with reference
to one calibration curve on the same run. The accuracy and pre-
cision values were calculated using a standard formula, as per the
ICH guidelines. The accuracy and precision of the methods were
determined for both intra-day and inter-day variations using
multiple analyses of different concentrations of samples on three
different days.

2.5.4. Specificity
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. Fur-
thermore, the specificity of the improved HPLC method was de-
termined by analyzing the MPH and loxapine succinate dosage
forms in activated carbon. Observations were made for any inter-
fering peaks generated during the analysis.

2.5.5. Robustness
Robustness is a measure of method's capacity to remain un-

affected by small deliberate changes. The chromatogram resolu-
tion and retention behavior were evaluated for any changes in
flow rate (70.05 mL/min), organic solvent ratio (75% methanol),
and pH (70.5).
2.6. Stability

The short-term stability of MPH and loxapine succinate under
storage conditions was evaluated using three standard con-
centrations (10, 25 and 50 mg/mL) (n ¼ 3) stored for one week at
varying temperatures of 4 °C, 25 °C, and �20 °C. All stored stan-
dard solutions were analyzed using freshly prepared calibration
standards. The stability of MPH and loxapine succinate was as-
sessed by comparing the concentration of both drugs in each so-
lution before and after the storage period.

2.7. Deactivation of pharmaceutical dosage forms using an activated
carbon disposal system

The assay method was applied to support the deactivation
profile of MPH and loxapine succinate in the presence of an acti-
vated carbon drug disposal system. The system consisted of a
pouch containing 15 g of granular activated carbon packaged
within a water soluble inner film reservoir. The deactivation of
tablets and capsules as dosage forms were examined over 28 days
using the model psychoactive medications. Ten MPH and loxapine
succinate tablets (20 mg each) were placed into individual pou-
ches separately followed by addition of 50 mL of warm tap water
at a temperature of about 43 °C. To mix the activated carbon and
warm water properly, pouches were shaken for 10 s at a rate of
one shake per second. This was followed by a waiting period of
30 s to release the air bubbles from the charcoal. After ensuring
that all of the medications settled to the bottom of the pouch, the
pouches were sealed, stored upright, and left undisturbed at room
temperature. Separate pouches were set up for each time point at
8 h, 1, 2, 4, 7, 14, 21 and 28 days and samples were collected from
pouches to examine deactivation of drug during the study. Before
taking samples, pouches were mildly shaken from side to side to
ensure the medications were mixed homogenously in the pouch.
Samples were then filtered with a 0.22 mm nylon filter and ana-
lyzed by the validated HPLC methods. The deactivation rate was
calculated as follows:

% Deactivated ¼ [(Initial amount of drug in pouch – Final
amount of drug in pouch)/ Initial amount of drug in pouch] × 100.

2.8. Desorption study

At the end of the adsorption study (28 days), the pouch con-
tents were transferred to 500 mL bottles, and 200 mL of tap water
was added to each bottle. The samples were shaken for 1 h at
150 rpm, stored upright for 23 h at room temperature, then fil-
tered and analyzed by HPLC. The water was then completely re-
placed with 250 mL of 30% ethanol, shaken for an additional hour,
and stored for 23 h at room temperature. After that, samples were
taken from the container, filtered and analyzed by HPLC.
3. Results

3.1. Method development and optimization

The most suitable isocratic condition to resolve MPH with a
C18 column, after the chromatographic conditions were optimized
for specificity, resolution and retention time, was a mobile phase
consisting of methanol (0.1% FA) and water (0.1% FA, pH 6.8)
(50:50, v/v). For loxapine succinate, analyte was separated on a C8

column and the mobile phase consisted of ACN and water (0.3%
(v/v) triethylamine, pH 3) (40:60, v/v). When the pH of the mobile
phase was increased or when a higher percentage of organic sol-
vent was used, the resultant chromatogram had an increase either
in background noise or peaks indicating the tailing effect. Thus,



