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We investigated the fate of 1-(1′,4′-cyclohexadienyl)-2-methylaminopropane (CMP) in soil. CMP is the
major route-specific byproduct in the clandestine manufacture of methamphetamine (MAP) by the use of ex-
cess alkali metal (e.g., lithium) in liquid ammonia, which is commonly referred to as the “Nazi method”. This
is one of the most common methods used in many countries for the illicit production of MAP. Knowledge on
the fate of CMP in the terrestrial environment is essential to combat potential threats arising from illegal
dumping of clandestine laboratory wastes. We report on the sorption–desorption, degradation, and metabo-
lism patterns of CMP in three South Australian soils investigated in laboratory scale. CMP sorption in the test
soils followed a Freundlich isotherm in the concentration range of 5 to 100 μg mL−1. Degradation studies
showed that CMP was fairly unstable in both non-sterile and sterile soils, with half-life values typically less
than one week. The role of biotic and abiotic soil processes in the degradation of CMP also varied significantly
between the different soils, and with the length of the incubation period. Interestingly, but not surprisingly,
the results showed that the CMP was not actually degraded to any simpler compounds but transformed to
more persistent MAP. Thus, the main concern with Nazi method is the potential hazard from MAP rather
than CMP if wastes are disposed of into the environment.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Illicit drug abuse is a serious global problem (Makino et al., 2005).
Themain groupof illicit drugs falls into the categories of opiates, cocaine,
cannabis, and amphetamines-type stimulants (ATSs) (Hall et al., 2008;
UNODC, 2007). ATSs consist of two groups of substances: first the am-
phetamines group (e.g., amphetamine and methamphetamine); and
second the ecstasy group (e.g., 3,4-methylenedioxymethamphetamine
(MDMA) and analogous compounds) (UNODC, 2008a). Amphetamine
group substances account for more than three-quarters of ATSs
(UNODC, 2008b). Methamphetamine (MAP) continues to be the most
widely manufactured ATS and accounted for 68% of the amphetamine
groups in a 2006 estimate (UNODC, 2008a,b). In comparison with the
plant-based drugs (e.g., heroin, cocaine, cannabis, etc.), MAP is relatively
easy to manufacture in clandestine laboratories from commonly avail-
able chemicals (Sasaki and Makino, 2006). MAP manufacture is located
throughout East and South-East Asia, North America and Oceania
where there is high demand and ready availability of precursors
(UNODC, 2008a). MAP is manufactured through variety of synthetic
+61 8 8302 3057.
(M. Megharaj).

rights reserved.
routes employing a range of precursors, most commonly in small clan-
destine laboratories, and also in industrializedmega and super laborato-
ries (UNODC, 2008a). The clandestine manufacture of MAP involves a
number of routes (e.g., Leuckart method, reductive amination, Birch re-
duction conditions, Nagai method, Rosenmundmethod, Emde method)
as described by Sasaki and Makino (2006). Many of these give rise to
route-specific byproducts (Qi et al., 2006, 2007).

The clandestine manufacture of MAP frequently involves pseudo-
ephedrine and/or ephedrine as the precursor due to its ready availabili-
ty. It is the most commonly used precursor used in the USA, Australia
and New Zealand (UNODC, 2008a; Barker and Antia, 2007, Person et
al., 2005). 1-(1′,4′-cyclohexadienyl)-2-methylaminopropane (CMP) is
the route-specific byproduct of the clandestine manufacture of MAP by
reduction of ephedrine or pseudoephedrine in presence of ammonia
and excess lithium (Person et al., 2005; Zvilichovsky and Gbara-
Haj-Yahia, 2004). The synthetic conditions are based upon those of
the Birch reduction and the process is commonly referred to as the
Nazi method by the forensic community (Person et al., 2005). CMP is
formed by reduction of the aromatic ring of MAP in the presence of ex-
cess alkalimetal after the initial cleavage of hydroxyl group of ephedrine
(Barker and Antia, 2007; Person et al., 2005; Zvilichovsky and Gbara-
Haj-Yahia, 2004). The basic information (e.g., IUPAC nomenclature, mo-
lecular formula, molecular weight, chemical structure) of CMP is given
in Table 1.
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Table 1
General information on the target compounds in the present study.

