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Diazepam TiO, Photodegradation along with
Metabolites Obtained from the Kinetic Study in Sludge
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ABSTRACT

This study aims to show the stability of diazepam, a member of the benzodiazepines and psychoactive
drug, in the environment. Two experiments were carried out: biological degradation by using activated
sludge and advanced oxidation processes (AOPs). AOPs process was proposed and applied. TiO,, used
as catalyst, has two important properties: high photo-catalytic activity and low cost. Photodegradation
of diazepam was much faster under light irradiation in the presence of TiO, (half-life = 6 hours) than
under Suntest irradiation (half-life = 34 hours). Considering that the photo-catalytic process started
after the biological treatment on the water body containing a very little amount of contaminants, the
removal of this pharmaceutical compound was quite complete and the degradation products were

detected below the legal limit.
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INTRODUCTION

Benzodiazepines (Fig. 1 (1)) have received recent con-
sideration. A most known member of the benzodiazepines
is diazepam (Fig. 1 (2)) (7-chloro-l-methyl-5-phenyl-1,4-
benzodiazepin-2-one). Diazepam is considered as anticon-
vulsant, anxiolytic, sedative and muscle relaxant [1-3]. It is
used to relieve anxiety, muscle spasms, and seizures and to
control agitation in both adults and children [1].

Most of the substances swallowed undergo transforma-
tions in the human body with consequently releasing sig-
nificant amounts of a variety of degradation products into
the aquatic environment. These substances can be further
transformed during sewage treatment. As all contaminants,
pharmaceutical compounds are subjected to biotic and/or
abiotic degradation. The degradation by-products are also of
major concern, because they may have toxicity similar to or
higher than the parent compounds [4—-6].

Elucidation of biodegradation pathways and identification
of transformed products of diazepam are of crucial impor-
tance in understanding contaminant’s fate in the aquatic
environment. It is well documented that diazepam is very
slightly soluble in water, but it is soluble in alcohol [7].

The use of specialized and accurate analysis like liquid
chromatography-mass spectrometry (LC-MS) has become
one of the preferred techniques for analyzing the behavior
of different contaminants occurring in the environment. For
this reason LC-Fourier-transform ion cyclotron resonance
mass spectrometer (FTICR MS) analysis has been used to
identify the degradation products.

Many studies are performed on diazepam behavior es-
pecially in human bodies. This compound is metabolized
in human liver via the cytochrome P450 enzymes, it has
elimination half-life of 20 — 100 hours, and from the mother
molecule it gain several pharmacologically active metabo-
lites (Fig. 2) [8—11].

Its main active metabolite is desmethyl diazepam (nordi-
azepam (3)), which has an elimination half-life of 36 — 100
hours [7]. Other active metabolites are temazepam (4) and
andoxazepam (5) (Fig. 2) which have elimination half-lives
of 8 — 22 and 4 — 15 hours, respectively [11]. These metabo-
lites, along with the parent compound are conjugated with
glucuronide and are excreted primarily in the urine.

Human metabolism studies have shown that 30% of this
pharmaceutical, taken by patient, is active as parent com-
pound, 12% as nordiazepam, 15% as temazepam and 32%
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Fig. 1 Chemical structures of (1) benzodiazepineand and (2) diazepam.

as oxazepam [8—13]. The remaining 11% is unidentified
to date [14]. As shown in Fig. 2, diazepam metabolism is
mediated by a number of P450 enzymes and it occurs with
N-dealkylation and a C3-hydroxylation [8,14—17].

Upon excretion of this drug, it reaches the wastewaters and
thus, its presence becomes a problem for the environment.

