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ABSTRACT

Stability and removal of the anti-anxiety drug diazepam (valium) from spiked wastewater
samples were studied. An advanced wastewater treatment plant (WWTP), utilizing ultrafil-
tration (UF), activated charcoal (AC), and reverse osmosis (RO) after the secondary biologi-
cal treatment showed that UF and RO were relatively sufficient in removing spiked
diazepam to a safe level. Kinetic studies in both pure water (abiotic degradation) and in
sludge (biotic degradation) at room temperature were investigated. Diazepam showed high
chemical stability toward degradation in pure water, and underwent faster biodegradation
in sludge providing two main degradation products. The degradation reactions in sludge
and pure water showed first-order kinetics with rate constant values of 2.6 × 10−7 s−1 and
9.08 × 10−8 s−1, respectively (half-life = 31 and 88 d, respectively). Adsorption of diazepam
by activated carbon and composite micelle–clay (octadecyltrimethylammonium montmoril-
lonite) complex was studied using both Langmuir and Freundlich isotherms. Based on the
determination coefficient, Langmuir isotherm was found to better fit the data, indicating the
retention of diazepam monolayer on both adsorbents. Filtration of 100 mg L−1 solutions of
diazepam by micelle–clay filter yielded almost complete removal at flow rates of
2 mL min−1.

Keywords: Diazepam; Wastewater treatment; Stability in sludge; HF membranes; Activated
carbon; Micelle–clay complex
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1. Introduction

Persistent organic pollutants (such as polychlori-
nated biphenyls (PCBs) and polycyclic aromatic
hydrocarbons (PAHs)) have for many years been
investigated regarding their influence on the environ-
ment [1,2], and were found to have high acute toxicity
and tendencies to undergo bioaccumulation and bio-
magnifications. They also have been reported to have
a high resistance against degradation and long half-life
in the environment.

Nowadays another concern is arising due to phar-
maceuticals or their metabolites found in environmental
samples. The presence of pharmaceutical residues in
environmental bodies has increased the probability
of toxicity risks for animals and humans in the last
years [3–5].

It has been reported that the aquatic environment
can become polluted with pharmaceutically active
compounds (drugs) at low concentration because of
the extensive consumption of pharmaceuticals in
developed countries [6,7]. Persistence to biochemical
degradation and polar structure are indicated as
mainly responsible for the incomplete removal of
pharmaceuticals during conventional wastewater treat-
ment plant (WWTP) [8].

One important class of pharmaceuticals, which has
received recent consideration, is known as benzodiaze-
pines (structure 1, Fig. 1). One of the most commonly
used medicine among the members of the benzodiaze-
pines is diazepam (structure 2, Fig. 1) (7-chloro-l-
methyl-5-phenyl-1,4-benzodiazepin-2-one). It is a long-
acting benzodiazepine with anticonvulsant, anxiolytic,
sedative, and muscle relaxant properties [9]. It is used
for the treatment of acute management of all types of
seizures in both adults and children [10]. Diazepam is
administered orally, intravenously, or rectally [11].

Most pharmaceuticals undergo biotransformation
in the human body, resulting in a release of significant
amounts of a variety of metabolites into the aquatic
environment, which can be further transformed
during the sewage treatment processes (biotic

degradation) [12]. Pharmaceuticals may also be chemi-
cally degraded by abiotic processes such as hydrolysis,
oxidation, and photolysis. The degradation products
can be also of concern because of their possible toxic-
ity, which can sometimes be higher than that of the
corresponding parent compound [13,14].

Diazepam (2) is metabolized in human liver via
cytochrome P450 enzymes pathway. It has an elimina-
tion half-life of 20–100 h, and produces several phar-
macologically active metabolites; the main active
metabolites are obtained through demethylation mech-
anism (3, nordiazepam, t½ = 36–100 h), temazepam
(4, t½ = 8–22 h), and oxazepam (5, t½ = 4–15 h) as
shown in Fig. 2 [15]. Diazepam and their metabolites
are conjugated with glucuronide and are excreted pri-
marily in the urine. From human metabolism studies,
it has been shown that 30% of diazepam dose admin-
istered to patients is exerted without any change, 12%
as nordiazepam (3), 15% as temazepam (4), 32% as

Fig. 1. Chemical structures of benzodiazepines basic struc-
ture (1), and diazepam (2). Fig. 2. Metabolism pathways for diazepam (2) in humans.
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oxazepam (5), and 11% of the remaining dose is still
unidentified [16]. The diazepam metabolism is medi-
ated by a number of cyctochrome P450 enzymes and
proceeds by both N-dealkylation and C3-hydroxyl-
ation reactions [15–17].

