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Three eco-friendly and cost-effective analytical methods were developed and optimized for quantitative
analysis of some veterinary drug residues in production wastewater samples. The studied drugs were
ivermectin, rafoxanide and sulfadimidine. A solid-phase extraction procedure was employed using Bond
Elut C18 cartridges, prior to analysis. The first method was a chemometric approach called multivariate
curve resolution — alternating least squares (MCR-ALS). A calibration model was developed and several
figures of merit (RMSEP, SEP, bias, RE%) were calculated. The second method was a thin layer
chromatography followed by densitometric measurements at 245 nm. The separation was performed
using silica gel 60 F,s4 plates and ethyl acetate : acetonitrile : toluene : ammonia (20:3:2:1, by
volume) as a developing system. The third method was a high performance liquid chromatographic
separation on HiQsil C18 HS column with UV detection at 245 nm. The mobile phase consisted of
acetonitrile : methanol : water (60 : 25 : 15, by volume), with a flow rate of 1.5 mL min~t. The proposed
methods were validated according to ICH guidelines. The described procedures were applied to quantify
the studied drug residues in synthetic and real industrial wastewater samples. The proposed methods
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1 Introduction

Analysis of pharmaceutical residues in the aquatic environment
is considered to be an emergent research area. These pharma-
ceuticals (human or veterinary drugs) are frequently being
released to the aquatic environment mainly through industrial
processes, improper disposal, or metabolic excretions.! Veteri-
nary drug residues may also occur in aquatic systems due to
manure application to soils.” In the last few years, the amounts
of veterinary drugs released into the environment were much
higher due to the lack of control in relation to types and
amounts of drugs in use, mainly when considering countries
such as China or other Southeast Asia Nations.?

Veterinary pharmaceuticals have been classified as emerging
contaminants and established as parameters to be controlled in
the environmental quality regulations.* Anthelmintics and
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with respect to accuracy and precision at P = 0.05.

antibiotics are considered to be the most widely used veterinary
pharmaceuticals. They are administered to a wide range of
animals in agriculture and aquaculture, and comprise a large
sector of the animal pharmaceutical industry.* In this study,
three of the most frequently used veterinary drugs were selected
to be analyzed in industrial wastewater samples. Their names
were ivermectin (IVM), rafoxanide (RFX), and sulfadimidine
(SDD) = sulfamethazine.

IVM (Fig. S11) is a macrocyclic lactone drug, chemically
known as 22,23-dihydroavermectin Bla and 22,23-dihy-
droavermectin B1b. It is well known for its broad-spectrum anti-
parasitic activity, therefore it has been widely used for control-
ling helminthes and ectoparasites in the veterinary field.’
Different methods were reported for IVM determination in
various specimens, such as HPLC*” and LC-MS/MS.*°

RFX (Fig. S17) is a potent anthelmintic, chemically known as
N-{3-chloro-4-(4-chloro-phenoxy)phenyl]-2-hydroxy-3,5-
diiodobenzamide, widely used in veterinary medicine for the
treatment of fascioliasis in sheep and cattle.' Different tech-
niques were reported for RFX determination, like spectropho-
tometry,"* HPLC," and TLC-densitometry."

SDD (Fig. S1f) is 4-amino-N-(4,6-dimethyl-2-pyrimidine)
benzene sulfonamide, is also called sulfamethazine (SMZ).** It
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is a broad-spectrum antibacterial drug, belongs to the sulfon-
amide class. It is widely used in veterinary practice to treat
livestock diseases such as gastrointestinal and respiratory tract
infections.' Various methods were reported for SDD determi-
nation, such as LC-MS/MS,** HPLC.'*"”

Pharmaceutical residues are expected to occur in concen-
trations ranging from ng L™' to ppb levels, but due to their
widespread usage, accumulations, and biological activities, they
represent a significant problem.'™ Recent review papers dis-
cussed various aspects of the ecotoxicology of pharmaceuticals
in the environment.**?"

