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Abstract
The development of analytical methods capable of determining micropollutants is essential for quality control of drinking 
water. Benzodiazepines, a class of pharmaceuticals with anxiolytic properties, have received increasing attention as micro-
pollutants. The purpose of this study was to develop an analytical method for determination of three benzodiazepine drugs 
(bromazepam, clonazepam and diazepam) in surface water. For the extraction of the matrix analytes, SPE cartridges (C18, 
500 mg/3 mL) were used. The method was validated according to the quality criteria of the USEPA 8000D Validation Guide. 
The developed and validated method showed recovery values between 57 and 100%, RSD < 20% and  R2 > 0.9949. LD ranged 
between 2.70 and 5.00 ng  L−1 for bromazepam and clonazepam respectively whereas LQ was 0.01 μg  L−1 for all analytes. 
The matrix affected the signal intensity of clonazepam thus evidencing the matrix effect by analysis statistic (F test).
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Large number of organic and inorganic contaminants are 
continuously discharged into receiving water bodies along 
with municipal and industrial effluents. Among these, phar-
maceuticals and personal care products (PPCP) end up 
in water bodies, posing risks to aquatic ecosystems (Luo 
et al. 2014; Arbeláez et al. 2015; de Almeida et al. 2015; 
Stipaničev et al. 2017). Given the growing concern about 
the presence, fate and potential effects on ecosystems and 
human health, and the knowledge that such contaminants are 
inefficiently removed in water treatment and sewage treat-
ment systems (Matsuo et al. 2011; Silveira et al. 2013; Tran 

et al. 2013; Dai et al. 2014; Caldas et al. 2016; Mann et al. 
2016; Valls-Cantenys et al. 2016), it is necessary to develop 
analytical methods capable of detecting and quantifying 
these contaminants.

According to the International Narcotics Control Board 
(INCB 2015), the most representative benzodiazepine drugs 
consumed worldwide were those with anxiolytic and antie-
pileptic effects. Diazepam (DZP), bromazepam (BZP), and 
clonazepam (CZP) are found among these drugs and also 
among the less investigated ones in surface water (Cunha 
et al. 2017), regardless the increase in their production 
(INCB 2015) and their persistence in conventional biologi-
cal treatment systems (Cunha et al. 2017).

In order to achieve an analytical method with low limit 
of detection (LD) and limit of quantification (LQ) for psy-
choactive drugs – particularly benzodiazepines – in surface 
water, different methods have been applied, as reported in 
an extensive literature survey (Cunha et al. 2017). The solid 
phase extraction followed by liquid chromatography cou-
pled to mass spectrometry detection is the most common 
applied strategy. However, aspects concering matrix effects 
and possible interferents in polluted waters, to the best of 
our knowledge, has not been addressed.

The Guandu river basin is an important water supplier 
for the metropolitan region of Rio de Janeiro and Rio de 
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Janeiro city in Brazil, including approx. 9 million inhabit-
ants and several economic sectors (Cetesb 2011). Due to 
the high demographic density, the presence of an important 
industrial park in the basin and failure in pollution control, 
the river is exposed to the discharge of untreated or partially 
treated urban sewage and industrial effluents, besides the 
runoff from agricultural areas. Additionally, the presence of 
benzodiazepines in this river has been previously reported 
(Ferreira 2014).

The objective of this investigation was to develop and 
validate a robust analytical method using liquid chromatog-
raphy coupled to mass spectrometry to detect three widely 
used psychoactive drugs – BZP, CZP and DZP – the most 
frequently consumed in Brazil. Investigations on possible 
interferents and matrix effects caused by pollution was 
included in our goals and, for this reason, the Guandu river 
– RJ, subject to intensive discharge of insufficiently treated 
or untreated domestic and industrial wastewater was taken 
as a challenging case study.

Materials and Methods

The reference substances BZP, CZP and DZP, with purity 
(> 99%) were purchased from Brazilian Pharmacopeia (Bra-
zil). The internal standard (IS) DZP-d5 was purchased from 
Sigma-Aldrich (Brazil). Methanol, acetonitrile (LC–MS 
grade) and ammonium hydroxide (28.0%–30.0%) were pur-
chased from J.T. Baker® (Brazil), Milli-Q water (ultra-pure) 
was obtained from a Milli-Q Direct 8 (Millipore®).