The two major aims of this study were: (i) to inves-
tigate diazepam stability in pure water (abiotic condi-
tions) as well as in activated sludge (biotic conditions)
and (ii) to determine the efficiency of advanced waste-
water treatment technology, which consists of a
combination of activated sludge process with ultrafil-
tration (UF) membranes, hollow fiber and spiral
wound membranes, activated carbon (AC) adsorption,
reverse osmosis (RO), and micelle–clay filters, in
removing diazepam and its metabolites.

2. Materials and methods

2.1. Chemicals

All chemicals were of analytical grade. Diazepam
was obtained from Birzeit Pharmaceutical Company
(Palestine) with 99% purity, and was used as received.
Wyoming Na-Namontmorillonite SWY-2 clay was
obtained from the Source Clays Registry (Clay Mineral
Society, Colombia, MO). Quartz sand (size 0.8–
1.2 mm) was obtained from Negev industrial minerals
(Israel). Octadecyltrimethylammonium (ODTMA)
bromide was obtained from Sigma Aldrich (Munich,
Germany). Powdered activated charcoal (PAC) with
particle size ≤ 60 μm cat. No. 97876 and granular acti-
vated charcoal (GAC) with particle size ≤ 700 μm cat.

No. 37771 were obtained from Sigma (Sigma Chemical
Company, USA). The powder was used for batch
adsorption experiments while the granules were used
in column experiments. De-ionized water, methanol,
and acetonitrile were of HPLC grade, and were pur-
chased from Sigma Aldrich (Munich, Germany).

For sample enrichment and purification, SPE 1 g
C-18 6 mL disposable cartridges (Waters, Milford,
MA, USA) were used. Samples were shaken using Big
Bill, (Banstaed/Themolyne, USA).

2.2. Advanced WWTP

The WWTP employed in this study (Fig. 3) is
located at Al-Quds University-Palestine and was
described in detail elsewhere [18,19]. Normally, the
effluent from this plant is recycled for the irrigation of
plants cropped in the field at the University Campus.

2.3. Methods

2.3.1. Diazepam quantification

Diazepam analysis was performed by using HPLC
Waters 2,695 equipped with a photodiode array. Data
acquisition and control were carried out using
Empower ™ software (Waters: Israel). Analytes were
separated by using a C18 XBridge® column (4.6 ×
150 mm, 5 μm particle size). HPLC conditions were:
acetonitrile; water (1:1; v/v) as mobile phase; flow rate
of 1.0 mL min−1; UV detection at a wavelength of
230 nm. Acrodisc® syringe filters with GHP membrane

Fig. 3. A schematic representation of the WWTP at Al-Quds University; (1) activated sludge reservoir; (2) activated
sludge reservoir effluent; (3) UF/HF, hollow fiber ultrafiltration membrane Brine; (4) UF/HF Permeate; (5) UF/SW, spiral
wound ultrafiltration membrane Brine; (6) UF/SW Permeate; (7) GAC, GAC filter effluent; (8) RO, reverse osmosis Brine;
and (9) RO, Permeate reservoir.
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(hydrophilic polypropylene, 0.45 μm porosity) from
Waters were always used for all analytical filtration
requirements.

2.3.2. Characterization of wastewater

The wastewater was characterized for physical,
chemical, and biological properties before the experi-
ments according to standard methods [20].

2.3.3. Diazepam stability in pure water and WWTP
removal efficiency

Prior to perform any other experiment, the stability
of diazepam dissolved in pure water and in the acti-
vated sludge collected from the WWTP (Fig. 3) was
determined to ascertain if hydrolysis or biodegrada-
tion reactions had taken place before the filtration
stages. For this reason, samples were collected at spe-
cific times and analyzed by HPLC. Pure water and the
activated sludge samples were spiked with the same
quantity of the drug and continuously shacked during
the experimental time; moreover, aeration was permit-
ted for sludge samples to preserve the bacterial
growth. The concentration of diazepam at each time
interval was determined using a calibration curve and
the percentage of degraded drug was calculated as the
difference to the initial concentration.

The efficiency of the different filtration stages [hol-
low fiber (UF-HF), spiral wound (UF-SW), AC, and
RO] for the removal of diazepam from wastewater
was studied by spiking separately the secondary efflu-
ent in the activated sludge reservoir (1,000 L) with
1.0 mg L−1 of diazepam.

SPE-C18 disposable cartridges were used to pre-
concentrate 10 mL of each sample by adsorption of
analytes. A part of the methanolic solution eluted
from SPE cartridge (20 μL) was injected into the HPLC
and analyzed as described in the subsection “Diaze-
pam quantification”.