Therefore, novel, sensitive, and selective analytical methods
are required for quantitative analysis of these residues in the
different aquatic systems, especially industrial wastewater.”* The
data obtained from these methods may serve to optimize the
treatment processes in wastewater treatment plants (WWTPs),
preventing the release of these undesired pollutants into the
environment. Furthermore, the analytical data about the actual
concentrations of pharmaceuticals in aquatic systems may help to
provide clear environmental risk assessments.**

Due to their remarkable toxicities and biological activities,
several analytical methods were proposed for quantitative analysis
of antibiotics and veterinary drug residues in water samples. These
methods mainly based on liquid chromatography-tandem mass
spectrometry”** or gas chromatography-mass spectrometry.”>>®
Despite the high sensitivity and selectivity of these methods, they
require tediously and time-consuming procedures. As well as the
requirement of expensive solvents and sophisticated instruments.
Recently, several ambient MS-based techniques have been re-
ported for the direct analysis of the pharmaceutical contaminants
in different environmental systems, including desorption electro-
spray ionization,” paper spray ionization,* and filter cone spray
ionization coupled to a portable MS system.” These “ambient MS”
methods aimed at overcoming the significant drawbacks of the
“hyphenated MS” methods by reducing complexity, consumables
load, and time/cost of analysis. High-performance liquid chro-
matography coupled with ultraviolet/fluorescence detection was
also employed in residual analysis to a minor extent.>***

Nowadays, chemometric/multivariate spectrophotometric
methods were recognized to be innovative and promising
techniques in this field.>* As they have the advantage of being
simple and cost-effective.*® They also overcome the significant
problems of matrix interferences and overlapped spectra which
present in univariate or conventional spectrophotometric
methods.***® Thin-layer chromatography coupled with
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densitometry has also the advantage of being a simple, rapid,
and inexpensive method, compared to other chromatographic
methods.*” Table 1 shows a direct comparison between the
chemometric/multivariate spectrophotometric methods e.g.
MCR-ALS and the other traditional chromatographic methods
in terms of solvents consumption, consumables load, amount
of energy used per sample, time of analysis per sample, and
total costs to perform each method.

Most of the proposed methods require a sample preparation
step prior to analysis, to isolate and concentrate the target analytes
from the complex matrices.' Classical extraction procedures, such
as liquid-liquid extraction have the disadvantages of consuming
large volumes of solvents and being extremely low in selectivity.
Solid-phase extraction (SPE) and solid-phase micro-extraction
(SPME) are used as effective alternatives.*

Analytical chemistry plays an important role in the sustain-
able development of the planet.** This is true, not only for
monitoring of pollutants in the environment but also for the
development of more sustainable processes. Therefore, the
analytical methodologies should be of high quality, such as
being accurate, precise, and sensitive; and the method itself
should be as environmentally sustainable as possible.*

The main purpose of this study was to develop validated, eco-
friendly, and cost-effective (environmentally sustainable) analyt-
ical methods. The first one was a chemo-metric/multivariate
spectrophotometric method called multivariate curve resolution
- alternating least squares (MCR-ALS). The other methods are
chromatographic methods (TLC-densitometry and HPLC). These
accurate methods are suitable for simultaneous determination
and routine quality inspection of the studied drugs in production
wastewater. Extraction and pre-concentration of the target analytes
from the synthetic and the real wastewater samples were carried
out by using the solid-phase extraction (SPE) technique.

2 Experimental
2.1 Instruments

For spectrophotometric measurements, a UV-vis spectropho-
tometer model AE-S90-MD from A & E Lab (UK) with a 1 cm
micro quartz cuvette (1.4 mL volume) was used. The range of
wavelengths was 200-400 nm, with a bandwidth of 1 nm.
Spectra were automatically acquired by UV-vis analyst 5.37
software and exported as Excel files. Microsoft Excel 2013 was
used for plotting the acquired spectra. The MCR-ALS model was
developed by using MATLAB 2012a version 7.14.0.739 with

Table 1 Comparison between different analytical techniques in term of total costs to perform each method

MCR-ALS TLC-densitometry LC/GC LC-MS/GC-MS
Solvents consumption Low Low Moderate to high High
Consumables load Low Low Moderate to high High

Energy used®**
Time of analysis per sample
Total costs

<0.1 kW h per sample
Seconds to minutes
Very low cost

Minutes
Low cost

“ kW h = kilowatt per hour, is a unit of energy equal to 3600 kilojoules.
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<0.1 kW h per sample

=1.5 kW h per sample
Minutes to hours
Low to moderate cost

>1.5 kW h per sample
Minutes to hours
High cost
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MCR-ALS 2.0 toolbox, in addition to the use of the Unscrambler
X 10.4 chemometric software.

TLC densitometry was performed using TLC aluminum
plates (20 x 10 cm, 0.20 mm) pre-coated with silica gel 60 F254
(EMD Millipore, Sigma Aldrich). Samples were applied by
CAMAG LINOMAT V (Muttenz, Switzerland) automatic appli-
cator with 100 pL micro-syringe (Hamilton, Switzerland), and
plates were scanned at 245 nm with TLC Scanner 3 operated
with winCATS software (Camag, Switzerland).