Target compound Molecular
formula

Molecular
weight

Molecular structure

IUPAC name Short
name

1-(1′,4′-cyclohexadienyl)-
2-methylaminopropane

CMP C10H17N 151.25

N-methyl-1-phenyl-
propan-2-amine

MAP C10H15N 149.24
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The wastes from clandestine drug laboratories are often illegally
buried in soil or disposed of into sinks and toilets where they enter
the sewerage system and public waste water treatment facilities
(Janusz et al., 2003; Scott et al., 2003). However, there are no reports
in the scientific literature on the environmental fate of this major by-
product of illicit drug synthesis. In this paper we report investigations
of the behavior of CMP in soils as the first steps in understanding the
fate of this compound in the terrestrial environment. Thus, the pre-
sent study will allow the environmental scientist to judge the poten-
tial hazard due to the release of these chemicals into the environment
as well as the forensic scientists to accurately assess the environmen-
tal impact of clandestine drug laboratories and link the discarded res-
idues with the method of manufacture.

2. Materials and methods

2.1. Soil

Samples of surface soils (0–15 cm) were collected from Mawson
Lakes (ML) campus of University of South Australia, Sturt Gorge (SG),
andWaite Campus (WC) of The University of Adelaide, South Australia,
and correspondwith soil that are urban impacted, native bush land, and
agricultural land, respectively. The soils were stored in polyethylene
buckets and brought to the laboratory. They were then screened to re-
move any plant parts or other debris, passed through 2 mm sieve, and
then placed in refrigerated storage maintained at 4 °C.

The physico-chemical properties of the soils were measured follow-
ing the standard analytical procedures and are shown in Table 2. The
three soils variedwidely in terms of organic carbon, clay content, soil tex-
ture, pH, and surface area. The pH (in 1:2.5 H2O) of the soils ranged be-
tween 5.64 and 5.98 (slightly acidic) for WC and SG soils, respectively
to 8.91 (alkaline) for ML soil. The cation exchange capacities of the soils
ranged between 6.3 and 19.2 cmol (p+)kg−1 soil. The organic carbon
content of the test soils varied in the descending order of 2.88 (SG)
>2.26 (WC)>1.11% (ML), while the dissolved organic carbon (DOC)
varied in the descending order of 8.71 (ML)>5.84 (SG)>3.90 μg mL−1

(WC). The soils contained a moderate level of clay (15–20%). The ML
and SG soils were sandy loam while WC soil was loam in texture.

2.2. Experimental plan

Sorption experiments were conducted at 25±1 °C and in the dark
to avoid photodegradation. For this purpose, we used 50 mL capacity
Table 2
Basic physico-chemical properties of the experimental soils.

Soil Short
name

pH (1:2.5 H2O) Electrical
conductivity
(μS cm−1)

Cation exchange capacity
(meq-100 g−1)

O
c
(

Mawson Lakes ML 8.91 159 19.24 1
Sturt Gorge SG 5.98 36 6.30 2
Waite Campus WC 5.64 965 17.42 2
PTFE vials fitted with screw caps. The background solution was
0.01 M CaCl2 in Milli-Q water. Stock solution (100 μg mL−1) of CMP
was prepared in 0.01 M CaCl2 solution. Initially the sorption experi-
ment was carried out at a single concentration of 100 μg mL−1 over
a range of equilibration times (0, 1, 2, 4, 6, 12, 24, and 48 h). On the
basis of these preliminary results, we chose five initial concentra-
tions (5, 10, 20, 50, and 100 μg mL−1) and 24 h equilibration time
for the second phase of sorption experiment. To 5 g of air dried soil
the requisite amount of the stock solution was added to produce
the desired concentration. The background solution was maintained
at 20 mL. Blank samples (without soil) were also maintained as a ref-
erence to check the initial concentration. In addition, control soils re-
ceiving blank 0.01 M CaCl2 solution were also maintained. All the
experiments were conducted in duplicate. The vials were shaken in
an end-over-end shaker at 10 rpm. The supernatants were then cen-
trifuged at 3000 rpm for 15 min and passed through 0.45 μm filter for
direct analysis in HPLC-MS. The amount adsorbedwas determined as
the difference between the initial and final concentrations of the
CMP in solution.

