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A B S T R A C T
Recently, emerging micropollutants have gained significant attention 
from researchers and the general public due to their expanding 
distribution in the environment and mostly unknown effects on human 
and environmental health. To detect and quantify Galaxolide (HHCB) 
in surface water, we used simultaneous absorbance-transmittance and 
fluorescence excitation-emission matrices (A-TEEM) spectroscopy 
in conjunction with partial least squares (PLS) and parallel factor 
(PARAFAC) analyses. The fluorescence spectra of surface water 
samples laced with HHCB standard solutions were obtained using an 
A-TEEM spectrometer. The PARAFAC analysis of the fluorescence 
spectra revealed four fluorescent organic matter components; among 
them, the HHCB spiked into the samples. Regression analysis of the 
measured versus predicted concentrations showed a high correlation 
coefficient of calibration (0.966), high Pearson r value (0.999), good 
root mean square of prediction error divided by the standard deviation 
(1.715), and a low ratio of range error (14.286). The results of the 
A-TEEM-PLS technique under optimized and validated conditions 
were as follows: a low limit of detection (LLOD:4.01×10-8 M), a 
reasonably wide working range (WWR: 1.16 × 10-8 - 1.16 ×10-6 M), 
a narrow mean relative standard deviation (MRSD: 0.198 %), and a 
high recovery (R: 101%). These findings demonstrate the importance 
of using the straightforward and effective A-TEEM-PLS method to 
detect and monitor this ubiquitous environmental material in aquatic 
systems. 

Keywords:
Fluorescence excitation-emission 
matrices spectroscopy,
Absorbance-transmittance 
spectroscopy,
Galaxolide,
Surface water,
Multivariate analysis,
Analytical method 

A R T I C L E  I N F O :
Received 26 May 2024
Revised form 30 Jul 2024
Accepted 27 Aug 2024
Available online 29 Sep 2024

*Corresponding Author: Nhamo Chaukura
Email: nhamo.chaukura@spu.ac.za
https://doi.org/10.24200/amecj.v7.i03.322

1. Introduction 
Galaxolide, hexahydro-4,6,6,7,8, hexamethyl 
cyclopenta[g]benzopyran (HHCB), is a synthetic 
polycyclic musk that is used as a fragrance component 
in an assortment of personal care products, including 
cosmetics, perfumes, shampoos, detergents, lotions, 

fabric softeners, and cleaning agents (Fig.1). Because 
of its extensive usage in personal care products, 
HHCB is commonly found in aquatic systems 
[1,2]. The chemical structure of HHCB renders 
it recalcitrant to hydrolysis under environmental 
conditions; hence, it will persist in aquatic systems. 
Given that HHCB is toxic to marine life and humans, 
studies into its prevalence, toxicity, characterization, 
and treatment have recently attracted considerable 
attention [3,4]. Human exposure pathways include 
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the skin, lungs, and gastrointestinal tract. Due to 
the capacity to interfere with hormonal function 
in humans [5,6], HHCB has been assigned a 
moderate risk to human health. Many ailments 
related to metabolism, behavior, reproduction, and 
development are linked to hormone disruption. 
Consequently, the U.S. Environmental Protection 
Agency (EPA) classified HHCB as a high-priority 
substance [7,8]. Therefore, extracting, characterizing, 
and removing HHCB from environmental water 
sources is crucial. Therefore, simple, reasonably 
priced techniques are crucial for identifying HHCB 
in aquatic settings.  The occurrence of HHCB 
has been reported in various aquatics systems 
worldwide. For example, surface waters in Canada, 
Sweden, the USA, Korea, China, and Austria have 
high HHCB concentrations of as high as 1.017 × 10-7 M 
[9-11]. In South Africa, water samples from Gauteng, 
the North West, and Mpumalanga Provinces had 
high HHCB concentrations (1.361 × 10-5 M) [12,6]. 
With the aid of a light beam, electrons of certain 
compounds are excited and, upon relaxation, 
release light in the process of fluorescence [13,14]. 
Fluorometry, or fluorescence spectroscopy, is an 
instrumental method of analyzing the light emitted. 
For HHCB determination, an aqueous solution 
containing HHCB is scanned on a simultaneous 
absorbance-transmittance and excitation-emission 
matrices (A-TEEM) spectrometer. By concurrently 
acquiring the three-dimensional (3-D) excitation-
emission matrices and the absorbance spectra, 
the effects of inner filters are removed, allowing 
for accurate interpretation of the data [15] and 
minimization of variations resulting from sample 
conditions or geometry [16]. The fluorescence 
spectral data are then interpreted using chemometric 
algorithms, for example, partial least squares 
(PLS), extreme gradient boosting (XGB), artificial 
neural networks, and parallel factor (PARAFAC) 
analyses. The versatility of the A-TEEM method, 
in conjunction with multi-way analysis, allows the 
examination of various organic materials. Hence, 
this method presents a water quality monitoring 
tool that is quick, nearly real-time, sensitive, user-
friendly, cost-effective, reagent-free, and extraction-