HPLC system model 1100 (Agilent Technologies, USA), with
a variable wavelength detector, a quaternary pump, an auto-
sampler, and a chromatographic column of HiQsil C18 HS
column (250 x 4.6 mm, 5 pm particle size) were used.

Solid-phase extraction (SPE) was performed using Bond Elut
C18 cartridges (Agilent, USA). The cartridges were placed on the
SPE apparatus which consists of a 12-port vacuum manifold
with drying attachment.

2.2 Materials

2.2.1 Pure standards. Pure IVM (100.54%), RFX (99.88%)
and SDD (100.23%) were kindly supplied by Pharma-Swede
Company (Egypt), their purity were according to the certifi-
cates of analysis from the manufacturer.

2.2.2 Chemicals and reagents. Acetonitrile and methanol
HPLC grade were purchased from Honeywell (Germany), water
HPLC grade was obtained from LiChrosolv (Germany). Ethyl
acetate, toluene and ammonia solution (33%) were purchased
from EL-NASR pharmaceutical chemicals (Egypt). All other used
chemicals and reagents were of analytical grade or higher.

2.3 Standard solutions

Stock solutions of IVM, RFX and SDD were prepared by dis-
solving 100 mg of each drug in 100 mL methanol to prepare
a solution with a concentration of 1000 pg mL~'. Working
standard solutions of each drug were freshly prepared by dilu-
tion from their stock solutions with methanol to obtain
a concentration of 100 ug mL .

2.4 Collection and storage of samples

Five wastewater samples were collected in amber glass bottles
from different production areas of some pharmaceutical
industries located at different sites in Egypt. Before extraction,
samples were filtered immediately through 0.45 pm nylon
membrane filters to eliminate the suspended matter. The
filtered volume of each sample was approximately 200 mL. The
samples were stored at 4 °C and protected from light to prevent
any degradation or deterioration as previously recommended.*®

2.5 Procedures

2.5.1 Sample preparation (solid phase extraction proce-
dure). Solid-phase extraction was carried out using 100 mg
Bond Elut C18 cartridges. Prior to water application, the
cartridges were initially conditioned with 7 mL methanol, and
4 mL acidified water (pH 2). A sample volume of 100 mL was
loaded to the cartridge with a flow rate kept at 3 mL min ™. After

© 2021 The Author(s). Published by the Royal Society of Chemistry
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sample loading, the cartridges were washed twice by 4 mL
acidified water (pH 2) to remove unbounded and polar
substances. After washing, the cartridges were allowed to dry for
about 30 min to eliminate excess water by using a vacuum. The
retained drugs were eluted from cartridges with 10 mL meth-
anol. After elution, the filtrate was evaporated on a rotary
evaporator at 40 °C, and the residues were dissolved in 1 mL
methanol obtaining 100 fold pre-concentration.

2.5.2 Multivariate curve resolution - alternating least
squares method

2.5.2.1 Theory. MCR-ALS represents a chemometric
approach known as self-modeling mixture analysis. It aims to
recover spectra and concentration profiles of pure components
in an unresolved mixture using a minimal number of assump-
tions about the nature and composition of these mixtures.*
Initially, it assumes a bilinear relation between the data matrix
(spectra of mixture samples), components pure spectra, and
components concentrations. Second, it aims to decompose this
bilinear data matrix into pure individual components, accord-
ing to the following eqn (1):

D=CS"+E (1)

where D is the data matrix that contains all spectra of the
mixture samples. C is the pure components concentrations. S*
is the pure components spectra, and E is the residual matrix or
data that are not explained by the model (like, experimental
error).*>*

To achieve complete decomposition or resolution of data
matrix, an iterative alternating least squares (ALS) procedure is
employed.** To initiate this ALS procedure, initial estimations
of C and S" are required. Initial estimations of C and S” repre-
sent a vital step because various estimations by the proposed
model may lead to diverse results. Various algorithms are
employed for this purpose like evolving factor analysis (EFA)*
or the determination of purest variables.* In this study, known
pure spectra and concentrations of each target analyte (purest
variables) were applied for initial estimations.

For optimizing the proposed MCR-ALS model several
constraints can be applied like non-negativity, closure, unim-
odality and correlation constraints.*® Non-negativity constraint
enforces concentrations and/or spectra to be greater than or
equal zero. Correlation constraint allows simultaneous quanti-
tative analysis of analytes in the presence of unknown inter-
fering substances leading to enhance the selectivity of the
proposed model. In this study, both non-negativity and corre-
lation constraints were employed and the developed calibration
model was then used for predicting concentrations of samples
in both the validation and test sets. For more details about the
technique, readers are referred to ref. 47 and 48.