Fig. 1. Representative chromatograms of (A) methylphenidate hydrochloride
standard (25 mg/mL) and (B) loxapine succinate standard (25 mg/mL). Arrow in-
dicates drug peak.
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based on the above mentioned parameters, MPH and loxapine
succinate eluted at a retention time of 7.8 and 4.6 min, respec-
tively, as shown in Fig. 1. Table 1 depicts the chromatographic
parameters applied for the method.
Fig. 2. Linearity of the HPLC method for analysis of (A) methylphenidate hydro-
chloride and (B) loxapine succinate.
3.2. Method validation

The method was validated according to the validation of ana-
lytical procedures provided in the ICH guidelines and draft gui-
dance for the industry: analytical procedures and methods
validation.

3.2.1. Linearity and range
A linear relationship was obtained between the peak area for

both drugs and corresponding concentrations. The mean standard
calibration curves are presented in Fig. 2. The calibration curves
exhibit linearity over the concentration range of 5–100 mg/mL for
MPH and 0.1–100 mg/mL for loxapine succinate with regression
coefficient values greater than 0.999. The methods (R2 ¼ 0.999)
provided a good correlation between the peak area and drug
concentration.

3.2.2. Sensitivity
The LOD was evaluated by determining the minimum levels of

concentration for MPH and loxapine succinate that could be de-
tected using this analytical method. The LOQ was studied by es-
timating the minimum concentration that could be quantified
with acceptable accuracy and precision. The LOD values for MPH
and loxapine succinate were determined to be 1.38 mg/mL and
0.07 mg/mL, and the LOQ values were 4.17 mg/mL and 0.20 mg/mL,
respectively.
Table 1
HPLC isocratic method for methylphenidate hydrochloride and loxapine succinate.

Parameter Methylphenidate hydrochloride

Column Kinetex Biphenyl C18 100Å (5 mm, 250 mm � 4.6 mm)
Mobile phase Methanol (0.1% formic acid) and water (0.1% formic acid) at p

composition of 50:50 (v/v)
Flow rate (mL/min) 1.0
Injection volume (mL) 25
Wavelength (nm) 258
Retention time (min) 7.8
3.2.3. Accuracy and precision
The intra-day and inter-day accuracy and precision of the assay

method were studied by analyzing replicates at 3 different con-
centration levels: 50, 75 and 100 mg/mL (MPH) and 25, 50 and
75 mg/mL (loxapine succinate) (Table 2). The intra-day and inter-
day variation was found to be within 0.8%–6%. The intra-day and
inter-day accuracy was found to be within 90%–110%.

Under the stated experimental conditions, the precision (RSD)
values were a maximum of 6% and the accuracy values were
within a range of 94%–99% for MPH and the precision (RSD) values
were at a maximum of 4.31% and the accuracy values were within
a range of 98%–105% for loxapine succinate.

3.2.4. Robustness
The robustness of the method was determined by deliberately

changing the experimental conditions. The resolution of MPH and
loxapine succinate was evaluated and the effects of changes in
flow rate 70.05 mL/min, mobile phase composition 75% (for
methanol), and pH 70.5 were evaluated. Both the analytes, MPH
and loxapine succinate, were adequately resolved under varied
chromatographic conditions. Tables 3 and 4 demonstrate all the
varied chromatographic conditions performed in the methods, and
the % recovery for the MPH and loxapine succinate standard
Loxapine succinate

Phenomenex Luna C8 100Å (5 mm, 250 mm � 4.6 mm)
H 6.8 and a Acetonitrile and water (0.3% triethylamine) at pH 3.0 and a com-

position of 40:60 (v/v)
1.0
10
211
4.6



Table 2
Intra-day and inter-day accuracy and precision of HPLC assay for methylphenidate hydrochloride and loxapine succinate.