free [17]. A-TEEM spectroscopy has been used in 
several analyses, including the characterization of 
aromatic petroleum hydrocarbons or oils, polycyclic 
aromatic hydrocarbons [18], dyes [19], monitoring 
micropollutants [17] membrane integrity [20], and 
monitoring extracellular polymeric materials [21]. 
Multivariate analysis provides a more thorough 
analysis of the data by examining every potential 
independent variable and how they might relate to 
each other. This, consequently, assists in making 
decisions about procedures, forecasting future 
results, and fixing errors. The cause-and-effect 
relationships between variables can be determined, 
and large data sets can be analyzed.      The main 
analytical techniques for the analysis of HHCB 
include high-performance liquid chromatography 
(HPLC) and gas chromatography in tandem with 
mass spectrometry (GC/MS) [22-24]. This is after 
sample treatment using solid-phase microextraction 
[24] and photolytic breakdown [25]. Some of the 
benefits of GC/MS over alternative techniques 
include high separation efficiency, identification of 
isomers, instrument accessibility, reproducibility, 
sensitivity, robustness, low cost, and ease of use [26-
28]. Herein, A-TEEM-PARAFAC and A-TEEM-
PLS techniques for identifying and quantifying 
HHCB in surface water samples, respectively, at 
trace levels were developed, optimized, and validated 
for analyzing surface water samples laced with 
HHCB following some International Conference on 
Harmonization [29], United States Pharmacopeia 
[30], and American Society for Testing and Materials 
[31], recommendations and meeting requirements 
for acceptance. The EEM data acquired using the 
A-TEEM were analyzed using optimized three-way 
PARAFAC and PLS models. The qualitative analysis 
model for HHCB and fluorophores in surface water 
was established using PARAFAC modeling. Then, 
the categorization of fluorophores in HHCB-spiked 
surface water was performed based on previous 
studies. The model for quantitative analysis of HHCB 
was developed by applying PLS modeling, and then 
the concentration of HHCB in the validation sets was 
determined. Excellent and relevant statistical results 
were obtained to quantify HHCB in surface water.
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2.  Experimental
2.1. Materials and reagents
Analytical grade (AG) of methanol (CAS Number: 
67-56-1) and HHCB (CAS Number: 1222-05-5) 
with a purity grade of 99%, and 0.45 micron glass 
microfiber (GMF) filters were purchased from 
Sigma-Aldrich® (Johannesburg, South Africa). 
Deionized water was produced using an Elix 
Integral 10 filter for water from Merck Millipore 
(South Africa). 

2.2. Sampling
The Florida stream in Johannesburg, Gauteng, South 
Africa (26.1739° S, 27.8971° E) was the source of 
grab water samples taken on January 31, 2023, 
in one liter of clean amber glass bottles [32]. The 
samples were then kept at 4°C before being spiked 
with HHCB, and their fluorescence characteristics 
were examined. Subsequently, the samples were 
allowed to warm to room temperature, filtered 
through 0.45 micron GMF filters, and spiked with 
known concentrations of HHCB.