2.5.2.2 Construction of calibration model and validation set. A
three-factor five-level experimental design was constructed to
develop the calibration model of IVM, RFX and SDD in the
concentration range of 1-10 ug mL™". A set of 20 calibration
mixture solutions of the three target analytes were prepared. A
validation set of further 15 mixture solutions containing
different concentrations within the same concentration range

RSC Adv, 2021, 11, 2935-2946 | 2937
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were prepared. The calibration model and validation set design
are represented in Table S1.1 The UV spectra of all samples were
scanned over the wavelength range of 200-400 nm with a 1 nm
interval. Spectra were automatically acquired by UV-vis analyst
5.37 software and exported as Excel files. The further handling
by the chemometric software to build up the MCR-ALS model
was employed.

2.5.2.3 Evaluation of quantitative prediction capability of the
proposed MCR-ALS model. To evaluate the quantitative predic-
tion capability of the proposed MCR-ALS model, the model was
employed for prediction of concentrations of the studied drugs
in the mixture solutions of the validation set. The model
performance was also evaluated by calculating several figures of
merit, such as root mean square error of prediction (RMSEP),
bias, standard error of prediction (SEP) and relative percentage
error in the concentration predictions (RE%) according to the
following eqn (2)-(5):*?

-Root mean square error of prediction (RMSEP):

(2)

-Bias, is the average value of the difference between pre-
dicted and measured values:

N

Z(xi - J’i)

Bias = = ———. 3
ias ¥ (3)

-Standard error of prediction (SEP):

N
S(xi—yi— bias)2

SEP = |2 N1 : (4)

-Relative percentage error in the concentration predictions
(RE%)

RE% = 100 (5)

where x; and y; are actual and predicted analyte concentrations
of sample i, respectively, and N represents the total number of
samples. Furthermore, the correlation coefficient (+*), slope and
intercept were calculated from the calibration graph which was
constructed between actual and predicted concentrations of
each analyte in the mixture.?**

Rotational ambiguity represents a problem that may occur
during the development of the MCR-ALS model due to the
presence of matrix interferences, especially in complex matrices
like wastewater.*® In this study, SPE accompanied by MCR-ALS
was employed to reduce the matrix interferences and elimi-
nate the occurrence of such a problem.

2.5.3 TLC-densitometric method

2938 | RSC Adv, 2021, 1, 2935-2946
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2.5.3.1 Chromatographic conditions. Samples were applied
as bands on TLC aluminum plates (20 x 10 cm, 0.20 mm) pre-
coated with silica gel 60 F254 by Camag Linomat 5 automatic
applicator using 100 pL Hamilton micro-syringe. The band-
width was adjusted to be 6 mm. Each band was spaced 1 cm
apart from each other and 1.5 cm from the bottom edge of the
plate. The chromatographic chamber was pre-saturated with
the mobile phase for 30 min. The plates were developed to
a distance of approximately 8 cm by ascending technique using
ethyl acetate : acetonitrile : toluene : ammonia (33%)
(20:3:2:1, by volume) as a mobile phase. The plates were
dried in air at room temperature and scanned at 245 nm using
Camag TLC scanner 3. This TLC scanner was operated in the
absorbance mode with a deuterium lamp as a source of radia-
tion. The slit dimension was kept at 3 mm X 0.45 mm and
scanning speed was employed to be 20 mm s~ .

2.5.3.2  Construction of calibration curves. Aliquots (1-10 uL)
from each working standard solution (100 pug mL™') of IVM,
RFX and SDD were accurately applied on TLC plates to obtain
equivalent concentrations ranged from 0.1-1 pg per band for
each drug. Calibration curves were constructed between peak
areas of the studied drug at 245 nm versus their concentrations.
The acquired regression equations were used to calculate the
concentration of each drug throughout the whole study.

2.5.4 HPLC method

2.5.4.1 Chromatographic conditions. HPLC chromatographic
separation was achieved using a HiQsil C18 HS column (250 x
4.6 mm, 5 pm particle size), using an isocratic elution of
a mobile phase consisting of acetonitrile : methanol : water
(60 : 25 : 15, by volume), with a flow rate of 1.5 mL min~".
Analysis were employed at ambient temperature, and detection
was carried out at 245 nm. The injection volume was 20 pL.

2.5.4.2 Construction of calibration curves. Aliquots from each
working standard solution (100 pg mL™") of IVM, RFX and SDD
were accurately transferred into a series of 10 mL volumetric
flasks. Each flask was completed with methanol to obtain
a concentration range of 0.5-30 pg mL~". These solutions were
injected (20 pL) in triplicate into the HPLC system. The chro-
matographic conditions were employed, and the chromatograms
were recorded. Calibration curves were constructed between peak
areas of the studied drugs at 245 nm versus their concentrations.
The acquired regression equations were used to calculate the
concentration of each drug throughout the whole study.