2.3.4. Micelle–clay complex preparation

The complex was prepared as described elsewhere
[18,21–28]. The micelle–clay complex was obtained by
stirring 12 mM of ODTMA with 10 g L−1 clay for 72 h.

The suspension was centrifuged for 20 min at
15,000 g, the supernatant was discarded, and the com-
plex was lyophilized. The obtained complex by virtue
of its positive charge and hydrophobic region is capa-
ble of efficiently binding neutral and negatively
charged organic molecules [18,21–24,28].

2.3.5. Batch adsorption experiments

Batch adsorption experiments were carried out on
diazepam at different concentrations. Experiments
were performed in 250 mL Erlenmeyer flasks contain-
ing 200 mg of either micelle–clay complex or PAC;
50 mL of diazepam solutions having known initial
concentrations were introduced into each flask. The
flasks were shaken in an oscillating shaker for three
hours at room temperature then the content of each
flask was centrifuged (10,000 g) for 5 min and filtered
using 0.45 μm filters. The equilibrium concentration of
diazepam was then obtained using HPLC analysis
with the conditions reported above. The retention time
of diazepam was 4.2 min.

2.3.6. Column filtration experiments

Column filtering experiments were performed
using 50/1 (w/w) mixtures of quartz sand and either
ODTMA–clay complex, or granular-activated charcoal
(GAC), 20 cm layered in borosilicate columns of 25 cm
length and 5 cm diameter. Each column contained
13 g of complex, or GAC. The bottom of the column
was covered with 3 cm layer of quartz sand. Quartz
sand was thoroughly washed by distilled water and
dried at 105˚C for 24 h before use. Solutions in pure
water (1 L each) containing different diazepam con-
centrations (0.01, 1, 10, and 100 mg L−1) were passed
through either micelle–clay or GAC columns (one
column for each solution). In all cases, the flow rate
was regulated to 2.0 mL min−1. Eluted fractions were
collected in all column experiments and analyzed.

All experiments were performed in three replicates
and average values and standard deviations were
calculated.

2.3.7. Calibration curves

Linearity of the proposed analytical method was
verified by analyzing standard solutions in the range
of 0.1–100 mg L−1 for diazepam. The calibration curve
was obtained with a determination coefficient R2 of
0.9996. The repeatability of triplicate subsequent injec-
tions was ranging from 98.5 to 99.5%, depending on
the sample concentration.

3. Results and discussion

3.1. Wastewater characteristics

Table 1 summarizes the chemical, physical, and
biological characteristics of wastewater collected from
Al-Quds WWTP-activated sludge reservoir. Table 1
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shows that this wastewater contains high amounts of
suspended solids and organic pollution load, the rela-
tively high values of TSS and COD may be attributed
to residues of chemicals in the wastewater from labo-
ratories, which were not well removed by the sedi-
mentation stage and secondary biological treatment.
Moreover, high values of electrical conductivity and
total dissolved solids are typical of municipal waste-
waters and must be reduced if WWTP effluents are to
be reused for crop irrigation purposes.

The large populations of bacteria detected are
responsible for the fouling process affecting the UF and
RO membranes. Al-Quds activated sludge was found
to contain Enterobacter and Pseudomonas species:
Escherichia coli, Enterobacter sakazakii, Citrobacter freundii,
Pseudomonas aeruginosa, Klebsiella pneumonia, Enterobacter
cloacae, Enterobacter amnigenus, Enterobacter aerogenes,
Salmonella spp., and Serratia liquefaciens [29].

3.2. Stability of diazepam in pure water and in sludge

The kinetic parameters of diazepam hydrolysis in
pure water (100 mg L−1) are illustrated in Fig. 4 as nat-
ural logarithm of diazepam concentration vs. time
(days). The determination coefficient R2 of the first-
order hydrolysis reaction was 0.9981, and the rate con-
stant was 9.08 × 10−8 s−1 at pH 7.3.

Similarly, kinetics of diazepam in Al-Quds acti-
vated sludge at room temperature was studied start-
ing from the same concentration used in pure water.
The determination coefficient R2 in this case was
0.9987 (Fig. 4), and the rate constant was
2.60 × 10−7 s−1. The degradation half-life was dimin-
ished from 88.3 d in pure water to 30.4 d in the acti-
vated sludge, where the concentration of diazepam
was found at a concentration of 14.4 mg L−1 after 60 d
of incubation. The degradation rate in the sludge med-
ium was about threefold faster than in pure water.