Advanced oxidation processes (AOPs) [16] constitute an
alternative to filtration methods in removing organic matter
from wastewater. The mechanism of AOPs is the generation
of highly reactive free radicals such as hydroxyl radical
(-OH) which is effective in destroying organic chemicals.
Photo-catalytic oxidation is one of the most effective clean
technologies able to reduce/remove contaminants from
wastewater and drinking water [17]. The mostly used photo-
catalyst is TiO,. This semiconductor can be used in a wide
pH range, being able to produce electronic transitions by
light absorption in the near ultraviolet range. TiO, is also
characterized by its low cost, its high photo-catalytic activ-
ity, and its resistance to photo-corrosion [16—18].

The -OH radicals formed on the illuminated semiconduc-
tor surface are very strong oxidizing agents with an oxida-
tion potential of 2.8 V. These can easily attack the adsorbed
organic molecules or those located close to the surface of
the catalyst, thus, at the final stage, leading to their complete
mineralization (Fig. 3).

Our interest in this study is to show the behavior of diaz-
epam after TiO, photodegradation along with the identifica-
tion of diazepam metabolites which were obtained from the
kinetic study in sludge.

MATERIALS AND METHODS

Chemicals

All chemicals were of analytical grade:

- Diazepam was obtained from Sigma Aldrich (Steinheim,
Germany). with 99% purity, and was used as received,

- Titanium dioxide, TiO, P-25 (anatase/rutile = 3.6/1),
surface area 10 m?/g, non-porous) was acquired from
Degussa (Frankfurt, Germany);

- Deionized water, methanol and acetonitrile (both HPLC
grade) were purchased from Sigma Aldrich (Steinheim,
Germany).

Sample enrichment and purification

For sample enrichment and purification, the cartridges
used for solid phase extraction were Oasis® HLB (200 mg, 6
mL) from Waters Corporation (Milford, USA). The syringe
filters of 0.45 um pore size were purchased from Pall Corp
(Glen Cove, USA) were used. Samples were shaken using
Big Bill, (Barnstead/ Thermolyne, Temecula, USA).

Activated sludge

Activated sludge used in stability test was obtained from
the wastewater treatment plant (WWTP) located at Birzeit
University-Palestine and was described in detail elsewhere [19].

Photo-chemical and photo-catalytic experiments
Photo-chemical and photo-catalytic experiments were
conducted by using Suntest CPS solar simulator (Heraeus
Instruments, Hanau, Germany) equipped with a xenon lamp,
with a temperature sensor and a water-cooling circuit. The
xenon lamp with stable borosilicate UV filter (Atlas Material
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Fig. 2 Metabolic pathways of (2) diazepam to (3) nordiazepam, (4) temazepam,

and (5) oxazepam in human liver.

Testing, Sanary, France) delivers a light emission spectrum
similar to that of the sun. The range of wavelengths that are
passed through the filter should be between 390 nm > 4 >
340 nm.

A stock solution (100 mg/L) of diazepam pure standard in
water was prepared and kept in the dark at +4°C. Calibration
and working solutions of diazepam were prepared when used
by dilution from stock solution.
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Fig. 3 (a) TiO, solution interface under UV-illumination. (b) Reactions on the TiO, surface under UV-
illumination.
Analytical methods ter with the addition of 0.1% formic acid was used as eluent

Kinetic behavior of diazepam was performed by using a
high performance liquid chromatograph (HPLC) Waters
2695 equipped with a photodiode array. Data acquisition and
control were carried out using Empower™ software (Waters,
Milford, USA). Chromatographic separation was achieved
with a Purospher Star RP-18 endcapped column (125 mm x
2.0 mm, particle size 5 um) preceded by a C;3 guard column
(4x4,5 um), both supplied by Merck (Darmstadt, Germany).
A pH meter HM-30G (TOA electronics™, Heidelberg, Ger-
many) was used to control the pH value of samples.

For the HPLC, the mobile phase was: acetonitrile: water
(1:1; v/v); flow rate of 1.0 mL/min and the UV detection was
set at a wavelength of 230 nm. Acrodisc® syringe filters with
GHP membrane (hydrophilic polypropylene 0.45 pm poros-
ity) from Waters were always used for all analytical filtration
requirements [18,20-21].