2.5.5 Analysis of synthetic water samples. To evaluate the
extraction efficiency of the proposed solid-phase extraction
procedure. Different aliquots from the working standard solu-
tions (100 pg mL™') of IVM, RFX and SDD were accurately
transferred into a series of 100 mL volumetric flasks and
completed to the final volume with distilled water to obtain
water samples at three levels of concentration. The samples
were treated with the proposed SPE procedure.

In MCR-ALS method, the prepared samples were scanned
over the wavelength range of 200-400 nm with a 1 nm interval.
Spectra were exported and the MCR-ALS model was employed
for the prediction of the concentrations of target analytes in the
prepared samples. In TLC-densitometric method, the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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chromatographic conditions were adopted for each prepared
water sample. Aliquots (10 pL) of each sample were applied on
TLC plate as bands and scanned at 245 nm. In HPLC method,
the chromatographic conditions were implemented for each
prepared water sample. Aliquots (20 pL) of each sample were
injected into the HPLC system, and the chromatograms were
recorded. In each method, the concentration of each drug was
calculated from the corresponding regression equations and
conducted from an average of three experiments.

2.5.6 Analysis of real industrial wastewater samples. Five
industrial wastewater samples were treated and pre-
concentrated from 100 mL to 1 mL by the proposed SPE
procedure. The previous methods were adopted. The concen-
tration of each drug was calculated from the corresponding
regression equations.

2.5.7 Analysis of spiked real industrial wastewater
samples. Aliquots (50 pL) of each drug working standard solu-
tion (100 pg mL~') were added to another 100 mL of each
industrial wastewater sample. These spiked samples were
treated and pre-concentrated from 100 mL to 1 mL by the
proposed SPE procedure. The previous methods were
employed. The concentration of each drug was calculated from
the corresponding regression equations. The actual concentra-
tion of each drug in the wastewater was calculated after
subtraction of the added standard concentration (5 ug mL ™).

3 Results and discussion

The aim of this study was to develop validated, eco-friendly, and
cost-effective chemometric and chromatographic methods for
quantification and routine quality monitoring of residues of the
most frequently used veterinary drugs; IVM, RFX, SDD in
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production wastewater. We overcame the problem of analysis of
these drugs in a complex aquatic system like wastewater and
reduced the interferences of various impurities by the proper
selection of a successful extraction/pre-concentration procedure
and by the efficient optimization of the proposed chemometric
and chromatographic methods. These simple and rapid
methods may serve to optimize the treatment processes in
WWTPs, preventing the release of these undesired drug resi-
dues (pollutants) into the aquatic environment.

3.1 MCR-ALS method

3.1.1 The features of the UV spectra & optimum wavelength
range selection. Fig. 1, clearly demonstrates the UV spectra of
the IVM, RFX, SDD and their mixture solution at the concen-
tration of 5 ug mL™". The UV spectra can be observed to be
severely overlapped along with the entire UV absorption range
(200-400 nm). Hence, the use of univariate and conventional
spectrophotometric methods for the quantitative analysis of
such a mixture is not applicable. Thus, the proposed MCR-ALS
model was developed to resolve this complex mixture.

The selection of the optimum wavelength range represents
a vital factor that strongly affects the quality of multivariate
analysis.*® In this work, the optimum wavelength range of the
proposed MCR-ALS model was selected to be from 220 nm to
320 nm. Wavelengths below 220 nm were excluded due to the
presence of remarkable noise. Furthermore, wavelengths above
320 nm were excluded due to poor absorption of both IVM and
SDD at the measured concentration levels.

3.1.2 Optimization of the proposed MCR-ALS model. A
multifactor multilevel experimental design® was applied to
construct the calibration model. For each target analyte, five
levels of concentration were used. The selected design offered

——SDD
——RFX
—IVM
- = =MIX

210

230 250 270 290

310 330 350 370 390

Wavelength (nm)

Fig. 1 UV spectra of 5 pg mL™! of IVM, RFX, and SDD and their mixture.
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Fig. 2 Scatter plots of actual conc. vs. predicted conc. of the studied drugs for calibration and validation sets.

factors that are orthogonal to each other. The initial estimation
of the pure spectra profiles of the target analytes employed
singular value decomposition and revealed three major
components in the data matrix. In order to evaluate model
resolution, known pure spectra and concentrations of each
target analyte (purest variables) were applied for initial esti-
mations. The MCR-ALS algorithm was employed under the
application of some constraints such as non-negativity
constraint for both spectra and concentration matrices, in
addition to a correlation constraint. The maximum number for
iterations was set at 50, and the convergence criterion was 0.1%
in all tested mixture solutions. Fig. 2 illustrates the scatter plots
of the predicted MCR-ALS concentrations versus the actual
concentrations, with correlation coefficients (r*), ranged from

0.9996 to 0.9998 for all target analytes, indicating high predic-
tion capability of the proposed model.