2.3. Preparation of a stock solution and an 
intermediate standard solution
A 100 mL volumetric flask containing 0.102 g of 
99% pure HHCB was weighed using a Mettler 
Toledo analytical balance (Greifensee, Switzerland). 
This was dissolved in methanol and then topped to 
the mark to produce a 3.87 × 10-3 M stock solution. 

In a 100 mL volumetric flask, 0.1 mL of the stock 
solution was diluted to the mark with AG methanol 
to give a 3.87 × 10-6 M intermediate standard 
solution. 

2.4. General procedure
2.4.1.Titration method for calibration
 Aliquots of filtered surface water samples and 
intermediate HHCB standard solutions were placed 
in the same quartz cuvette to obtain 100 calibration 
standards with concentrations within the 1.16 × 10-8 

to 1.16 × 10-6 M range and 20 validation samples 
with HHCB concentrations within the 5.8 10-8 to 
1.16 × 10-6 M range. On completion, the cuvette had 
a total volume of 4000 µL. After that, the cuvette 
was vigorously shaken to homogenize the sample. 
To rule out the possibility of methanol altering the 
solution’s refractive index or creating a luminous 
background, less than 2% of the final methanol 
concentration in the cuvette was maintained [33].  

2.4.2.Instrumental and software
Absorbance spectra and EEM data were collected 
from surface water samples that had been spiked 
with HHCB-standard solutions and samples that 
had not, using the Aqualog® spectrometer (HORIBA 
Yobin Yvon model UV-800C, New Jersey, USA). 
The instrument was set at a fixed optical slit width 
of 5 nm, emission wavelengths between 245.21 
and 827.32 nm separated by 8 pixels (4.66 nm), 
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Fig. 1. Galaxolide chemical structure
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and excitation wavelengths between 200 and 800 
nm separated by 5 nm. Data from the EEM were 
gathered using the sample queue technique, and the 
EEM spectra were used as fluorescent signatures. 
 
2.4.3.PARAFAC modeling
 The 120 EEM dataset was modeled using 
PARAFAC via Eigenvector Solo software (version 
8.7). Inner filter effects, primary and secondary 
Raman scatter, and artifactual first- and second-
order Rayleigh scatter were all corrected using 
customized spectrometer software functions [34].  
For EEM filtering, the first-order Rayleigh filter 
was set to 16 nm and the second-order Rayleigh 
filter to 32 nm. The default Raman shift of 3382 
cm-1 and a filter half-width of 16 nm were used to 
eliminate Raman scattering. The Ex/Em 350/396.5 
nm 2D-spectrum of a sealed water-Raman cuvette 
was measured and used to normalize the corrected 
EEM into Raman units. The bandwidth was 
adjusted to avoid fluorescence peaks crossing 
over or getting too close to the Rayleigh or Raman 
scatter. A PARAFAC model must be fitted with the 
correct number of components for the chemical 
interpretation to be valid. Models with one to 
five components were validated using split-half 
analysis, spectral loadings, the core consistency 
diagnostic, and the percent captured variance.
  
2.4.4.PLS modeling
A calibration model was built using 100 EEM spectra 
from the calibration set, and a validation model was 
tested using 20 EEM spectra. This allowed for the 
analysis of the concentration of HHCB validation 
samples. Eigenvector Solo software suite version 
8.6 was used to perform the PLS analysis program 
for model building and validation. PLS modeling 
compared the variables in the EEM data to variables 
in the HHCB concentration. When using the 
Solo software suite, the PLS workflow has three 
primary phases: (1) EEM data importation: Mean-
centering is used to preprocess the data after they 
have been imported. Beginning with the one with 
the most minor partial correlation with the EEM 
data variable, each HHCB concentration variable is 