Medications Reference value (μg/mL) Intra-day (n ¼ 6) Inter-day (n ¼ 3)

Mean 7 SD
(μg/mL)

Precision (%) Accuracy 7 SD (%) Mean 7 SD
(μg/mL)

Precision (%) Accuracy 7 SD (%)

Methylphenidate hydrochloride 50 48.59 7 2.09 4.31 97.19 7 3.52 49.33 7 1.76 3.57 98.66 7 4.19
75 73.05 7 2.92 4.00 97.40 7 3.57 74.11 7 2.68 3.61 98.81 7 3.90
100 94.56 7 5.70 6.03 94.56 7 4.76 97.10 7 4.76 4.90 97.10 7 5.70

Loxapine succinate 25 24.90 7 0.20 0.81 99.59 7 0.80 24.98 7 0.27 1.07 99.94 7 1.06
50 52.29 7 0.49 0.94 104.57 7 0.98 50.37 7 2.04 4.05 100.74 7 4.08
75 74.25 7 0.86 1.16 99.90 7 1.15 73.90 7 0.74 1.00 98.53 7 0.99

Table 3
Robustness of the method for methylphenidate hydrochloride.

Parameter Changes Retention
time (min)

Area Concentration
(μg/mL)

Flow rate (mL/min) 0.95 8.2 11,852 27.47
1.00 7.8 11,958 27.70
1.05 7.4 10,985 25.59

% of methanol in MP 45 10.7 11,608 26.94
50 7.8 11,958 27.70
55 6.0 11,430 26.56

pH 6.3 7.8 12,034 27.86
6.8 7.8 11,958 27.70
7.3 7.8 12,953 29.85

Table 4
Robustness of the method for loxapine succinate.

Parameter Changes Retention
time (min)

Area Concentration
(μg/mL)

Flow rate (mL/min) 0.95 4.6 2,686,615 29.37
1.00 4.4 2,584,496 27.97
1.05 4.2 2,445,796 26.73

% of methanol in ACN 35 6.0 2,448,612 26.76
40 4.4 2,458,234 26.87
45 3.7 2,588,303 28.29

pH 2.5 4.8 2,505,610 27.39
3.0 4.4 2,458,234 26.87
3.5 5.0 2,478,983 27.09
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concentration, 25 μg/mL, was found to be within an acceptable
range of 80%–120%.

3.2.5. Specificity
Specificity was used to test the ability of the assay method to

eliminate the effects of all interfering substances on MPH and
loxapine succinate peak results, specifically by comparing the
chromatograms to the blank samples. The validated method
showed that the drug contents eluted with no interfering peaks
generated by the excipients in the marketed products.

3.3. Stability

Three concentrations (10, 25 and 100 mg/mL) of MPH and lox-
apine succinate in water (n ¼ 3) were analyzed to assess the
stability. The stability was assessed after storage for one week at
different storage temperatures. Stability assessments indicated
that both drugs were stable in water for 1 week at room tem-
perature (25 °C), 4 °C and �20 °C. The % accuracies for the MPH
and loxapine succinate standard concentrations were found to be
within acceptable ranges of 92%–107% and 95%–105%, respectively
(Fig. 3).
3.4. Deactivation study

The deactivation of MPH and loxapine succinate with a drug
disposal systemwas observed over 28 days. After the addition of the
dosage forms and water into the pouches, adsorption started im-
mediately. As shown in Fig. 4, 96.9% of loxapine succinate and 99.9%
of MPH were adsorbed and deactivated by the drug disposal system
at the end of 8 h. Both drugs continued to be adsorbed over time,
and at the end of 28 days, 100% drug deactivation was achieved. The
deactivation profiles for both drugs are presented in Fig. 4.

