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Abstract: Drinking water treatment plants (DWTP) use chlorination as an oxidation stage in the
first step of the processes used to eliminate the natural organic matter (NOM) responsible for the
formation of 2-methylisoborneol (2-MIB) and Geosmin (GM), which produce odor and taste to
the water. However, chlorination processes give rise to disinfectant toxic subproducts, such as
trihalomethanes (THMs). In this work, a headspace solid-phase microextraction coupled with a gas
chromatography/mass spectrometric method has been developed for the quality control of drinking
water. 2-MIB, GM, and THMs at different stages of the drinking water treatment process were
monitored. The method was validated following the Environmental Protection Agency guidelines.
Neither carryover nor the matrix effect was observed. The performance of the method was satisfactory
in terms of selectivity, repeatability, and accuracy and exhibited a linear concentration range of
0.8-50 pg/L for trichloromethane (TCM), 0.05-20 ug/L for bromodichloromethane, 0.01-20 pg/L
for dibromochloromethane and tribromomethane, and 0.005-0.05 pug/L for GM and 2-MIB. The
THMSs concentration obtained for all the water samples was below the thresholds established by
international organizations and, for 2-MIB and GM, were lower for their limit of quantification. The
method was also applied to the adsorption kinetic study of TCM on granulated activated carbon,
which is the main barrier to reducing the NOM in DWTP.

Keywords: trihalomethanes; geosmin; 2-methylisoborneol; solid-phase microextraction; gas chro-
matography; mass spectrometry

1. Introduction

Due to the presence of natural organic matter (NOM) in natural drinking water sources,
water should be processed before consumption. This process includes disinfection, co-
agulation, flocculation, decantation, filtration, and adsorption procedures. Disinfection
steps are carried out by adding water-soluble oxidizing substances. These procedures are
necessary since they prevent the formation and spread of microorganisms and pathogens in
the aquatic environment. Chlorine and its derivatives are the most widely used water disin-
fectants. These products react with the NOM present in the water, giving rise to disinfection
by-products (PDDs), among which are trihalomethanes (THMs) [1]. Trichloromethane
or chloroform (TCM), bromodichloromethane (BDCM), dibromochloromethane (DBCM),
and tribromomethane or bromoform (TBM) are the THMs that can have adverse health
effects. TCM and BDCM are classified by the International Agency for Research in Cancer

Chemosensors 2023, 11, 84. https:/ /doi.org/10.3390/chemosensors11020084

https:/ /www.mdpi.com/journal /chemosensors


https://doi.org/10.3390/chemosensors11020084
https://doi.org/10.3390/chemosensors11020084
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com
https://orcid.org/0000-0001-6294-4830
https://orcid.org/0000-0002-2027-9411
https://orcid.org/0000-0002-2103-9073
https://orcid.org/0000-0001-9046-6602
https://orcid.org/0000-0001-5861-2390
https://doi.org/10.3390/chemosensors11020084
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com/article/10.3390/chemosensors11020084?type=check_update&version=1

Chemosensors 2023, 11, 84

20f12

(IARC) as possible group 2B carcinogens for humans, while DBCM and TBM belong to
group 3 [2]. The laws of different countries have established maximum concentration limits
for THMs in drinking water because of the inconveniences produced by the ingestion
and/or exposure to these products. The European Union (EU) [3] and the Environmental
Protection Agency (EPA) [4] of the United States have laid down concentration thresholds
for the total THMs of 100 and 80 pg/L, respectively. On the other hand, the World Health
Organization (WHO) [5] establishes specific guide values for some of the THMs, which are
300 ug/L for TCM, 60 pg/L for BDCM, and 100 ug/L for DBCM and TBM.

The adsorption operation using granulated activated carbon (GAC) is the main barrier
for the control of THMs used in a drinking water treatment plant (DWTP) as the medium in
a filter or a post-filter adsorbent [6]. Chemviron [7] is the most widely used GAC in the liter-
ature. This carbon presents the ability to remove a wide range of compounds such as odor,
taste, and color-causing compounds such as NOM, THMs, and other toxic compounds.

In drinking water production, the taste and odor compounds of the water are mainly
produced by metabolites from algae and bacteria. These compounds need to be removed
due to the many complaints from consumers about the modification of the organoleptic
properties of drinking water, especially during the warmer periods of the year. They
are costly to remove from water. Therefore, different treatment techniques, apart from
GAC, can be applied as membrane filtration, ozonation, electrodialysis, or heterogeneous
photocatalysis. Nevertheless, in some cases, they are not efficient, so there are studies on
other treatments, such as algaecide application [8] or oxygen nanobubbles [9].