BZP, CZP and DZP (1000  µg  mL−1) and DZP-d5 
(10.0 µg mL−1) stock solutions were prepared in methanol 
and stored at − 4°C. The individual stock solutions were 
used to prepare mix stock solution of 10.0 μg mL−1 and the 
working mix solution of 100.0 μg  L−1, by dilution of the 
stock solutions in methanol. The working mix solutions for 
spiking were stored at 4°C, for a period of 1 month.

Solid phase extraction (SPE) cartridges were used to 
promote the clean-up and pre-concentration of the analytes 
in the preparation of real samples. Extraction parameters 
were optimized for the best recovery of the analytes using 
OASIS HLB and Bond Elut C18 cartridges, elution with 4 
and 5 mL of methanol, in one or two steps: 1 × 5 mL and 
2 × 2.5 mL. The final protocol included the use of Bond Elut 
C18 (500 mg/3 mL), SPE cartridges, previously conditioned 
with 5 mL of methanol, followed by 5 mL of water, at a flow 
rate of 1 mL min−1. After the conditioning step, 500 mL of 
the sample was percolated along the cartridge at a flow rate 
of 3 mL min−1. After sample application, the analytes were 
eluted with two steps of 2.5 mL methanol at a flow rate of 
1 mL min−1.

Analysis were performed by ultraperformance liquid 
chromatography (Waters Acquity UPLC) couple to triple 

quadrupole mass spectrometry (MS/MS) Waters Xevo TQD. 
Liquid chromatographic separations were performed using 
a BEH C18 column (50 × 2.1 mm2, 1.7 µm) set at 50°C. The 
mobile phase consisted of eluent A (water containing 0.01% 
ammonium hydroxide) and eluent B (methanol containing 
0.01% ammonium hydroxide), with gradient mode: the 
content of eluent B increased from 2% to 99% of in 5 min, 
returning to the initial composition in 3 min. The injection 
volume was 5.0 μL. Nitrogen is used as the nebulizer gas and 
argon as the collision gas. Table 1 shows ionization forms, 
cone voltage and collision energy for the compounds. The 
mass spectrometer was operated in the MRM mode, select-
ing two transitions for each compound, one for quantitation 
and the other to confirmation.

All validation experiments were performed accord-
ing to United States Environmental Protection Agency 
(USEPA) 8000D guidelines (USEPA 2014). The selectiv-
ity of the developed method was determined by analyz-
ing a non-spiked matrix (surface water) and spike matrix 
(surface water containing analytes and IS). The precision 
and accuracy of the analytical method were determined by 
analyzing sets of 5 replicates of each of the three concen-
trations of spiked samples using matrix (surface water) as 
solvent. Surface water samples were collected in four differ-
ent sites along the Guandu river: Paracambi (− 22.663144; 
− 43.742502), Seropédica (− 22.806417; − 43.626079), 
Nova Iguaçu (− 22.817486; − 43.624333) and Santa Cruz 
(− 22.897108; − 43.734804) and a composite sample was 
prepared by mixing. The composite sample was adopted in 
order to gather all possible interferents and matrix effect 
that we should find in real samples collected at these differ-
ent locations. The site in Paracambi is described as a rural 
area, with low population density; Santa Cruz is an indus-
trial area; Nova Iguaçu and Seropédica have high population 
density exposed mostly to discharge of untreated domestic 
wastewater.

Table 1  Characteristic of the mass spectrometer

a Quantification ion
b Confirmation ion

Analyte Ionization m/z Cone (V) Product ion Collision 
energy 
(V)

BZP Positive 316 50 261ª 26
209b 25

CZP Positive 316 55 270ª 35
214b 32

DZP Positive 285 55 193ª 32
154b 26

DZP-d5 Positive 290 60 198ª 30
159b 30
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Prior to fortification, the composite sample was filtered 
on glass fiber filter, with pore size of 1.0 μm. Spiked matrix 
were prepared by fortification of the filtered sample at con-
centration levels of 0.01 μg  L−1 (low), 0.25 μg  L−1 (medium) 
and 0.50 μg  L−1 (high) in two days (intra-day 1 and 2). In all 
solutions, IS was added to final concentration of 0.25 µg L−1.