3.5. Desorption study

A desorption or washout study was performed following the
deactivation study in order to determine the potential for leaching
of the active ingredients from activated carbon in the presence of
water and alcohol. To test the robustness of the system, desorption
was examined in the presence of a larger volume of water
(250 mL) followed by 30% ethanol (250 mL). The results show that
after 28 days, no drug leached out after one day of desorption in
the presence of water, and only 1% of the drug was leached out
from the activated carbon in the presence of the organic solvent
ethanol (Table 5).
4. Discussion

Lack of awareness of the need for proper disposal of prescrip-
tion medication leads to abuse and environmental contamination,
and this problem has been increasing steadily [18]. Thus, the po-
tential for abuse of prescription medications should be addressed
in the medical community and by primary care practitioners.

MPH and loxapine succinate are examples of two commonly
abused drugs, and we investigated their deactivation efficiency by
using an activated carbon disposal system. MPH and loxapine
succinate were successfully detected with RP-HPLC, utilizing buf-
fered water and organic solvents (Fig. 1).

In the present study, as MPH (logP: 2.2) and loxapine (logP: 3.6)
are lipophilic compounds, C18 reverse-phase column was used for
MPH analysis and C8 for loxapine. MPH and loxapine succinate are
weak bases with pKa values of 8.8 and 7.1, respectively. MPH was
separated using methanol and water as the mobile phase, and the pH
was adjusted to 6.8. Similarly, loxapine was separated using ACN and
water as the mobile phase with the pH adjusted to 3. More than 99%
ionization was achieved for both drugs at their respective pH values,
with corresponding log D value of 0. The concentrations of methanol
and acetonitrile were optimized to give a symmetric peak with a
reasonable run time. A detailed layout of the HPLC parameters used
in the developed method is discussed in Table 1. The reliability and
sensitivity of the validated methods were ensured with good line-
arity, accuracy, and precision within the ICH and FDA limits for the
method validation of analytical samples.



Fig. 3. Stability of (A) methylphenidate hydrochloride standards (10, 25 and 100 μg/mL) and (B) loxapine succinate standards (10, 25 and 100 μg/mL) at different tem-
peratures, 25 °C, 4 °C and � 20 °C for one week.

Table 5
Amount of the drug leached from activated carbon during desorption study.

Medication % leached in water % leached in ethanol

Methylphenidate hydrochloride 0.0 1.0
Loxapine succinate 0.0 0.0
Average 0 0.5
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In addition, analysis of the marketed preparation of MPH and
loxapine succinate with the validated assay methods showed that
the drug contents eluted with no interfering peaks generated by
the excipients in the marketed products. Results for robustness are
summarized in Tables 3 and 4, and the methods were found to
remain unaffected by changing the method parameters. The study
also presented that both MPH and loxapine succinate were stable
in water at different temperatures, 25 °C, 4 °C and �20 °C, for the
storage over the period of one week. Both validated methods were
applied to examine the ability of the disposal system to deactivate
two commonly abused prescription drugs, MPH and loxapine
succinate.

According to the FDA guidelines, all medications being deposed
of in household trash should be mixed with unpalatable sub-
stances such as cat litter or coffee grounds, or should be flushed
Fig. 4. Deactivation profile of methylphenidate hydr
down the toilet [11]. However, these procedures do not deactivate
the drug, and the drug is still available in the active form; this can
lead to contamination of the environment and the water system.
Our studies were consistent with the studies performed by Har-
wadkar et al. [15], in which various deactivating agents were tes-
ted, and activated carbon was found to be the most efficacious
deactivation agent, causing complete deactivation for various
ochloride and loxapine succinate dosage forms.
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dosage forms of medications such as dexamethasone tablets and
amoxicillin capsules.

Using activated carbon is an effective technique to remove
contaminants or pollutants from the water or air, but various
factors can influence the adsorption capacity. Generally, factors
such as the pH of the solution, pKa, hydrophobicity and molecular
weight of the compound, and type of the activated carbon used
may influence the adsorption of molecules to the activated carbon,
and thus affect the deactivation capability of the system. The ac-
tivated carbon present in our disposal system pouch is specific for
the molecular size, as it is based on MAT12

s

Molecular Adsorption
Technology [19]. This renders the drug irretrievable by binding to
it through a physical adsorption process [20].