The accelerated degradation can be attributed to the
bioactivity of bacteria populations present in the acti-
vated sludge.

3.3. Efficiency of WWTP for diazepam removal

The efficiency of WWTP at Al-Quds University for
the removal of diazepam was studied. The activated
sludge reservoir (point 1 in Fig. 3) was spiked with
diazepam at concentration of 1.0 mg L−1, which is an
amount close to concentration levels of diazepam actu-
ally found in wastewater [30].

Samples were taken from different collecting sites
of WWTP (Fig. 3). Analytical results of water effluent
from the hollow fiber ultra-filtration membrane
(UF-HF) indicated that the diazepam removal at this
stage was about 82.1%, whereas about 90.4% of the
drug was cumulatively removed after passing the
spiral wound (UF-SW) membrane (Table 2).

Additionally, there was no complete removal of
diazepam from the effluent exiting the GAC filter

Table 1
Physical, chemical, and biological parameters of wastewater

Parameters Results Units Parameters Results Units

pH 7.32 ± 0.01 – TSS 3,700 ± 100 mg L−1

Conductivity 2,000 ± 8 μSm cm−1 BOD 900 ± 150 mg L−1

Temperature 15.5 ± 0.2 ˚C COD 1,900 ± 300 mg L−1

Turbidity 5,000 ± 200 NTU NH4-N 59.5 ± 0.1 mg L−1

DO 0.40 ± 0.01 mg L−1 PO4-P 14.3 ± 0.1 mg L−1

TS 4,200 ± 200 mg L−1 FC (E. coli) 2.9 × 105 ± 1.5 × 105 cfu/100 mL
TDS 620 ± 50 mg L−1 TC 6.5 × 106 ± 3.0 × 106 cfu/100 mL
Settable solids 240 ± 5 mg L−1 HPC 2.6 × 107 ± 1.3 × 107 cfu/100 mL

Note: DO: Dissolved Oxygen; TS: Total Solids; TDS: Total Dissolved Solids; TSS: Total Suspended Solids; HPC: Heterotrophic Plate

Count; TC: Total Coliform; and FC: Fecal Coliform.

Fig. 4. Plot of Ln of diazepam vs. time in pure water (▲)
(SD ± 0.12) and in sludge (●) (SD ± 0.17). T = 25˚C, pH 7.3.
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(93.7%); whereas, the RO unit showed 100% diazepam
removal. It should be worth noting that the concentra-
tion of diazepam in the GAC effluent was 0.05 mg L−1,
whereas after the passage into the UF filters the con-
centration in the GAG influent water was just a little
bit higher (0.08 mg L−1).

For this reason, the removal of diazepam by RO
was a necessary step for reaching a complete purifica-
tion. Nevertheless, the advanced technology adopted
in the Al-Quds WWTP is still affected by problems
that are common to all plants: the production of brine
in which a large portion of the contaminants ended
being concentrated. For this reason, different methods
of water filtration and purification should be tested.

3.4. Adsorption isotherms

The micelle–clay composite used in this study is
positively charged, has large surface area, and
includes large hydrophobic domains. It has been
shown by X-ray diffraction, electron microscopy, and
adsorption experiments that the material characteris-
tics of the micelle–clay complex are different from
those of an organo–clay complex, which is formed by
adsorption of the same organic cations ODTMA as
monomers [28]. Micelle–clay composites have already

been proven to be efficient in the removal of about 20
neutral and anionic pollutants [18,21–27,31,32].

The diazepam adsorption at several initial concen-
trations on micelle–clay complex and activated char-
coal was investigated. Equilibrium relationships
between adsorbent and adsorbate can be described by
the Langmuir adsorption isotherm [18], represented
by Eq. (1):

Ce

Qe
¼ 1

kQmax
þ Ce

Qmax
(1)

where Ce (mg L−1) is the equilibrium concentration of
the drug in the solution, Qe (mg g−1) is the equilibrium
mass of adsorbed drug per gram of complex or acti-
vated charcoal, k (L mg−1) is the Langmuir binding
constant, and Qmax (mg g−1) is the maximum mass of
drug removed per gram of complex.