Desorption studies were conducted only for the 20 μg mL−1 con-
centration. For this purpose, the aliquot from the sorption study was
discarded and replaced by the background solution (20 mL). The
vials were shaken under the same experimental conditions for 24 h
and using similar procedures to the sorption experiment. The
amount desorbed was estimated on the basis of the mass balance
calculation.

The degradation patterns of CMP were studied both under the non-
sterile and sterile conditions. The moisture level was adjusted at 50% of
MWHC (maximumwater holding capacity) and the soils were incubat-
ed at 25 °C in a constant temperature room. To avoid any chance of
photodegradation the soils were incubated in the dark. Five grams of
soil in individual amber colored glass vials fitted with Teflon-lined
solid screw caps was pre-incubated at 25 °C in the dark for one week.
To begin sterile degradation the individual vials of soil were autoclaved
for 20 min at 121 °C on three consecutive days. Sterile conditions were
maintained throughout the study period and affirmed periodically by a
microbiological plating technique.

The soils were spiked with 100 μg g−1 of CMP. For this purpose,
the stock solutions (2 g L−1) were prepared in water. The soils for
both the non-sterile and sterile degradation experiments were
spiked with the requisite amount of the freshly prepared stock solu-
tion. For sterile degradation the stock solutions were passed through
sterile 0.45 μm filters, and the soils were spiked aseptically within a
laminar air flow. The soils were vortexed for homogenization. Con-
trol soils were also maintained for both the non-sterile and sterile
conditions. The moisture content of the soils (both in non-sterile
and sterile) was maintained by aseptic addition of sterile Milli-Q
water. All the experiments were conducted in duplicate for three
month period.

2.3. Extraction procedure

In this study, CMP and MAP were extracted from soil with 40 mL of
chloroform: acetonitrile: methanol: acetic acid (80:10:9:1) in two steps
(20 mL each). The soils were vortexed and extracted two times on an
electric shaker for the period of 1 h and 15 min, respectively, each
rganic
arbon
%)

Dissolved Particle size distribution Textural
class

Organic carbon (μg mL−1) Sand (%) Silt (%) Clay (%)

.11 8.71 55.0 25.0 20.0 Sandy loam

.88 5.84 60.0 25.0 15.0 Sandy loam

.26 3.90 42.5 42.5 15.0 Loam

Unlabelled image


A) Adsorption isotherm

0

50

100

150

200

250

300

A
m

ou
nt

 s
or

be
d 

(µ
g/

g)

Equillibrium Concentration (µg/mL)

Mawson Lakes

Sturt Gorge

Waite Campus

B) Adsorption coefficient (Kd) 

0

5

10

15

20

25

K
d(

m
L

-g
-1

) 

Initial concentration (µg-mL-1)

Mawson Lakes

Sturt Gorge

Waite Campus

C) Organic carbon normalized adsorption
      coefficient (KOC) 

0

100

200

300

400

500

600

700

800

900

0 20 40 60 80

0 20 40 60 80 100

0 20 40 60 80 100

K
O

C
(m

L
-g

-1
)

Initial concentration (µg-mL-1)

Mawson Lakes

Sturt Gorge

Waite Campus

Fig. 1. Adsorption parameters of 1-(1,4-cyclohexadienyl)-2-methylaminopropane
(CMP) as a function of concentration.
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Fig. 2. Desorption pattern of 1-(1,4-cyclohexadienyl)-2-methylaminopropane (CMP).
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followed by ultrasonic vibration for 5 min at 30 °C. In each of the extrac-
tion steps the vials were centrifuged and the aliquots were filtered
through 0.22 μmTeflon filters. The aliquotswere combined, evaporated
under a nitrogen streamand re-dissolvedwithHPLCgrademethanol for
direct HPLC analysis.