Table 2 demonstrates the analytical figures of merit of the
proposed MCR-ALS model. The results show a low relative
percentage error in the concentration predictions (RE%) <0.8, low
root mean square error of prediction (RMSEP) =0.064, low bias
values =0.037, and low standard error of prediction (SEP) <0.063
for all target analytes. These low values indicated the high
prediction capability and performance of the proposed method.

3.2 TLC-densitometric method

The optimization of the chromatographic conditions for
maximum separation was carried out by examining various
developing systems with different ratios. The absolute

Table 2 Figures of merit of the MCR-ALS regression model for calibration model and validation set of the studied drugs

Calibration model

Validation set

Parameter IVM RFX SDD IVM RFX SDD
RMSEP* 0.053 0.039 0.061 0.043 0.064 0.060
SEP? 0.054 0.040 0.062 0.044 0.063 0.049
Bias 4.274 x 10° 3.948 x 10°° —5.629 x 10’ 0.005 0.021 0.037
RE%° 0.801 0.302 0.033 0.015 0.329 0.592

“ Root mean square error of prediction. b standard error of prediction. °

2940 | RSC Adv, 2021, 11, 2935-2946
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separation of the studied drugs was accomplished by using
ethyl acetate : acetonitrile : toluene : ammonia 33%
(20:3:2:1, by volume) as mobile phase, which achieves
excellent resolution, sharp and symmetrical peaks. The scan-
ning wavelength was selected to be 245 nm as it is the wave-
length of maximum absorption for both IVM and RFX. This
selected wavelength also showed a good linearity curve for SDD.
The retention factors (R¢) values were as following: RFX (0.28 +
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0.02), SDD (0.58 £ 0.04) and IVM (0.73 £ 0.03), as shown in
Fig. 3(a).

3.3 HPLC method

The chromatographic conditions were optimized to get
precisely the optimum separation pattern of the studied drugs.
First, two types of stationary phases were tried (HiQsil C8 and
HiQsil C18 HS column), but the latter showed a more suitable
resolution. For the mobile phase, first; a simple mixture of
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(a) TLC densitogram and (b) HPLC chromatogram showing R; & tg of the studied drugs.
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Table 3 Regression and validation data of the proposed methods

MCR-ALS TLC-densitometry HPLC
Parameters VM RFX SDD VM RFX SDD VM RFX SDD
Linearity” 1-10 0.1-1 0.5-30 0.5-25
Regression Y=aX+bh
equation
Slope (a) 0.99998 1 1 2768 5407.1 3836.4 52.15 80.468 58.698
Intercept (b) 410 x 107°  1.846 x 10°® —5.641 x 107>  93.493 —89.292 173.05 -10.174 4.4505 2.3371
Correlation 0.9996 0.9997 0.9996 0.9999 0.9999 0.9999 0.9998 0.9999 0.9998
coefficient (%)
LOD* 11 x 1072 5 x 1072 21 x 1072 2x107° 6x10° 3x10° 288x107% 236x10° 4.92 x 102
LOQ* 34 x 1072 153 x 107> 64 x 1072 8x10° 19x10° 10x 10 874 x 1072 7.16x 107° 1.49 x 107!
Accuracy 100.66 + 100.72 + 100.37 + 99.81+  99.89 + 99.81 + 99.88 + 100.6 + 100.35 +
mean £ S.D.  0.51 0.75 0.66 0.64 0.81 0.51 0.66 0.31 0.62
Precision
Repeatability”  0.169 0.588 0.290 0.411 0.500 0.740 0.474 0.505 0.382
Intermediate  0.259 0.345 0.112 0.336 0.601 0.467 0.596 0.391 0.394
precision®

“ MCR-ALS and HPLC-UV methods: in pg mL; TLC-densitometry method: in ug per band. ® Repeatability (%RSD), average of three different
concentrations repeated three times within the day. © Intermediate precision (%RSD), average of three different concentrations repeated three

times in three different days.