gradually removed from the equation. The process 
is terminated when none of the equation’s variables 
satisfies the elimination requirements. In this work, 
latent variables (LVs) were chosen; (2)  EEM data 
splitting: A total of 120 EEM data points were 
manually divided into two datasets: a validation 
dataset (20 data points) and a calibration dataset (100 
data points); and (3) Iterations: Cross-validation 
is repeated until the lowest root mean square error 
for cross-validation (RMSECV) and highest R2 
values are obtained. A preprocessing step was not 
performed on the spectral (X-block) calibration 
dataset. After mean-centering and autoscaling [35], 
the concentration calibration (Y-block) data were 
preprocessed. The calibration, cross-validation, 
and prediction correlation coefficients were used 
to assess the efficacy of the regression model. 
Based on the parameters of the generated error 
matrix, the data were classified using the strict (p 
> 0.5) and most likely rules of the total number of 
positive identifications. The quality of the model 
was assessed by evaluating several PLS model 
performance parameters derived from PLS analyses 
of the EEM data from surface water samples spiked 
with HHCB standard solutions at concentrations 
ranging from 1.16 × 10-8 to 1.16 × 10-6 M. The 
parameters included the number of LVs, the slope 
of the calibration curve, the correlation coefficients 
for calibration (R2 Cal), cross-validation (R2 CV), 
and prediction (R2 Pred), bias in the calibration and 
prediction processes, and r oot mean square errors 
for calibration (RMSEC), prediction (RMSEP), and 
RMSECV.  

2.5. Validation of spiked samples
Origin version 8.6 was used to regress further the 
data obtained from the PLS analysis of the validation 
samples. A regular residual versus the HHCB 
concentration plot and a predicted and measured 
HHCB concentration plot were generated. The 
regression parameters were generated using the 
predicted and measured HHCB concentration plot, 
and they were then combined with other goodness-
of-fit parameters to create a linear regression report. 
The regression parameters included slope, standard 
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error of the slope, intercept, and adj. R2, Pearson 
r value, residual sum of squares, and intercept 
standard error. Plotting the regular residual against 
the HHCB concentration provides the residual 
distribution. The statistical parameters for the 
degrees of freedom, sum of squares, mean squares, 
F-value, and Prob > F or p-value were obtained 
in an ANOVA table. The F value was used to 
determine the statistical significance of the analysis 
at p-value (Prob > F). The relationship between 
the predicted and measured HHCB concentration 
variables was determined by calculating the p-value 
(Prob > F value), which was used to evaluate 
the null hypothesis, which claims that there is 
no relationship between any of the measured or 
predicted HHCB concentrations [36].

2.5.1.Limits of quantitation and detection
Based on the slope and intercept of the calibration 
curve as well as the intercept standard error, the 
limits of detection (LOD) and limits of quantitation 
(LOQ) of HHCB were calculated and showed 
in Equations 1 and Equations 2, respectively 
[33]. Table 1 of the report on linear regression 
analysis contains the appropriate linear regression 
parameters used to compute the LOD and LOQ. 

 (Eq.1)

 (Eq.2)

2.5.2.Method recovery
Three concentrations of HHCB standards were spiked 
into blank surface water samples. These were (1) close 
to the highest possible quantitation (high), (2) close 
to the middle of the calibration range (medium), and 
(3) close to the quantification point (low). After that, 
the fluorescence spectra of the samples were obtained 
to evaluate the validity of the recovery method. The 

calibration spectra were acquired similarly to the 
spectra of the validation samples to provide accurate 
results. The percentage recovery (Equation 3) was 
computed at three HHCB concentrations (1.16 × 10-8, 
3.503 × 10-7, and 1.16 × 10-6 M) [37]:

 

(Eq.3)

Previous studies show that the recommended 
range for the mean recovery is between 70% and 
120% [38]. Based on the outcomes, compliance 
with these recommendations was evaluated. T he 
concentrations of HHCB in three surface water 
samples spiked with HHCB standard solutions at 
concentrations of 1.16  10-8, 3.503  10-7, and 1.16  
10-6 M were measured four times each using the 
A-TEEM-PLS technique. The relative standard 
deviation (%RSD) was calculated as Equation 
4 [39]. The %RSD must be at least 2% as the 
acceptance criterion [40]. 