The data fitted well the Langmuir equation giving
R2 = 0.9945 for activated charcoal, and 0.9970 for the
micelle–clay (Table 3). The calculated Langmuir con-
stants k and Qmax are presented in Table 3. The values
of k and Qmax parameters for the adsorption isotherm
obtained using micelle–clay complex were larger than
activated charcoal, suggesting the former to be a more
efficient adsorbent for diazepam removal. In

Table 2
Removal of diazepam from wastewater by different treatment units in Al-Quds WWTP; average values of three replicates

Sample description Sampling point as in Fig. 4

Concentration of DZ mg L−1

Means ± S.D. Removal %

The initial concentration of
Diazepam in storage tank

1 0.98 ± 0.10

UF-HF influent 2 0.84 ± 0.05
brine produced 3 0.57 ± 0.03
effluent 4 0.15 ± 0.02 82.1

UF-SW brine 5 0.15 ± 0.04
effluent 6 0.08 ± 0.01 90.4

GAC effluent 7 0.05 ± 0.02 93.7
RO brine 8 0.07 ± 0.01

effluent 9 b.l.d. ≈100.0

Note: b.l.d. = below the limit of detection.

Table 3
Langmuir adsorption parameters (k and Qmax) and determination coefficients (R2) obtained from the adsorption of diaze-
pam on the micelle–clay complex and activated charcoal

Adsorbent k (L mg−1) Qmax (mg g−1) R2

Micelle–clay complex 5.3 ± 0.2 31.2 ± 1.7 0.997
Activated charcoal 3.8 ± 0.3 28.9 ± 1.5 0.994
Ratio micelle–clay/charcoal 1.4 1.1 –
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particular, the Langmuir binding constant < k > for
micelle–clay complex was about 1.4-fold greater than
activated charcoal, and the value of Qmax was nearly
1.1-fold higher for the former.

3.5. Filtration results

Diazepam solutions were passed through filters
which included the micelle–clay complex or activated
charcoal mixed with excess sand at 1:50 ratio (w/w).
The results shown in Table 4 indicate a significant
advantage of the micelle–clay filter in removing diaze-
pam compared to the amount removed by the acti-
vated charcoal. The efficiency of filter filled with
activated charcoal and sand was adequate only for the
lowest diazepam concentration, while the micelle clay
system was able to remove the drug also at the higher
concentration experimented. This result is not surpris-
ing, since the parameters obtained for adsorption iso-
therms of the two adsorbents clearly showed that the
micelle–clay complex was more efficient than activated
charcoal in adsorbing and removing diazepam from
water.

Previously reported experiments demonstrated the
poor capability of AC filters toward removing anionic
and some neutral pollutants [18,21,22,25–27,31,32].

Karaman et al. [18] have shown that micelle–clay
filter is more efficient than AC filter in removing dic-
lofenac potassium from wastewater. Polubesova et al.
[23], using column filters filled with a mixture of
quartz sand and micelle–clay complex demonstrated
high efficiency for this filter in removing tetracycline
and sulfonamide pharmaceuticals from wastewater. In

another study, Polubesova et al. [24] have succeeded
to achieve an excellent removal of three anionic pollu-
tants (imazaquin, sulfentrazone, and sulfosulfuron)
and four neutral pollutants (alachlor, acetochlor,
chlorotoluron, and bromacil) by micelle–clay com-
plexes in aqueous dispersions. On the other hand,
Zadaka et al. [32] have tested column filters with
either a mixture of quartz sand and organic micelle—
montmorillonite or zeolite and they found that both
filters were capable to remove ethylene dibromide,
anionic pollutants as sulfosulfuron, imazaquin and
sulfentrazone, and neutral compounds such as broma-
cil and chlorotoluron from aqueous environments. In
contrast to the striking success of the micelle–clay
complexes, filters filled with the same weight of AC
and sand have shown only partial removal of these
pollutants.

Recently, it was suggested [21,22,25] that the inte-
gration of micelle–clay complex filters in existing
WWTPs may be helpful for improving removal effi-
ciency of recalcitrant residues of non-steroid anti-
inflammatory drugs (NSAIDs). Moreover, Khamis
et al. [14] concluded that the integration of micelle–
clay filters in sewage treatment systems can be a
promising technology.

It can be argued that in addition to diazepam resi-
dues, wastewater usually includes other recalcitrant
organic pollutants. In such cases, GAC filters can be
used as first-stage tertiary process to remove the
majority of neutral pollutants, and additional micelle–
clay filters can be adopted as second stage to eliminate
anionic pollutants, and neutral compounds not
retained by GAC filters.

4. Conclusions

Diazepam was found to undergo incomplete deg-
radation both in water and sludge. Hence, further
removal of this pharmaceutical from WWTP effluents
is a required step. Advanced WWTP with RO as final
stage was found to be highly efficient in removing
diazepam from spiked wastewater samples. A
micelle–clay complex and AC were identified as good
adsorbents for this drug with high efficiency. The
results indicate that integration of micelle–clay com-
plex into WWTP is very promising in achieving com-
plete elimination of this drug from wastewater
effluents.
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