2.4. Determination of CMP and MAP

The determination of CMP andMAPwas performed using HPLC (Agi-
lent 1100 series) equipped with an auto-sampler, binary pump system
Table 3
Sorption parameters for the 1-(1,4-cyclohexadienyl)-2-methylaminopropane (CMP) in
three experimental soils.

Soil Freundlich parameters

KF n r2

Mawson Lakes 4.20 0.84 0.99
Sturt Gorge 20.33 1.52 0.99
Waite Campus 6.39 1.41 0.99
and mass selective detector (Agilent 1100) with positive ionization
mode of Atomic Pressure Ionization–Electro Spray (API–ES). Data inte-
grationwas done by Chemstation software. Chromatographic separation
0
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Fig. 3. Degradation patterns of 1-(1,4-cyclohexadienyl)-2-methylaminopropane (CMP)
in three experimental soils.
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Table 4
Regression equation, degradation rate constant (k), half-life (t1/2), and correla-
tion coefficient (r2) values for the degradation of 1-(1,4-cyclohexadienyl)-2-
methylaminopropane (CMP) in the experimental soils.

Soil Sterility Regression
equation

k
(Day−1)

t1/2
(Day)

r2

Mawson Lakes Non-sterile y=−0.0364x+2.9165 0.0364 8.3 0.9666
Sturt Gorge y=−0.3834x+2.6694 0.3834 0.8 0.7668
Waite Campus y=−0.2930x+3.2280 0.2930 1.0 0.8834
Mawson Lakes Sterile y=−0.0534x+2.0577 0.0534 5.64 0.9783
Sturt Gorge y=−0.1157x+1.9607 0.1157 2.60 0.9890
Waite Campus y=−0.0777x+1.9839 0.0777 3.87 0.9991
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of the CMP and MAP were made using a ZORBAX Eclipse XDB-C18
150×4.6 mm, 5 μm column operated at 25 °C. The mobile phase con-
sisted of two combinations of solvent A (20% methanol+0.1% acetic
acid+10 mM ammonium acetate) and solvent B (90% methanol+
0.1% acetic acid+10mM ammonium acetate) maintaining a flow-rate
of 0.8 mLmin−1. The timetable for the operation of mobile phase for
the total run time (26 min) was 0–8 min (100% A), 8–12 min (90% A+
10% B), 12–25min (100% B), and 25–26 min (100% A). Themass spectra
were collected over themass range of 100–350 m/z. The ionsmonitored
for CMP were 152.2 m/z and 121.2 m/z, while for MAP 150.2 m/z and
119.2 m/z. Propranolol was used as the internal standard during the
analysis.

The detection limit and limit of quantification values are the concen-
trations producing signal-to-noise ratio of 3:1 and 10:1. The detection
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Fig. 4. A plot for the formation of MAP due to the transformation of CMP
limits of the analytical system were 0.05 (MAP) and 0.11 ng (CMP)
while the limits of quantification were 127 (MAP) and 297 ng g−1

(CMP). The analytical method for CMP and MAP showed a good linear-
ity (R2>0.99) and repeatability ranged between 2 and 5% RSD. The av-
erage recovery of the analytical procedures was 70% for both MAP and
CMP.

3. Results and discussion

3.1. Sorption–desorption pattern

The sorption pattern of CMP in the test soils was determined as a
function of its initial concentration. The sorption isothermswere checked
at initial concentrations of 5 through to 100 μg mL−1. The data were
fitted both to the Langmuir and Freundlich isotherm. The Langmuir iso-
therm assumes monolayer sorption, while the Freundlich isotherm is
an empirical relationship describing the sorption of solute to solid surface
(Voudrias et al., 2002). The results showed a concentration dependent
sorption isotherm with steady increases up to the maximum concentra-
tion level (Fig. 1A). The sorption curveswerewell described by Freundlich
isotherms. The Freundlich isotherms can be expressed as logCs=logKF+
(1/n)logCe (plot of logCs vs. logCe gives a straight linewith the slope=1/n
and intercept=logKF) where, Ce is the equilibrium concentration of CMP
(μg mL−1), Cs is the amount of CMP adsorbed per unit soil (μg g−1), Cm is
the maximum amount adsorbed as Ce increases, and K values (μg g−1)
represent the amount of CMP adsorbed per unit soil for Ce=1. In the
Freundlich equation, when 1/n=1 we can calculate the adsorption coef-
ficient as Kd (mL g−1)=Cs/Ce, which upon normalization in terms of
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organic carbon (OC) gives KOC=Kd(100/OC). A summary of the sorption
parameters is presented in Table 3.