All experiments were performed using a Surveyor LC
system coupled to a hybrid LTQ-FTICR (7-Tesla) mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany),
equipped with a 20-W CO,-laser (Synrad, Mukilteo, USA;
10.6 mm). LC separation was performed at ambient tem-
perature on a Discovery CI18 column, 250 x 4.6 mm inner
diameter, 5 pm particle size (pore size, 18 nm), equipped
with a Discovery CI8 column, 20 x 4 mm inner diameter
security guard cartridge (Supelco Inc., Bellefonte, USA). A
20-ul sample loop was employed for injection. Purified wa-

A and acetonitrile as eluent B. The linear gradient profile
was programmed from 90:10 (A%:B%, v/v) linear gradient
to 76:24 in the first 10 min, increased to 40:60 in the next
2 min and changed to 90:10 in the next 3 min, and finally, the
column was reconditioned for 5 min to the start conditions.
Analyses were performed at ambient temperature at a flow
rate of 1.0 ml/min, which was split 4:1 after the analytical
column to allow 200 pL/min to enter the ESI source.

Calibration curves

Linearity of the proposed analytical method was verified
by analyzing standard solutions in the range of 0.1 =100 mg/L
for diazepam. The calibration curves were obtained with a
determination coefficient R? of 0.9996 and 0.9998, respec-
tively. The repeatability of triplicate subsequent injections
was ranging from 98.5% to 99.5%, depending on the sample
concentration and type of analyte.

Diazepam stability in pure water and WWTP
removal efficiency

The stability of diazepam dissolved in pure water and in
the activated sludge collected from the WWTP located at
Birzeit University [19] was determined to ascertain if hydro-
lysis or biodegradation reactions were going to occur before
the filtration stages. For this reason, samples were collected
at specific times and analyzed by HPLC.
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In the second trial the activated sludge was spiked with the
same quantity of the drug and acration was permitted to pre-
serve the bacterial growth in the mixture. The concentration
of diazepam at each time interval was determined using the
calibration curve and the percentage of degraded drug was
calculated as the difference from the initial concentration.

Disposable cartridges SPE-C,; were used to pre-concen-
trate 10 mL of each sample by adsorption of analytes. A part
of the methanolic solution eluted from SPE cartridge (20 pL)
was injected into the HPLC, and analyzed using the same
conditions for the determination of diazepam. Recovery tests
were performed using triplicate solutions, and values rang-
ing from 98% to 102% were obtained.

Photolysis and Photo-catalysis

Photochemical experiments were conducted using solar ir-
radiation system. Working solutions of diazepam (10 mg/L)
were prepared when used by dilution from stock solution
(100 mg/L). To investigate the effect of hydrolysis, the same
experiment in the dark was performed. The tests were car-
ried out with extreme care to ensure uniform experimental
conditions during the degradation kinetics. At specific time
intervals, samples of 2.0 mL were taken and immediately
analyzed.

Working solutions of diazepam (10 mg/L and 0.5 mg/L)
were added with 200 mg/L of TiO,. Before the analysis, the
solutions were filtered using 0.2 pm micropore cellulose
acetate membrane filters (Cat. No.10462200, Schleicher and
Schuell, Dassel, Germany). Experiments were carried out in
triplicate and were stopped after the half-life was apparently
achieved.

Rate constant measurements

Kinetic parameters (reaction order (1), determination coef-
ficient (R?), half-life (¢, 5), kinetic constant (k) were obtained
by linear regression of logarithmic concentration values
determined as a function of time.

RESULTS AND DISCUSSION

Stability of diazepam in pure water and in sludge
Diazepam was found to undergo degradation both in water
and sludge. Hence, removal of this pharmaceutical from
wastewater body is essential. Advanced WWTP with RO as
final stage was found to be highly efficient in removing this
drug and its metabolites from spiked wastewater samples.
Clay-micelles complex and activated carbon were identified
as good low cost adsorbents for this drug with high efficiency.