The precision of the method was evaluated in terms of the 
relative standard deviation (RSD). Accuracy was calculated 
by comparing the measured concentration with the nomi-
nal concentration as the mean recovery percent (%). The 
limit of quantification (LQ) was defined as the lowest inten-
sity point of the analytes that can be accurately quantified 
(RSD < 20%) and accuracy (50%–120%). Limit of detec-
tion (LD) were determined by multiplying the Student’s t 
value appropriate for 99% confidence level and a standard 
deviation estimate, with (n − 1) degrees of freedom, of the 
analyte concentrations quantified at the lowest concentra-
tion level. Five-point calibration curves were obtained by 
passing the entire extraction and clean-up method (SPE) on 
spiked matrix at the following concentration levels: 0.01; 
0.05; 0.10; 0.25 and 0.50 µg  L−1. Five different standard 
solutions at each concentration level were injected and used 
for the validation protocol. For comparison, five-point cali-
bration curves prepared in ultra-pure water, in the same con-
centration range, were also analyzed. In all solutions, IS was 
added to final concentration of 0.25 µg L−1.

The matrix effect (ME) is related to the degree of sup-
pression/increase of the ion intensities. Such behavior may 
vary from sample to sample, from compound to compound, 
and may also depend on the concentration of the analyte, 
as well as the concentration ratio between the matrix and 
the analyte. Standard deviations of the calibration factors 
(mean ratio between the intensity of the signal of the analyte 

relative to the intensity of the signal of the IS and the con-
centration of the analyte) were calculated for the analytical 
curves prepared in ultra-pure water and in the spiked matrix. 
F test was then applied to evaluate the ME, assuming a con-
fidence limit of 95% (24 degrees of freedom).

Results and Discussion

The selectivity of the method was established by the analysis 
of non-spiked and spiked matrix at 10.0 μg  L−1. The chro-
matograms of the injections (Fig. 1) were evaluated and the 
absence of signal in the chromatogram of the blank injec-
tion was verified, at the same retention time of the analytes 
observed in the injection of the spiked matrix.

It is worth noting, in Fig. 1, that the test intensities range 
from 1.13 × 103 to 2.88 × 103 (for the IS and DZP, respec-
tively, in the non-spiked matrix) and from 1.16 × 106 to 
5.37 × 106 (for the IS and DZP, respectively, in the spiked 
matrix). Thus, the matrix does not show any signal at the 
retention times of each analyte. The developed method 
is therefore capable of detecting and/or quantifying each 
analyte.

Recoveries and relative standard deviations were deter-
mined for each analyte, meeting the criteria of validation: 
RSD < 20% and accuracy between 50% and 20% (USEPA 
2014). Inter-day recoveries for BZP were found between 
90.25% (0.5 µg  L−1, RSD = 5.50%) and 96.75% (0.25 µg 
 L−1, RSD = 8.30%). For CZP, recoveries ranged from 
55.14% (0.25 µg  L−1, RSD = 6.80%) to 57.68% (0.50 µg 
 L−1, RSD = 5.30%). DZP showed recoveries ranging from 
89.13 (0.50 µg  L−1, RSD = 7.10%) to 93.23 (0.01 µg  L−1, 
RSD = 11.60%).

Fig. 1  Left: non-spiked matrix (only surface water). Right: spiked matrix (surface water + Analytes + IS). (a) CZP; (b) BZP; (c) DZP-d5; (d) 
DZP
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The LD is defined as the minimum concentration of a sub-
stance that can be detected with 99% confidence when the 
analyte concentration is greater than zero (USEPA, 2014). 
In this work, the LD of the analytes varied between 2.70 and 
5.00 ng  L−1 for BZP and CZP respectively. The LQ attained 
by the procedure was 0.01 µg  L−1 according to the crite-
ria of validation (RSD < 20% and accuracy between 50 and 
120%). Since they are emerging contaminants, maximum 
contaminant levels (MCL) for benzodiazepines have not 
been established yet. Therefore, low LQ values are needed. 
LQ and LD values reported in the present study are similar 
to previously reported values, considering the SPE-LC–MS/
MS applications (Andreu et al. 2016; Aymerich et al. 2016; 
Brieudes et al. 2016; García-Galán et al. 2016).

Analytical curves were prepared in surface water and 
ultra-pure water, at concentrations levels ranging from 0.01 
to 0.50 µg  L−1. Results are shown in Table 2. Determination 
coefficients  (R2) range from 0.9949 to 0.9991, indicating 
excellent linearity for all compounds.