The pH of the drug disposal system, comprising of activated
carbon in water, was close to neutral (pH 6.8), and was found to
remain unaffected by the addition of drugs (MPH and loxapine
succinate). It has been reported that the optimal pH for maximum
adsorption capacity is near 7 [21]. The results obtained in our
study are in accordance with this, as more than 95% deactivation of
the drugs was achieved within 8 h.

The hydrophobicity of the compound is another factor that
determines the adsorption efficiency of the activated carbon, and
thus affects the hydrophobic interaction between the activated
carbon and the adsorbent [22,23]. Westerhoff et al. [24] observed
that the removal efficiency of the contaminants was dependent on
the logKow values, which are indicators of the hydrophobicity of
the molecules. In addition, another study found that the hydro-
phobic character of the compound also influences the uptake rate
of the compound [25]. The study determined that the adsorbent
(polar compounds) and adsorbate (activated carbon) displayed van
der Waals force of interaction toward each other, thus leading to a
better adsorption capacity. Thus, hydrophobicity not only de-
termines the adsorption capacity, but also influences the rate of
adsorption to the activated carbon. In our study, MPH (logP: 2.2)
[26] and loxapine (logP: 3.6) [27] were both moderately lipophilic
compounds, and hence showed more than 99% deactivation after
24 h of interaction with the activated carbon (Fig. 4). Our results
were consistent with the previous studies presented in the lit-
erature [28].

The MPH used were in tablet form; this could have led to faster
adsorption to activated carbon compared to that of capsules. Solid
dosage forms like capsules may require more dissolution time in
water before adsorption can occur; this could cause a slight delay
in the rate of adsorption of loxapine succinate capsules compared
to that of MPH tablets. Previous research has noted the influence
of molecular weight and hydrophobicity of the adsorbate on the
adsorption capacity of activated carbon. In our study, we did not
observe any significant differences in the adsorption capacity of
the disposal system between these two model drugs.

The efficiency of the deactivation system to retain the adsorbed
drug was further tested by examining the desorption. This study
was aimed to simulate landfill situations which provide exposure
to large volumes of water and some organic solvents. Our results
showed that the activated carbon used in our study was efficient
in adsorbing the drug, and did not release on exposure to these
stress conditions. In the desorption study, we observed that no
drug was leached out in the presence of water and, on an average,
less than 1% of the drug was leached out in the presence of ethanol
(Table 5).

The findings of the research indicated that the adsorption ef-
ficiency of the activated carbon was good, and it would not release
the drug back into the environment when the contents of the
pouch were present in the landfill, thereby providing a safer dis-
posal method compared to other traditional alternative methods
suggested by the FDA for drug disposal. This drug disposal pouch
would therefore eliminate the risk of abuse of unused
prescriptions, and also solve the problem of environmental and
water pollution. Hence, the Deterra

s

activated carbon disposal
system provides a simple and convenient way to dispose of these
medications in normal trash, without causing any environmental
or safety risks.
5. Conclusions

An isocratic RP-HPLC method for the determination of MPH and
loxapine succinate was developed, and is precise and reliable. The
regression line equation is capable of reliably predicting the drug
concentration in the range of 5–100 mg/mL and 0.1–100 mg/mL for
MPH and loxapine succinate, respectively, from the peak area ob-
tained. The stability assessments revealed that both drugs were
stable in water at 25 °C, 4 °C and �20 °C for one week. The method
was successfully validated and allowed the reliable, sensitive, robust,
and specific detection of MPH and loxapine succinate in a common
marketed preparation.

This method was then used to test the efficiency of an activated
carbon-based drug disposal system for adsorption of MPH and
loxapine succinate from dosage forms to activated carbon. The
system was very efficient, with more than 99% drug deactivation
achieved after 24 h, and less than 0.5% of the drug was released
from activated carbon by an extraction protocol that mimicked a
landfill situation.