The results indicate that integration of clay -micelle complex
is very promising in achieving complete elimination of this
drug and its degradation by-products from wastewater body
[9].

Although hydroxylation is identified as the main degrada-
tion of pharmaceutical compounds in human liver, this was
not evident for the degradation process of diazepam in waste-
water. However similar degradation products were found in
wastewater, as reported in Fig. 4 where the transformation
process of diazepam (2) to nordiazepam (3) and temazepam
(4) is shown.

Figure 5 shows the extracted ion chromatograms (XICs)
of a diazepam solution after 60 days of biodegradation using
LC-FTICR MS. The ions monitored are displayed in each
trace and correspond to the most abundant protonated mol-
ecules, [M+H]*, using a restricted window of £0.0010 m/z
unit centered around each selected ion.

Using selective extracted ion chromatograms by FTICR
MS, generated with a tight mass-to-charge ratio window of
+0.0010 units around each selected protonated molecule (i.e.,
[M+H]" + 1.0 mDa), greatly reduced the signal complexity
of the total ion current trace (data not shown) allowing the
complete characterization of all degradation products.

For the LC-MS data analysis of diazepam peak at m/z
285.0800, degradation showed only two degradation products
that were found in diazepam metabolic pathways in human
(via cytochrome P450s). These metabolites are nordiazepam
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Fig. 4 Metabolism of (2) diazepam to (3) nordiazepam and
(4) temazepam in wastewater.
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Fig. 5 Extracted ion chromatograms (XICs) by LC-FTICR MS acquired in positive ion mode of a

diazepam solution after 60 days of biodegradation. The ions monitored are displayed in each trace

and correspond to the most abundant protonated molecules, [M+H]", using a restricted window of

+0.0010 m/z unit centered around each selected ion.

that showed peak at m/z 271.0633 (3) and temazepam at m/z
301.0738 (4) (Fig. 6). Mass spectra for these compounds are
reported in Fig. 6.

Interestingly, accurate mass data of the degradation prod-
ucts (metabolites), as protonated molecules, with a mass
error lower than 1.7 ppm was found, indicating a good mass
accuracy. Temazepam was found in different isomeric forms
in respect to the position of hydroxyl group, where the most
dominant was the para position [22].

To the best of our knowledge biodegradation of diazepam
in wastewater was never attempted. This degradation pro-
cess is similar to that of diazepam metabolic pathway in
human liver mediated by cytochrome P450s. Cytochromes
represent a huge family of enzymes that is found to cata-
lyze the oxidation of a wide variety of chemicals, including
many environmental pollutants such as pharmaceuticals.
These enzymes are found in almost all living organisms. It
is known that the P450 cytochromes can catalyze hydrox-
ylation or dealkylation reactions of organic molecules and
convert toxic chemicals into less toxic intermediates (usu-
ally more hydrophilic forms) that are more easily excreted
from the body. In bacteria, P450s are involved in catabolic
reactions of pharmaceuticals and are important in cleaning

contamination sites. It was found that Pseudomonas sp. and
Bacillus sp. frequently observed in activated sludge can pro-
duce the enzymes called cytochrome P450,,,, and P4505),.s,
respectively [8]. Therefore, P450s are likely to catalyze
metabolism of diazepam. The removal of pharmaceuticals
by bacteria catalyzes their metabolisms and is of great im-
portance because municipal wastewaters from major urban
areas are considered to emit these substances into the aquatic
environment on a continuous basis, where they can persist
for days [8].

Photolysis and photo- catalysis process

Table 1 shows kinetic parameters of the photo-chemical
reactions, calculated considering three replicates for each
experiment. In all cases considered in corresponding ex-
periments, photo-reactions of the first order resulted, and
the half-life of diazepam under light irradiation was always
lower than diazepam under light and presence of TiO, .The
pure standard solutions used as a control in the darkness did
not show any significant degradation during the experiment.