Matrix effects (ME) may severely influence sensitivity, 
linearity, accuracy and precision of quantitative LC–MS/
MS determinations (Postigo et al. 2008; Gros and Petrovic 
2009; Gros et al. 2012). A comparison between the intensi-
ties of the signals of the analytes obtained from analysis of 
the 0.01 µg  L−1 standard solutions prepared in ultra-pure 
water and in the spiked matrix reveals that the ion intensities 
increase for CZP and DZP, but decrease, for BZP. Moreover, 
F tests reveal that, for all analytes, the variances of the ion 
intensities obtained for the standards in ultra-pure water and 
in the spiked matrix are not significantly equal, assuming 
a confidence interval of 95%. Therefore, ME is observed 
for all analytes. Benzodiazepines such as DZP, BZP and 
CZP are subject to ME, since the pH of the sample (and 
other components of the matrix) can change their protona-
tion degree (Bonfiglio et al. 1999) and their interactions in 
the SPE.

Similar statistical analysis was performed for the cali-
bration factors, for all analytes, considering the analyti-
cal curves obtained from the standards prepared in ultra-
pure water and in the spiked matrix. Calculated F values 
(Fcalc) are shown in Table 2. For CZP, the calculated F 
value is higher than the critical F (24 degrees of freedom 

and confidence interval of 95%). The analytical curves 
are not equal and the matrix significatively influences the 
determination of this analyte. Therefore, it is imperative 
to adopt an analytical curve prepared in spiked matrix, for 
the determination of CZP, or (by suggestion) the standard 
addition method should be adopted. For BZP and DZP, the 
calculated F values are lower than the critical F, suggesting 
that the analytical curves in ultra-pure water and in spiked 
matrix are significantly equivalent. Nevertheless, due to 
the observed ME, quantification of these analytes from 
matrix spiked analytical curves is also suggested.

In order to test this proposed method, four samples 
were collected at Paracambi (− 22.663144; − 43.742502) 
in april, may, june and july of 2018. The determination 
of DZP, CZP and BZP followed the procedure described 
above and mean concentrations (conc) are given as fol-
lows. DZP was found in all samples (conc = 0.15  µg 
 L−1), whereas BZP was quantified in 50% of the samples 
(conc = 0.54 µg  L−1) and CZP was quantified in 25% of 
the samples (conc = 0.25 µg  L−1). These results reveal a 
more worrying scenario, with higher concentration levels 
of these benzodiazepines than some previously reported 
for samples collected at a site near our collection point 
(Ferreira 2014).

A method for the determination of three benzodiazepines 
– bromazepam, clonazepam and diazepam – was developed 
and validated based on SPE extraction followed by liquid 
chromatography coupled to mass spectrometry, providing 
a simple and rapid procedure for the determination of these 
compounds in surface water samples. The SPE component 
allows the extraction and cleaning of surface water sam-
ples in a single step, generating little residue. The proposed 
SPE-LC–MS/MS method presents low chromatographic 
run time (8 min), selective, LQ = 0.01 µg  L−1, RSD < 20%, 
accuracy > 57%,  R2 > 0.99, and showed high matrix effect 
for all analytes, specially clonazepam, which the adop-
tion of the standard addition method highly recommended. 
Based on the results for the preliminary monitoring cam-
paign and some previously reported determinations, it can 
be concluded that our proposed methodology is successful 
and suitable for the determination of reliable concentration 
levels of these benzodiazepines in surface waters.

Table 2  LQ, LD, slope, 
intercept, determination 
coefficients  (R2) and F values 
(Fcalc) for the analytical curves 
in ultra-pure water and in spiked 
matrix

a Concentration in µg L−1

b Concentration in ng L−1

c Fcritical = 1.98 (confidence interval: 95%)

Analyte LQa LDb Ultra-pure water Matrix Fcalcc

Slope Intercept R2 Slope Intercept R2

BZP 0.01 2.70 0.0162 − 0.0088 0.9949 0.0072 0.0009 0.9987 1.05
CZP 0.01 5.00 0.0311 − 0.0073 0.9981 0.0348 0.0501 0.9991 15.89
DZP 0.01 4.60 0.0410 − 0.0009 0.9985 0.0426 0.0031 0.9991 1.42
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