(Eq.4)

3. Results and discussion
3.1. Fingerprint of the excitation-emission 
matrix of HHCB
We compared the two-dimensional (2-D) 
fluorescence spectra of two surface water samples 
one spiked with HHCB and the other not spiked 
with HHCB (Fig. 2). Figure 2a shows the EEM of 
fluorescent organic matter in a neat (baseline or 
blank) surface water sample. In the neat surface 
water sample, it was discovered that the fluorophores 
showed wavelengths of 230–425 nm for excitation 
and 325–600 nm for emission, suggesting the 
presence of humic substances [RS 41, RS42]. Figure 
2b shows the molecular fingerprint of the EEM of 
HHCB in a surface water sample that was spiked 
with 8.13 × 10-8 M of HHCB. This figure shows that 
the wavelengths at which HHCB was found to excite 
and emit were ~275 and ~296 nm, respectively. 
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104

3.2. PARAFAC modeling and validation
Four components were the ideal number because the 
explained variance, split-half similarity evaluation, 
core consistency, spectral loadings, and component 
identification were balanced. Figure 3 shows the 
2-D contour maps of EEMs for the four fluorophores 
identified in surface water samples spiked with HHCB, 
as determined by PARAFAC. The categorization of 
the PARAFAC components shown in this figure was 
performed after a review of the literature. Component 
#1, which had maximum wavelengths of ~270 and 
~300 nm, respectively, for excitation and emission, 
represented HHCB (Fig. 3a). This component’s Ex/
Em wavelength pair almost agreed with those used 
for fluorescence detection of HHCB in a previous 
study [25]. The second, third, and fourth components 
represented organic substances that resembled 
tryptophan (Fig. 3c) [RS43], fulvic acid (Fig. 3e), and 
humic acid (Fig. 3g) [RS44] with maximum excitation 
and emission wavelengths of, respectively, ∼ 390 and 
450 nm [RS45], 240 to 320 nm and ∼ 450 nm, and 
∼ 390 and 450 nm [RS46]. Furthermore, the spectral 
loading plots for emission and excitation wavelengths 
produced by PARAFAC modeling of the EEM data 
are shown in Figures 3b, 3d, 3f, and 3h. These plots 
correspond with the wavelengths at which the 2-D 
contour plots of the emission and excitation of the 
four components are depicted.

3.3. PLS modeling and validation
Figure 4 displays the fluorescence spectra for 
120 HHCB-spiked samples of surface water 
(Figure 4a) [RS47]., as well as the evolution of 
the RMSECV, represented by a blue line, and the 
fundamental RMSEC, represented by a green line, 
depending on the number of latent LVs used to 
construct the PLS HHCB prediction model (Figure 
4b). Upon analyzing the peaks visually, a single 
area exhibiting a maximum emission wavelength 
of ~296 nm was identified and is shown in Figure 
4a.  A minimum of 5 LVs is shown (Figure 4b) 
[RS48]. 
Plots of samples and scores were created to 
locate and ostensibly eliminate outliers (Fig. 
5) [RS49]. The measured and predicted HHCB 
concentrations using the 120 EEM spectra show 
a strong correlation, with a high R2 Cal value of 
0.966 in Figure 5a. The plot of scores on LV2 and 
LV1 indicated six outliers (Fig. 5b). There were a 
significant number of outliers on the plot that were 
outside the 95% confidence intervals (blue dashed 
lines), according to the Q residuals reduced versus 
the T2 statistic of the Hotelling plot (Fig. 5c).  Four 
observations with high leverage in the middle and 
left of the plot shown in Figure S2d were noted. 
All outliers were eliminated because they can 
skew statistical analyses [RS50]. 