Figure 7 shows the fraction [1 —(C (— C )C (] of diazepam
remaining in water solution under Suntest irradiation and in
the dark. Figure 8 shows the fraction of diazepam remaining
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Fig. 6 Mass spectrum in positive ion mode of peak eluted (a) at 16.19 min, and simulated spectra for diazepam [M+H]* and
[M+Na]" adducts, (b) at 15.84 min, corresponding to [M+H]*temazepam adducts at exact m/z 301.074 and (c) at 15.74 min,
corresponding to [M+H]" ion of nordiazepam adducts at exact m/z 271.063.
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Table 1 Kinetic parameters of diazepam degradation: n, reaction order; ¢, 5, half-life; k, kinetic constant; R?,
determination coefficient. Values were obtained on the basis of three replicate experiments.

Oxidation Process n t, (h) k(h™) R?
uv 1 34.14 0.0203 0.99
TiO,/UV 1 5,33 0.132 0.97
8.00E-04 -
7.00E-04
< ——
6.00E-04 - —— .
5.00E-04 -
S 4.00E-04 | °
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Fig. 7 Fraction of diazepam remaining in water in the dark (m) and during Suntest irradiation (e).
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Fig. 8 Fraction of diazepam remaining in water in the dark (m) and during Suntest irradiation + TiO, (¢).
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under Suntest in presence of TiO, and in the dark. the fraction
(C y—C )C , is that disappeared at time ¢. Photodegradation
of diazepam was much faster under light irradiation + TiO,
(half-life = 6 hours) than under Suntest irradiation (half-life
= 34 hours).

West and Rowland (2012) [18] has obtained similar results
but used humic acid as photo-sensitizer (value of 103.4 and
27.6 hours for diazepam photodegradation in pure water and
with humic acids respectively).

Photoproducts

It is known that TiO, is a strong oxidizing agent. The band
gap illumination of a semiconductor particle suspended in
water causes electronic transitions from the valence band
to the conduction band, leaving holes in the former. These
electrons and holes then either migrate to the particle surface
and become involved in redox reactions or they recombine
and simply liberate heat. Conduction band electrons are con-
sumed in reactions that reduce oxidants while holes are filled
via oxidation reactions. Hydroxyl radicals are generated by
the oxidation of water at the valence band of TiO, [22-25].
All photoproducts derived from both experiments were iden-
tified either by comparison of the mass spectra and retention
times with literature spectra and by accurate masses.

To identify the degradation products, the experiments
were carried out by using high concentration of active prod-
uct (i.e., 0.5 mg/L) that is usually not found recently in the
real environment.

The main metabolites identified in the acetonitrile solutions
during the first 10 h of Suntestirradiation were: (nordiazepam)
(3), common to triasulphuron andthifensulphuron-methyl,
7-chloro-1-methyl-5-phenyl-1H-benzo[e][1,4]diazepin-2-ol
(7), arising from triasulphuron degradation, and temazepam
(4), occurring from thifensulphuron-methyl. After 10 h of
irradiation, the formation of 4-methoxy-6-methyl-1,3,5-
triazin-2-amine (2) (from triasulphuron and thifensulphuron-
methyl), (2-chloroethoxy) benzene (8) (from triasulphuron),
thiophene-3-carboxylic acid methyl ester (5) (from thifensul-
phuron-methyl), and a multitude of small by-products, which
could not be identified with simple analytical methods, were
also observed. In some samples collected after 34 h of ir-
radiation, it was also possible to identify the acid forms of
compounds ‘(4)’ and ‘(5)’, arising from an O-demethylation
of the methoxy group.

Figure 9 depicts the proposed pathways for the formation
of compounds under photolysis and photo-catalysis while
Table 2 reports the name of photo- products obtained and
identified.