The main taste and odor compounds (T&Os) are 2-methylisoborneol (1,2,7,7-
tetramethylbicyclo[2.2.1]heptan-2-0]l, C;1H0O) and Geosmin ((4,4a,8a)-4,8a-dimethyl-
1,2,3,4,5,6,7,8-octahydronaphthalen-4a-ol, C1,HO), which are responsible for the musty
smell and earthy flavor, respectively. 2-Methylisoborneol (2-MIB) is generated by blue-
green algae, such as the Anabaena cyanobacteria, while Geosmin (GM) is produced mainly
by the antinobacteria Streptomyces coelicolor and other cyanobacteria [10]. The smell of
2-MIB and GM, compounds studied in this work, are detectable at very low concentration
levels of around 0.01 ug/L. The existence of outbreaks of algae and bacteria in an aquifer, as
a result of high levels of nutrients, generates an increase in the concentrations of compounds
that alter the smell and taste of the water, reaching levels above the detection thresholds.
Although these compounds are not toxic and do not have a value regulated by WHO, they
can serve as an indication of the presence of other organic compounds or derivatives of
cyanobacteria, such as microcystin, which is toxic [11].

The development of a method to determine THM, 2-MIB, and GM is an important task
that facilitates the monitoring of the effectiveness of the process to produce drinking water
along the potabilization process and the monitoring of the water quality in the distribution
system. Furthermore, an analytical methodology for the analysis of these compounds
would help the accomplishment of two of the seventeen Sustainable Development Goals
(SDGs) [12] that need to be met. They are number six, clean water and sanitation, which is
manageable in general through a DWTP, and number three, health and well-being through
GAC adsorption and air stripping processes.

The low concentration levels in which THMs and T&Os are found in drinking water
make it necessary to pre-concentrate the samples before their analysis. THMs in drink-
ing water is determined by gas chromatography (GC) [13-21] due to their low boiling
temperatures and their polarity, although the bibliography also includes analysis using
non-chromatographic techniques such as electrochemistry [22] or spectrophotometric de-
termination based on the Fujiwara reaction [23]. The most commonly used detectors for
chromatographic analysis are the electron capture detector (ECD) [13-15,21] and mass
spectrometry (MS) [16-20]. T&Os, due to their volatile nature, have been analyzed by
GC/MS [24-29]. In the bibliography, fluorobenzene (FB) [17], dilodomethane (DIM) [20],
and cis -decahydro-1-naphthol (DHN) [26] have been used as internal standards (IS) for
THMs, 2-MIB, and GM.
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The bibliography includes different procedures for the sample treatment of these
groups of analytes separately, such as liquid-liquid extraction (LLE) [16,24], liquid phase
microextraction (DLLME) [13,25], purge and trap extraction (P&T) [18,26], solid phase
extraction (SPE) [15,23,24], static headspace (HS) [21], or HS solid phase microextraction
(HS-SPME) [14,17,19,27-29]. HS-SPME offers advantages over other techniques since it
avoids the use of organic solvents, requires smaller amounts of the sample, increases the
sensitivity of the method, minimizes interferences, and is fully automated and easy to use.

Therefore, the main objective of this work was the rapid and simultaneous deter-
mination of THMs,2-MIB, and GM in water samples in different stages of the DWTP.
For this purpose, headspace solid-phase microextraction (HS-SPME) was chosen as a
pre-concentration step, and gas chromatography-mass spectrometry (GC/MS) was the
analytical technique used. Optimization and validation of the HS-SPME-GC/MS analytical
method were carried out. Samples were taken from the experimental drinking water pilot
plant of Etxebarri (43°24'94” N-2°89'82” W), managed by the Consorcio de Aguas Bilbao
Bizkaia (Basque Country, Spain). Furthermore, this method was applied to carry out a
parametric analysis of the granular activated carbon (GAC) sorption capacity of TCM.

2. Materials and Methods
2.1. Chemicals and Reagents

Multicomponent solutions of THMs (TCM, BDCM, DBCM. and TBM) in MeOH at
concentrations of 2 mg/L and 200 mg/L (LGC standards, Dr. Ehrenstorfer, North Carolina,
USA) were used as the standard. Compounds () GM (96.7%), 1B (96.8%), and a 100 pg/mL
solution of 2-methylisoborneol in methanol were purchased from Dr. Ehrenstorfer (LGC
standards, Augsburg, Germany). Cis-decahydro-1-naphthol and diiodomethane 99% were
supplied by Sigma-Aldrich (St. Louis, MO, USA). Solutions were stored at the temperature
indicated by the supplier, —20 °C for () Geosmin and at 4 °C for the rest of the compounds.