Thus, this drug disposal system offers a simple and safe method
to be used by patients. These results are encouraging, and provide
the basis of an environmentally friendly method of drug disposal.
Conflicts of interest

The authors declare that there are no conflicts of interest.
Acknowledgments

The current research project was funded by Verde Technologies
(Minnetonka, MN, USA) as an SBIR Phase II contract from the
National Institute on Drug Abuse (NIDA). Title: In-Home Deacti-
vation System for Psychoactive Drugs (SBIR Phase 2), Contract no.
HHSN271201400068C NIDA Reference no. N44DA-14-4420.
References

[1] lynne walsh, Reports and Detailed Tables From the 2015 National Survey on
Drug Use and Health (NSDUH), 2016. 〈https://www.samhsa.gov/samhsa-data-
outcomes-quality/major-data-collections/reports-detailed-tables-2015-
NSDUH〉.

[2] R.A. Rudd, P. Seth, F. David, et al., Increases in drug and opioid-involved
overdose deaths - United States, 2010–2015, MMWR Morb. Mortal. Wkly. Rep.
65 (2016) 1445–1452.

[3] T.D. Challman, J.J. Lipsky, Methylphenidate: its pharmacology and uses, Mayo
Clin. Proc. 75 (2000) 711–721.

[4] N.D. Volkow, G.J. Wang, S.J. Gatley, et al., Temporal relationships between the
pharmacokinetics of methylphenidate in the human brain and its behavioral
and cardiovascular effects, Psychopharmacology 123 (1996) 26–33.

[5] W.A. Morton, G.G. Stockton, Methylphenidate abuse and psychiatric side ef-
fects, Prim. Care Companion J. Clin. Psychiatry 2 (2000) 159–164.

[6] L. Sperry, B. Hudson, C.H. Chan, Loxapine abuse, N. Engl. J. Med. 310 (1984)
598.

[7] A. Seçilir, L. Schrier, Y.A. Bijleveld, et al., Determination of methylphenidate in
plasma and saliva by liquid chromatography/tandem mass spectrometry, J.
Chromatogr. B Anal. Technol. Biomed. Life Sci. 923–924 (2013) 22–28.

[8] S.J. Soldin, Y.P. Chan, B.M. Hill, et al., Liquid-chromatographic analysis for
methylphenidate (Ritalin) in serum, Clin. Chem. 25 (1979) 401–404.

[9] J.S. Zimmer, S.R. Needham, C.D. Christianson, et al., Validation of HPLC–MS/MS
methods for analysis of loxapine, amoxapine, 7-OH-loxapine, 8-OH-loxapine
and loxapine N -oxide in human plasma, Bioanalysis 2 (2010) 1989–2000.

https://www.samhsa.gov/samhsa-data-outcomes-quality/major-data-collections/reports-detailed-tables-2015-NSDUH
https://www.samhsa.gov/samhsa-data-outcomes-quality/major-data-collections/reports-detailed-tables-2015-NSDUH
https://www.samhsa.gov/samhsa-data-outcomes-quality/major-data-collections/reports-detailed-tables-2015-NSDUH
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref1
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref1
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref1
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref1
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref2
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref2
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref2
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref3
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref3
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref3
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref3
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref4
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref4
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref4
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref5
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref5
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref6
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref6
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref6
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref6
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref7
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref7
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref7
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref8
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref8
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref8
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref8


P. Bakshi et al. / Journal of Pharmaceutical Analysis 8 (2018) 349–356356
[10] ICH, Q2 (R1) Validation of analytical procedures: text and methodology, in:
Proceedings of the International Conference on Harmonization, 1996.

[11] U.S. Food and Drug, Safe Disposal of Medicines - Disposal of Unused Medi-
cines: What You Should Know. 〈http://www.fda.gov/Drugs/ResourcesForYou/
Consumers/BuyingUsingMedicineSafely/EnsuringSafeUseofMedicine/Safe
DisposalofMedicines/ucm186187.htm〉.