CONCLUSIONS

Diazepam was found to undergo degradation both in water
and sludge. The degradation by products identified were
nordiazepam and temazepam. Results indicate that integra-
tion of clay-micelle complex and AOPs are very promising in
achieving complete elimination of this drug and its degrada-
tion by products from wastewater body.

AOPs degrade this compound to yield7-chloro-1-methyl-
5-p-methoxy phenyl-1H-benzo[a][1,4]diazepin-2 (3H)-one
Ci7HsO,N,Cl (5); (5-chloro-2-(methyleneamino) phenyl)
(phenyl) methanone C,;4H;(NOCI (6); 7-chloro-1-methyl-
5-phenyl-1H-benzole][1,4]diazepin-2-0l C;sH;sON,Cl (7);
ortho, paramethoxy Diazepam C;;H;s0,N,Cl (8); 5-chloro-
2-methylamino-benzophenone C;4H;;0NCI (9); 1-methyl-
5-phenyl-2-hydroxy-3-hydro-1H-benzo[a][1,4]diazepine
CisHisON, (10) and 5-(4-methoxyphenyl)-1-methyl-2,3-
dihydro-1H-benzo[a][1,4]diazepin-2-ol C;;H;30,N,Cl (11).

Depending on the properties of the waste stream to be
treated and the treatment objective itself, AOPs can be em-
ployed either alone or coupled with other physicochemical
and biological processes. Process coupling is conceptually
beneficial and usually leading to improved treatment effi-
ciency. For instance, AOPs may be employed as a pre-treat-
ment stage initially to convert bio- recalcitrant compounds
to more readily biodegradable intermediates followed by
biological post-treatment. On the other hand, for effluents
containing biodegradable fractions, biological pre-treatment
followed by chemical post treatment maybe favorable since
biodegradable compounds can be easily removed and subse-
quently do not compete for the chemical oxidant.
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Fig. 9 Proposed pathways for the formation of compounds under photolysis and photo-catalysis.

Table 2 Photo products and photo- catalytic products of diazepam.

Compound Molecular formula Accurate m/z Error (ppm)
[M+H]*
2 diazepam C,cH4ON,Cl 285.080 +0.64
5 7-chloro-1-methyl-5-p-methoxy phenyl-1H- Ci7H,60,N,Cl1 315.090 +0.56
benzol[e][1,4]diazepin-2 (3H)-one
6 2-benzoyl-4-chloro-1-phenyl imine methyl C,4H,(NOCl 244.050 —0.0009
7 7-chloro-1-methyl-5-phenyl-1H-benzo[e][1,4] Ci6HsON,C1 287.100 +0.66
diazepin-2-ol
8 ortho, paramethoxydiazepam C;7H,,0,N,Cl1 315.090 —-0.30
9 5-chloro-2-methylamino-benzophenone C,4H,;0NCI 246.070 +0.57
10 1-methyl-5-phenyl-2-hydroxy-3-hydro-1H- C;6H,50N, 251.120 +0.18
benzo[e][1,4]diazepine
11  5-(4-methoxyphenyl)-1-methyl-2,3-dihydro- C;7H,gO0,N,Cl1 317.105 +0.19

1H-benzo[e][1,4]diazepin-2-ol




| 184

Journal of Water and Environment Technology, Vol. 15, No. 5, 2017 |

REFERENCES

(1]

(4]

[11]

Cloyd JC, Lalonde RL, Beniak TE, Novack GD: A sin-
gle-blind, crossover comparison of the pharmacokinet-
ics and cognitive effects of a new diazepam rectal gel
with intravenous diazepam. Epilepsia, 39(5), 520-526,
1998. PMID:9596205, doi:10.1111/j.1528-1157.1998.
tb01415.x

Reynolds JEF: Martindale: The Extra Pharmacopoeia.
Royal Pharmaceutical Society, London, UK, pp. 700—
706, 1996.