acetonitrile and water (90 : 10) was tried and resulted in a poor
separation between RFX and SDD and late appearance of the
IVM peak with run time about 30 min. The addition of meth-
anol in the composition of the mobile phase resulted in
a satisfactory separation between RFX and SDD with a reduction
of the run time to 20 min. The absolute separation was
accomplished by using acetonitrile : methanol : water
(60 : 25 : 15, by volume) as a mobile phase, which achieves
excellent resolution, sharp and symmetrical peaks. The run time
was 8 min, with a flow rate of 1.5 mL min~", increasing the flow
rate (>1.5 mL min ') to get faster run time resulted in poor
separation, asymmetric peaks, and an increase in column inlet
pressure. The scanning wavelength was selected to be 245 nm for
the same reasons in TLC-densitometric method. The retention
times (¢g) were found to be 2.6 + 0.2, 3.7 £+ 0.1, and 6.7 £+ 0.3 min
for RFX, SDD, and IVM, respectively, as shown in Fig. 3(b).

3.4 Method validation®?

Method validation was carried out with all proposed methods as

follows:

3.4.1 Linearity. In MCR-ALS method, the calibration graphs
were constructed between predicted versus actual concentrations
of the studied drugs. The regression plots were found to be linear
over the range of 1-10 pg mL ™", as shown in Fig. 2.

In TLC-densitometric and HPLC methods, the calibration
graphs for the studied drugs were constructed by plotting peak
area at 245 nm versus the corresponding concentrations in pg per
band & pg mL ™. The regression plots were found to be linear over
the range of (0.1-1 ug per band; TLC), and (0.5-30 pg mL ™" for
IVM, 0.5-25 pug mL ™" for RFX & SDD; HPLC), as shown in Fig. S2.}

Table 3 shows linearity, range, slopes, intercepts, and
correlation coefficients (r*) for the proposed methods. The high

Table 4 Mean percentage recoveries of the studied drugs in synthetic water samples after SPE using the proposed methods

IVM RFX SDD

Method Spiked levels® %R Spiked levels® %R Spiked levels® %R

MCR-ALS 1 98.85 + 0.37 1 97.56 + 0.41 1 98.40 + 0.28
3 97.85 + 1.18 3 97.68 + 0.99 3 98.11 + 0.89
7 98.40 + 0.18 7 97.91 + 0.11 7 98.82 + 0.37
Mean” 98.37 Mean” 97.72 Mean” 98.44

TLC-densitometry 0.1 98.73 + 0.94 0.1 98.40 =+ 0.32 0.1 100.22 + 0.54
0.3 99.59 =+ 0.33 0.3 98.36 + 0.33 0.3 100.47 + 0.56
0.7 99.67 + 0.41 0.7 98.14 + 0.13 0.7 100.24 + 0.20
Mean’” 99.33 Mean” 98.30 Mean’ 100.13

HPLC 1 99.04 £ 0.12 1 99.17 + 0.21 1 100.57 + 0.18
3 99.25 =+ 0.64 3 98.43 + 0.32 3 101.21 + 0.23
7 99.23 + 0.99 7 98.37 + 0.27 7 100.41 + 0.62
Mean’” 99.17 Mean” 98.66 Mean” 100.73

“ MCR-ALS and HPLC methods: in pg mL; TLC-densitometry method: in ug per band. ? Extraction efficiency (%).
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Table 5 Determination of the studied drugs in real industrial waste-
water samples by applying the proposed methods

MCR-ALS TLC-densitometry HPLC
Samples® IVM RFX SDD IVM RFX SDD IVM RFX SDD
WW 1 6.04 — 6.16 6.00 — 6.11 6.09 — 6.08
W.W 2 5.02 — 525 5.05 — 5.32 5.02 — 5.26
W.W 3 7.36 5.18 5.64 7.42 5.133 5.46 7.45 5.13 5.53
W.W 4 418 6.15 — 411 6.102 — 4.15 6.12 —
W.W 5 5.65 — 6.19 5.69 — 6.33 5.70 — 6.28
% samples are calculated in pg mL™".
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value of coefficients of determination indicated good linearity
of the calibration graphs.

3.4.2 Detection and quantitation limits (LOD & LOQ).
Table 3 illustrates the obtained values of LOD and LOQ. The

minimal values indicate good sensitivity of the proposed
methods.

3.4.3 Accuracy and precision. Table 3 demonstrates %
recovery and %RSD values which confirms excellent accuracy
and high precision of all proposed methods.