[12] O. of the Commissioner, Consumer Updates - How to Dispose of Unused
Medicines. 〈http://www.fda.gov/ForConsumers/ConsumerUpdates/
ucm101653.htm〉.

[13] T.J. Cicero, M.S. Ellis, A. Paradis, et al., Determinants of fentanyl and other
potent μ opioid agonist misuse in opioid-dependent individuals, Pharma-
coepidemiol. Drug Saf. 19 (2010) 1057–1063.

[14] That Drug Expiration Date May Be More Myth Than Fact, NPR.Org. 〈http://
www.npr.org/sections/health-shots/2017/07/18/537257884/that-drug-expira
tion-date-may-be-more-myth-than-fact〉.

[15] A. Herwadkar, N. Singh, C. Anderson, et al., Development of disposal systems
for deactivation of unused/residual/expired medications, Pharm. Res. 33
(2016) 110–124.

[16] Z. Jeirani, C.H. Niu, J. Soltan, Adsorption of emerging pollutants on activated
carbon, Rev. Chem. Eng. 33 (2016), 〈http://dx.doi.org/10.1515/revce-2016-0027〉.

[17] Verde Technologies Introduces Deterras Drug Deactivation System | Deterra
System. 〈http://deterrasystem.com/2015/02/verde-technologies-introduces-
deterra-drug-deactivation-system〉.

[18] L. Simoni-Wastila, H.K. Yang, Psychoactive drug abuse in older adults, Am. J.
Geriatr. Pharmacother. 4 (2006) 380–394.

[19] V. Technologies, Deterra™ Drug Deactivation System Introduces Consumer
View publication statsView publication stats
Solution to Fighting Prescription Drug Abuse Epidemic. 〈http://www.prnews
wire.com/news-releases/deterra-drug-deactivation-system-introduces-con
sumer-solution-to-fighting-prescription-drug-abuse-epidemic-300060612.
html〉.

[20] New Deterra system deactivates discarded medications | The Westerly Sun.
〈http://www.thewesterlysun.com/news/latestnews/7493956-129/new-de
terra-pouch-system-deactivates-discarded-medications.html〉.

[21] R. Leyva-Ramos, Effect of temperature and pH on the adsorption of an anionic
detergent on activated carbon, J. Chem. Technol. Biotechnol. 45 (1989)
231–240.

[22] B. Li, Z. Lei, Z. Huang, Surface-treated activated carbon for removal of aromatic
compounds from water, Chem. Eng. Technol. 32 (2009) 763–770.

[23] E.F. Mohamed, C. Andriantsiferana, A.M. Wilhelm, et al., Competitive adsorp-
tion of phenolic compounds from aqueous solution using sludge-based acti-
vated carbon, Environ. Technol. 32 (2011) 1325–1336.

[24] P. Westerhoff, B. Nalinakumari, P. Pei, Kinetics of MIB and geosmin oxidation
during ozonation, Ozone Sci. Eng. 28 (2006) 277–286.

[25] J. Lladó, C. Lao-Luque, B. Ruiz, et al., Role of activated carbon properties in
atrazine and paracetamol adsorption equilibrium and kinetics, Process Saf.
Environ. Prot. 95 (2015) 51–59.

[26] Pubchem, methylphenidate | C14H19NO2 - PubChem. 〈https://pubchem.ncbi.
nlm.nih.gov/compound/methylphenidate〉.

[27] DrugBank, ed., Loxapine, DrugBank, 2017. 〈https://www.drugbank.ca/drugs/
DB00408〉.