Rey E, Tréluyer JM, Pons G: Pharmacokinetic
optimization of benzodiazepine therapy for acute
seizures. Focus on delivery routes. Clin. Pharma-
cokinet., 36(6), 409-424, 1999. PMID:10427466,
d0i:10.2165/00003088-199936060-00003

Winkler M, Lawrence JR, Neu TR: Selective degrada-
tion of ibuprofen and clofibric acid in two model river
biofilm systems. Water Res., 35(13), 3197-3205, 2001.
PMID:11487117, doi:10.1016/S0043-1354(01)00026-4
Henschel KP, Wenzel A, Diedrich M, Fliedner A:
Environmental hazard assessment of pharmaceuticals.
Regul. Toxicol. Pharmacol., 25(3), 220-225, 1997.
PMID:9237324, doi:10.1006/rtph.1997.1102

Khamis M, Karaman R, Ayyash F, Qtait A, Deeb O,
Manssra A: Efficiency of Advanced Membrane Waste-
water Treatment Plant towards Removal of Aspirin,
Salicylic Acid, Paracetamol and p-Aminophenol. J.
Environ. Sci. Eng., 5, 121-137, 2011.

European Directorate for the Quality of Medicines: Eu-
ropean Pharmacopoeia, 4th edition. Council of Europe,
Strasbourg, Germany, 2001.

Jones OAH, Voulvoulis N, Lester JN: Human Phar-
maceuticals in Wastewater treatment processes.
Crit. Rev. Environ. Sci. Technol., 35, 401-427, 2005.
doi:10.1080/10643380590956966

Sulaiman S, Scrano L, Khamis M, Nir S, Bufo SA,
Karaman R: Diazepam stability in wastewater and
removal by advanced membranes technology, activated
carbon and micelle- clay complex. Desalin. Water
Treat. Journal, 52, 37-39, 2014.

Sulaiman S, Khamis M, Nir S, Lelario F, Scrano L,
Bufo S, Karaman R: Removal of organic pollutants
from wastewater using different treatment technolo-
gies. CSJ, 4(5) 13-37, 2015.

Halling-Serensen B, Nors Nielsen S, Lanzky PF,
Ingerslev F, Holten Liitzheft HC, Jorgensen SE: Oc-
currence, fate and effects of pharmaceutical substances

[12]

[13]

[14]

[16]

[17]

[21]

(22]

in the environment-a review. Chemosphere, 36(2),
357-393, 1998. PMID:9569937, doi:10.1016/S0045-
6535(97)00354-8

Daughton CG, Jones-Lepp T: Pharmaceuticals and
Personal Care Products in the Environment: Scientific
and Regulatory Issues. American Chemical Society,
Washington, DC, USA, p.416, 2001.

Ternes TA, Hirsch R: Occurrence and behaviour of X-
ray contrast media in sewage facilities and the aquatic
environment. Environ. Sci. Technol., 34, 2741-2748,
2000. doi:10.1021/es991118m

Greenblatt DJ, Harmatz JS, Friedman H, Locniskar A,
Shader RIA: A large-sample study of diazepam phar-
macokinetics. Ther. Drug Monit., 11(6), 652—657, 1989.

PMID:2512694, doi:10.1097/00007691-198911000-
00007
Charles E: The Photo Degradation of Diazepam in

Human and its Metabolites, PhD thesis, School of
Earth, Ocean and Environmental Sciences, Faculty of
Science, Plymouth University, UK, 2007.

Andreozzi R, Caprio V, Insola A, Marotta R: Advanced
oxidation processes (AOP) for water purification and
recovery. Catal. Today, 53, 51-59, 1999. doi:10.1016/
S0920-5861(99)00102-9

Munter R, Preis S, Kallas J, Trapido M, Veressinina Y:
Advanced oxidation processes (AOPs): Water treatment
technology for the twenty-first century. Kemia-Kemi,
28, 354-362, 2001.