Anal. Methods Environ. Chem. J. 7 (3) (2024) 99-112

Fig. 2. The 2-D EEMs of two samples of surface water: (a) one that is unspiked (DOC = 1.73 ppm) 
and (b) HHCB (1.74 × 10-7 molL-1) spiked in surface water
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Fig. 3. Four-constituent PARAFAC model: 2-D EEM maps and spectral loadings for excitation and emission 
of the four constituents of the HHCB-spiked surface water spectral dataset. Components #1, #2, #3, and #4 

represent, HHCB, organic material resembling tryptophan acid, organic material resembling fulvic acid, and 
organic material resembling humic acid.
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Fig. 5. Plots of (a) predicted versus measured HHCB concentration (M), (b) scores on LV2 versus scores on LV1, 
(c) Q residuals reduced versus Hotelling’s T2 statistic, and (d) studentized residuals HHCB (M) versus leverage for 

the HHCB concentration range (1.16 × 10-8 and 1.16 × 10-6 M)

Figure 4 (a) Emission spectra for 120 surface water samples that were spiked with HHCB 
standard solutions at concentrations between 1.16 × 10-8 and 1.16 × 10-6 M.

(b) Development of the RMSECV (blue line) and the basic RMSEC (green line) per the number 
of LVs used to build the PLS HHCB prediction model. A minimum of 5 LVs is shown.
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Figure 6 shows the calibration and validation of HHCB 
concentration curves after dividing 120 HHCB EEM 
spectra into two sets of data: a validation set of 20 data 
points (red diamonds) and a calibration set of 100 data 
points (black dots). According to the performance 
parameters, all validation samples for the PLS model 
demonstrated accuracy and dependability. There was 
a value of 6.3 × 10-8 M in the calibration set, and 
8.058 × 10-8 M was found in the validation set for the 
RMSECV. These results implied excellent robustness 
and predictive accuracy of the PLS model [51].

3.4. Spike sample validation results
The measured versus predicted HHCB concentration 
plot shows 95% confidence and prediction intervals 
(Fig. 7a). It is necessary to compute the confidence 
interval for each potential value of the independent 
variable. Figure 7b shows the regular residual 
versus the HHCB concentration plot. The linear 
regression model successfully predicted the data, as 
demonstrated by the regular residuals of ±7.74 × 10-8 
M and the randomly distributed points on the residual 
plot along the horizontal axis [52]. 
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Fig. 6. A graph of the measured HHCB concentration (M) against the predicted one for a validation dataset 
consisting of 18 data points (shown as red diamonds) and a calibration dataset composed of 100 data points (shown 
as black dots) along with the performance metrics of the PLS model for the examination of HHCB-spiked surface 

water are shown. LVs is an abbreviation of latent variables, RMSEC means calibration root mean square error, 
RMSECV means cross-validation accuracy root mean square error, RMSEP means root mean square error of 

prediction, R2 (Cal, CV) means calibration and cross-validation accuracy correlation coefficients, R2 Pred stands for 
the prediction accuracy correlation coefficient, and CV bias is bias brought on by the coefficient of variation.

Fig. 7. (a) The linear fit of the data from the HHCB validation.
(b) The HHCB regular residuals against the HHBC concentration graph Mol L-1

Table 1. The linear regression analysis report
for the analysis of HHCB (From Origin V8.6)

Parameter Value
Number of LVs 5
% Variance captured 95.42
RMSECV (M) 8.058 × 10-8
RMSEC (M) 6.3 × 10-8
RMSEP (M) 5.613 × 10-8
R2 (Cal, CV) 0.966, 0.944
R2 Pred 0.976
RPD (RMSECV, RMSEP) 1.715, 1.187
Slope of calibration curve 1.00
Prediction Bias –0.623
Calibration Bias 1.554
CV Bias 1.036 
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3.5. Statistical evaluation
The linear regression parameters are shown in 
Table 2. The small residual sum of squares in the 
linear regression analysis of HHCB concentrations 
suggests that the PLS model adequately fits the data 
[RS53]. The small intercept standard error value for 
the HHCB regression analyses (Table 2) proved 
that the analytical approach was valid [RS54]. 
The predicted HHCB concentration could account 
for 98.0% of the variation in the measured HHCB 
concentration, according to the linear fit with R2 = 
0.98.
Furthermore, a highly significant F value of 775.325 
[RS55] indicates that the model correctly predicted 
the HHCB concentration. The Prob > F (p-value) of 
5.551E-15 (Table 3) showed significant goodness of 
fit between the model and data, further supporting 
the significance of the analytical method from a 
statistical standpoint [RS56]. The p-value, which 
was less than 0.05, meant that the null hypothesis 

according to which there should be no relationship 
between any of the predicted HHCB concentrations 
and the measured HHCB concentrations was not 
accepted [RS57].