The SG soil recorded the highest K value indicating maximum sorp-
tion potential and the values decreased in the order of SG>WC>ML. As
well as exhibiting the lowest K value the ML soil also had the lowest OC
content. The low K value might be ascribed to the nature of the organic
matter producing high DOC that competes with CMP for sorption sites.
However, there were too few soils to make any general conclusions re-
garding soil properties and CMP sorption. For better understanding of
the sorption pattern, the results were analyzed with different explor-
atory approaches. The adsorption coefficient (Kd) and organic carbon
normalized adsorption coefficient (KOC) were calculated for all the
treatment cases. In Fig. 1B and C, the results of Kd and KOC were com-
pared between the soils as a function of the initial concentrations. In
general, the Kd values when compared between test soils were seen to
decrease in the following order: SG>ML>WC (Fig. 1B). The test soils
also showed a widely different pattern across the concentration range.
The SG and WC soils recorded a steady decrease in Kd values with
increase in the initial concentration of CMP while a reverse trend
was apparent for ML soil. The partitioning of organic compounds
in soils is generally proportional to the OC content of the particular
soil (Novoszad et al., 2005). Thus, Kd values are commonly normal-
ized to OC (KOC). However, the KOC values show the same wide var-
iation as the Kd values among the test soils, which might be due to
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Fig. 5. A plot to compare the potential of biotic-abiotic factors in the formation of MAP
due to CMP transformation in three soils at different period of incubation.
the relatively large differences between the OC content of each
soil (Fig. 1C).

The desorption potential of CMP was found to be in the following
descending order: ML (41.4%)>WC (27.9%)>SG (5.1%) (Fig. 2). The
lowest desorption potential of CMP from SG soil is in line with the
highest Kd and KOC values for this soil. The major part of CMP in SG
soil was irreversibly sorbed, presumably by soil organic matter
(OM) and clay.

3.2. Degradation pattern

The degradation of CMP both in non-sterile and sterile soils is pre-
sented in Fig. 3. The results showed relatively similar persistence behav-
ior irrespective of the experimental conditions and soils. In general, a
sharp initial decrease in the CMP concentration was shown for both
the non-sterile and sterile SG and WC soils, while a relatively slower
rate was recorded for the ML soil (Fig. 3A and B). CMP persisted for
1–4 weeks irrespective of soils. The regression equation, regression co-
efficient (r2), rate constant (k−1), and half-life (t1/2) values for the deg-
radation of CMP both in non-sterile and sterile conditions is presented
in Table 4. The experimental data were fitted to linear regression equa-
tion. The half-life values were calculated from the best fit lines of the
logarithm of residual concentrations vs. time elapsed in the incubation
period. The half-life values for the non-sterile soils ranged from 0.8
(SG) to 8.3 (ML)days, while the same for the sterile soils were 2.60
(SG) to 5.64 (ML)days. The results showed that the degradation poten-
tial of CMP both under non-sterile and sterile conditions followed the
similar descending order: ML>WC>SG. In addition, almost a parallel
degradation pattern of CMP both under non-sterile and sterile condi-
tions indicated the dominant role of the soil abiotic factors compared
to biotic components.

The degradation of CMP was conducted in amber color glass vials
in the dark to eliminate any chance of photodegradation. Therefore
CMP degradation observed in sterile soils was only due to the
physico-chemical properties of soils. A comparison of the degradation
of CMP due to abiotic and biotic soil processes at days 2 and 4 are
shown in Fig. 3C. The biotic and abiotic factors showed an increasing
pattern over time for all the soils with the single exception being bi-
otic degradation in SG soil. For both incubation periods, abiotic soil
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Fig. 6. A plot to compare the potential of MAP formation due to CMP transformation among
the soils at different period of incubation under non-sterile and sterile conditions.
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