West CE, Rowland SJ: Aqueous phototransformation of
diazepam and related human metabolites under simu-
lated sunlight. Environ. Sci. Technol., 46(9), 4749—4756,
2012. PMID:22489744, doi:10.1021/es203529z
Al-Saed R, Zimmo O: Process performance evaluation
of the contact stabilization system at Birzeit University.
Int. J. Environ. Pollut., 21(5), 1-7, 2004.

Medicines and Healthcare Products Regulatory Agen-
cy, United Kingdom: British Pharmacopeia, Revised
edition, British Pharmacopoeia Commission, London,
England, 2007.

Dakiky M, Khamis M, Manasra A, Mereb M: Selective
adsorption of chromium (V1) in industrial waste water
using low cost abundantly available adsorbents. Adv.
Environ. Res., 6, 533540, 2002. doi:10.1016/S1093-
0191(01)00079-X

Fox MA: Organic heterogeneous photo catalysis
— chemical conversions sensitized by irradiated
semiconductors. Acc. Chem. Res., 16, 314-321, 1983.
d0i:10.1021/ar00093a001


http://www.ncbi.nlm.nih.gov/pubmed/9596205?dopt=Abstract
http://dx.doi.org/10.1111/j.1528-1157.1998.tb01415.x
http://dx.doi.org/10.1111/j.1528-1157.1998.tb01415.x
http://www.ncbi.nlm.nih.gov/pubmed/10427466?dopt=Abstract
http://dx.doi.org/10.2165/00003088-199936060-00003
http://www.ncbi.nlm.nih.gov/pubmed/11487117?dopt=Abstract
http://dx.doi.org/10.1016/S0043-1354(01)00026-4
http://www.ncbi.nlm.nih.gov/pubmed/9237324?dopt=Abstract
http://dx.doi.org/10.1006/rtph.1997.1102
http://dx.doi.org/10.1080/10643380590956966
http://www.ncbi.nlm.nih.gov/pubmed/9569937?dopt=Abstract
http://dx.doi.org/10.1016/S0045-6535(97)00354-8
http://dx.doi.org/10.1016/S0045-6535(97)00354-8
http://dx.doi.org/10.1021/es991118m
http://www.ncbi.nlm.nih.gov/pubmed/2512694?dopt=Abstract
http://dx.doi.org/10.1097/00007691-198911000-00007
http://dx.doi.org/10.1097/00007691-198911000-00007
http://dx.doi.org/10.1016/S0920-5861(99)00102-9
http://dx.doi.org/10.1016/S0920-5861(99)00102-9
http://www.ncbi.nlm.nih.gov/pubmed/22489744?dopt=Abstract
http://dx.doi.org/10.1021/es203529z
http://dx.doi.org/10.1016/S1093-0191(01)00079-X
http://dx.doi.org/10.1016/S1093-0191(01)00079-X
http://dx.doi.org/10.1021/ar00093a001

|Journa| of Water and Environment Technology, Vol. 15, No. 5, 2017 185

[23] Nogrady T, Donald F, Weaver DF: Medicinal Chemis- [25] Minero C, Pelizzetti E, Malato S, Blanco J: Large

try, A Molecular and Biochemical Approach, 3rd edi- solar plant photo catalytic water decontamination —
tion. Oxford University Press, New York, USA, 2005. degradation of pentachlorophenol. Chemosphere, 26,
[24] Matthews RW: Photo-oxidation of organic material in 2103-2119, 1993. doi:10.1016/0045-6535(93)90337-5

aqueous suspensions of titanium dioxide. Water Res.,
20, 569578, 1986. doi:10.1016/0043-1354(86)90020-5


http://dx.doi.org/10.1016/0043-1354(86)90020-5
http://dx.doi.org/10.1016/0045-6535(93)90337-5