3.6. Detection and quantitation thresholds
 The lowest concentration of HHCB in surface water 
that the suggested method could reliably detect 
was 5.9 × 10-8 M, and the lowest concentration 
of HHCB that the technique could quantify while 
still maintaining the required levels of precision, 
accuracy, and uncertainty was 1.97 × 10-7 M. 

3.7. Recovery of the proposed technique
As per the UNODC [RS58] and BioPharma 
international [RS59] guidelines, Table 4 presents 
the percentage recoveries of the method at the three 
concentration levels. The average recovery results, 
which came in at 101.12% of the predicted value, 
demonstrated the method’s accuracy. 
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Table 2. The linear regression analysis report for the analysis of HHCB 
(From Origin V8.6)

Parameter Value
Residual sum of squares 2352.03
R-Square (COD)
Adj. R-Squared
Pearson’s r value
Intercept
Standard error of the intercept
Slope
Standard error of the slope

0.98
0.979
0.99

1.288
6.464
1.086
0.019

Table 3. ANOVA table for linearity of the HHCB regression model
ANOVA Mean Squares Sum of Squares Prob > F F Value Degrees of Freedom
Model ------- 113974.198 5.551E-15 775.325 0
Error 147.002 2352.03 ------- ------- 16
Total ------- 116326.228 ------- ------- 16

Table 4. Percentages of HHCB recovered from surface water samples spiked
at three distinct concentration levels

Measured HHCB conc.
 (mol L-1)

Predicted HHCB conc. 
(mol L-1)

Recovery
   (%)

1.161  10-8 1.17  10-8 100.78
3.503  10-7 3.572  10-7 101.97 

1.161  10-6 1.168  10-6 100.6 
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3.8. Relative standard deviation
﻿HHCB concentrations typically had low % RSD 
during replicate measurement concentration. 
The fact that these RSD values are less than 
the acceptance threshold of 2.0% indicates the 
procedure for determining the HHCB concentration 
was accurate and consistent [40 and RS60]. 
The %RSD values of 0.195, 0.149, and 0.249 at 
HHCB concentrations of 1.106 × 10-8, 3.513 × 
10-7, and 1.106 × 10-6 M, respectively, showed the 
effectiveness of the A-TEEM-PLS approach for 
HHCB analysis in surface water. 

4. Conclusion
Using the fluorescence EEM data along with the PLS 
and PARAFAC chemometric modeling, it was possible 
to identify and measure HHCB in surface-level water. 
The fluorescence EEM data from surface water laced 
with HHCB allowed the two chemometric models to 
produce much more focused information. The HHCB 
could be detected by acquiring the fluorescence EEM 
contour plots and PARAFAC modeling of these. The 
maximum excitation and emission wavelengths for 
HHCB in surface water were ∼ 270 and 296 nm, 
respectively. PLS modeling of fluorescence EEMs 
with detection and quantification limits in the lower 
parts per billion range can be used to predict HHCB 
concentrations in water.  The following parameters 
defined the optimized and validated A-TEEM-PLS 
technique: working range (1.16 × 10-8 to 1.16 × 10-6 
M) recovery (101%), mean relative standard deviation 
(0.198%), LOD (4.01 × 10-8 M), and LOQ (1.203 × 
10-7 M). Using extraction- and reagent-free methods 
for fluorescence measurement of water contaminated 
with HHCB has allowed the development of a simple-
to-use, cost-effective, sensitive, and rapid approach 
to measuring HHCB at minute amounts in water 
samples. Only surface water filtration is required. 
Thus, environmental monitoring can be conducted 
regularly using the suggested methodology, especially 
in areas where HHCB is more pronounced. 
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