3.4.4 System suitability. Parameters including retention
time (tz), retention factor (Ry), resolution (Ry), tailing factor (7),
capacity factor (k), selectivity factor («), number of theoretical
plates (N), and height equivalent to theoretical plate (HETP) of
the resulted peaks of each drug were calculated according to the
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(@ & ¢) TLC densitograms and (b & d) HPLC chromatograms of real and spiked real wastewater sample after SPE, respectively.
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reference USP guidelines to determine the suitability and
effectiveness of the two proposed chromatographic systems
prior to use.* The results are listed in Table S2.7

3.4.5 Robustness. In the chromatographic methods, the
robustness was investigated by analyzing samples under
a variety of experimental conditions like minor changes in the
mobile phase composition ratio by up to £0.5%. The effect on
R¢ & tg values, and peak parameters was studied. The Ry & tg
values were slightly altered, but the peak areas and symmetry
were kept up unchanged. The proposed methods were observed
to be robust when the mobile phase ratio was varied.

3.5 Application

3.5.1 Analysis of synthetic water samples (extraction effi-
ciency). The extraction efficiency of SPE procedure was evalu-
ated by using synthetic water samples at three levels of
concentration for each drug. The proposed methods were
employed for the prepared samples after SPE. The recovered
amount of each drug was calculated and extraction recoveries
for all investigated drugs are given in Table 4.

3.5.2 Application to real industrial wastewater samples.
The proposed methods were employed for the quantification of
target pharmaceuticals in five industrial wastewater samples
before their release to sewage. The obtained results are provided
in Table 5 and as shown in Fig. 4(a and b).

3.5.3 Application to spiked real industrial wastewater
samples. The procedures were applied for the real wastewater
samples after spiking with a known concentration of standards
to confirm that the resolved UV spectra and the resulted chro-
matographic peaks were exactly representing the corresponding
studied drugs. As shown in Fig. S31 and 4(c, d). Table S3}
illustrates the actual concentration of each drug after subtrac-
tion of the added standard concentration (5 pg mL™").

3.6 Statistical analysis

Table 6 illustrates a statistical comparison between results ob-
tained by applying the proposed methods and the official
methods of IVM and SDD. It also shows a statistical comparison
between the proposed methods and the reported method for
RFX. The calculated ¢ and F values were less than the theoretical
ones indicating that there was no significant difference between
the proposed, official and the reported methods which reflects
high accuracy and precision of all proposed methods.

3.7 Assessment of the proposed methods greenness

Greenness assessment of the proposed methods was accom-
plished using an assessment tool called Analytical Eco-Scale.>*
This approach is based on penalty points which are assigned to
different factors included in the analytical method and finally
subtracted from a base of 100. The score will be more than 75
for excellent green analysis, more than 50 for acceptable green
analysis, and less than 50 for inadequate green analysis. The
reagent type and amount, the amount of energy of various
electrical devices, the analytical waste treatment, and the
occupational hazard are all given penalty points. For more
information about calculating Eco-Scale scores, readers are
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Table 7 Penalty points for the proposed methods according to
Analytical Eco-Scale method

Hazard MCR-ALS TLC-densitometry HPLC
Reagents

Acetonitrile — 2 6
Ammonia (33%) — 2 —
Ethyl acetate — 4 —
Methanol 2 — 6
Toluene — 2 —
Water — — 0
Instrument

Energy 0 0 1
Occupational hazard 0 0

Waste 6 8 8
Total penalty 8 18 21
points (PPs)”

Analytical 100-8 =92 100-18 = 82 100-21 =79

Eco-Scale total score

“ The penalty points were calculated according to ref. 54.

directed to ref. 54. After assigning the penalty points for each
analytical parameter, the proposed methods got an Eco-Scale
score ranging from 79 to 92 out of 100, as shown in Table 7.
The high Eco-Scale score (>75) indicated that all our proposed
methods are excellent green methods, and the MCR-ALS
method was the greenest one with a score of 92.

4 Conclusion

SPE accompanied by chemometric and chromatographic
methods were proposed for the simultaneous analysis of resi-
dues of the most frequently used veterinary drugs in pharma-
ceutical production wastewater. In the MCR-ALS method, the
identification and quantification of the studied drugs were
based on the decomposition of UV spectra of their mixture
solutions into their pure spectra and concentration profiles. In
the chromatographic methods, the identification and quantifi-
cation of the studied drugs were based on R & ti values and
peak areas. The SPE offers acceptable recoveries and the
proposed methods proved to be sensitive, selective, eco-
friendly, and low-cost alternatives to other sophisticated tech-
niques. The MCR-ALS method proved to be the greenest one
among the three proposed methods with low solvent/
consumables load and low total time/cost to be performed.
Although the 3-analyte system employed performed quite well
with the proposed MCR-ALS model, the model will require
further enhancements to be efficiently applied in the analysis of
more complex and more representative wastewater samples. In
future work, the enhancements may include trying different
experimental designs, employment of different algorithms and
constraints, or the usage of more advanced versions of the
chemometric software.
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