[28] Y. Song, M. Manian, W. Fowler, et al., Activated carbon-based system for the
disposal of psychoactive medications, Pharmaceutics 8 (2016) 31.

http://www.fda.gov/Drugs/ResourcesForYou/Consumers/BuyingUsingMedicineSafely/EnsuringSafeUseofMedicine/SafeDisposalofMedicines/ucm186187.htm
http://www.fda.gov/Drugs/ResourcesForYou/Consumers/BuyingUsingMedicineSafely/EnsuringSafeUseofMedicine/SafeDisposalofMedicines/ucm186187.htm
http://www.fda.gov/Drugs/ResourcesForYou/Consumers/BuyingUsingMedicineSafely/EnsuringSafeUseofMedicine/SafeDisposalofMedicines/ucm186187.htm
http://www.fda.gov/ForConsumers/ConsumerUpdates/ucm101653.htm
http://www.fda.gov/ForConsumers/ConsumerUpdates/ucm101653.htm
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref9
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref9
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref9
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref9
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref9
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref9
http://www.npr.org/sections/health-shots/2017/07/18/537257884/that-drug-expiration-date-may-be-more-myth-than-fact
http://www.npr.org/sections/health-shots/2017/07/18/537257884/that-drug-expiration-date-may-be-more-myth-than-fact
http://www.npr.org/sections/health-shots/2017/07/18/537257884/that-drug-expiration-date-may-be-more-myth-than-fact
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref10
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref10
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref10
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref10
http://dx.doi.org/10.1515/revce-2016-0027
http://deterrasystem.com/2015/02/verde-technologies-introduces-deterra-drug-deactivation-system
http://deterrasystem.com/2015/02/verde-technologies-introduces-deterra-drug-deactivation-system
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref12
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref12
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref12
http://www.prnewswire.com/news-releases/deterra-drug-deactivation-system-introduces-consumer-solution-to-fighting-prescription-drug-abuse-epidemic-300060612.html
http://www.prnewswire.com/news-releases/deterra-drug-deactivation-system-introduces-consumer-solution-to-fighting-prescription-drug-abuse-epidemic-300060612.html
http://www.prnewswire.com/news-releases/deterra-drug-deactivation-system-introduces-consumer-solution-to-fighting-prescription-drug-abuse-epidemic-300060612.html
http://www.prnewswire.com/news-releases/deterra-drug-deactivation-system-introduces-consumer-solution-to-fighting-prescription-drug-abuse-epidemic-300060612.html
http://www.thewesterlysun.com/news/latestnews/7493956-129/new-deterra-pouch-system-deactivates-discarded-medications.html
http://www.thewesterlysun.com/news/latestnews/7493956-129/new-deterra-pouch-system-deactivates-discarded-medications.html
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref13
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref13
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref13
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref13
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref14
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref14
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref14
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref15
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref15
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref15
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref15
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref16
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref16
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref16
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref17
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref17
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref17
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref17
https://pubchem.ncbi.nlm.nih.gov/compound/methylphenidate
https://pubchem.ncbi.nlm.nih.gov/compound/methylphenidate
https://www.drugbank.ca/drugs/DB00408
https://www.drugbank.ca/drugs/DB00408
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref18
http://refhub.elsevier.com/S2095-1779(17)30135-1/sbref18
https://www.researchgate.net/publication/321853548

	Development and validation of an HPLC-UV method for analysis of methylphenidate hydrochloride and loxapine succinate in...
	Introduction
	Experimental
	Chemicals and reagents
	Instrumentation
	Chromatographic conditions
	Preparation of stock and working standards solutions
	Method validation
	Determination of the limit of detection (LOD) and limit of quantification (LOQ)
	Evaluation of linearity
	Determination of accuracy and precision
	Specificity
	Robustness

	Stability
	Deactivation of pharmaceutical dosage forms using an activated carbon disposal system
	Desorption study

	Results
	Method development and optimization
	Method validation
	Linearity and range
	Sensitivity
	Accuracy and precision
	Robustness
	Specificity

	Stability
	Deactivation study
	Desorption study

	Discussion
	Conclusions
	Conflicts of interest
	Acknowledgments
	References