NapHPO, (PanReac AppliChem, Darmstadt, Germany) and KH,PO, (PanReac Ap-
pliChem, Darmstadt, Germany) were used for a buffer preparation to maintain the pH
of the water samples between 4.8 and 5.5. NayS,03 (PanReac AppliChem, Darmstadlt,
Germany) was used as the dechlorinating agent in order to stop THM formation.

Filtrasorb 400 was used as GAC since it has a pore structure and a great number of
transport pores. These properties make the GAC suitable for the adsorption of a wide
range of organic compounds, both specific micro-pollutants, and natural organic matter,
according to specifications of the Chemviron trademark (Feluy, Belgium).

2.2. Sampling Procedure

Sampling was carried out in raw water (an underground spring and a river) and in
the experimental drinking water pilot plant of Etxebarri (Bizkaia, Spain) between October
2020 and December 2021. Samples were analyzed in triplicate.

On the one hand, in order to evaluate the formation of THMs and the concentration
of T&Os during the treatment of the water in the DWTP and to ensure water quality until
supply, one sample per day was collected at the end of the process (sampling point 1 of
Figure 1) from October 2020 to December 2021. On the other hand, an analysis of the
samples collected before and after the air-stripping process, which was realized when
the water was stored for further supply, was carried out from June to December 2021. In
this process, water samples were taken from two points, in the inlet of the air-stripping
chamber and in the exit of the chlorine stabilization chamber (sample points 2 and 3 of
Figure 1, respectively).

For the sampling, 250 mL amber bottles (Scharlab, Barcelona, Spain) were used, which
were filled to a total volume of 327 mL without leaving head space, to avoid the loss of
THMs, 2-MIB, and GM due to volatilization. A total of 5.5 g of the buffer-dechlorinating
agent mixture was added, as recommended by the EPA 551.1 standard. The samples (5 mL)
were diluted 1:1 with MilliQ water and introduced into 20 mL HS vials with magnetic caps
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with PTFE/silicone septa for analysis by HS-SPME-GC/MS. Samples were stored at 4 °C
until the analysis, which was performed within 14 days.

Raw water
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Figure 1. Sampling points in the DWTP.

2.3. HS-SPME-GC/MS Method
2.3.1. Chromatographic Conditions

The chromatographic separation was carried out using a model 7890A gas chromato-
graph (Agilent Technologies, Santa Clara, CA, USA), with a DB-5MS UI column, from
the same commercial company, of 30 m x 0.32 mm, and 0.25 um, with a stationary phase
consisting of 5% phenyl-methylpolysiloxane. Helium (Air Liquide, France) has been used
as a carrier gas (purity > 99.999%) with a gas flow rate of 1.2 mL/min. The injection tem-
perature was held at 200 °C. The samples were injected in the splitless mode by using an
autosampler (PAL System CTC Analytics, Switzerland). The column temperature started at
40 °C and was held for 4 min; then it was increased to 90 °C at 12 °C/min and up to 250 °C
at 20 °C/min before being held for 2 min. A mass spectrometer detector, model 5975C
(Agilent Technologies, Santa Clara, CA, USA), with an electron impact ionization source of
70 eV, was used. The temperatures of the MS source and MS transfer line were set at 230 °C
and 265 °C, respectively. The mass range used in the SCAN mode was 25-350 m/z.

2.3.2. HS-SPME Procedure

Three types of SPME fibers were evaluated to select the appropriate coating for the
extraction of THMs, 2-MIB, and GM. The definition and resolution of the chromatographic
peaks, together with the sensitivity obtained, were the criteria used for their selection.
Polydimethylsiloxane (PDMS), carboxen/polydimethylsiloxane (CAR/PDMS), and poly-
dimethylsiloxane/divinylbenzene (PDMS/DVB) fibers from the Supelco brand (Bellefonte,
PA, USA) were studied. The fibers were conditioned at 250 °C for 30 min prior to use, as
recommended by the commercial company.

The critical parameters for the HS-SPME method development, such as extraction
temperature, extraction time, the stirring speed in the extraction, desorption temperature,
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and time were chosen based on the experience of the research group, and the bibliography
was consulted [14,17,28,29]. The extraction temperature and time were 55 °C and 600 s,
respectively, at 500 rpm. The desorption temperature and time were set at 200 °C and
120 s. Sample equilibrium time before the extraction was set at 180 s at 55 °C in order to
temper the sample before extraction since the sample was stored at 4 °C. Finally, the fiber
conditioning time after injection was held at 400 s. Phosphate buffer salts added in the
water sampling helped to favor the extraction of the analytes on the SPME fiber through
the salting out effect.

2.4. HS-SPME-GC/MS Method Validation

In this work, the validation of the HS-SPME-GC/MS method will be carried out
following the parameters established by the Environmental Protection Agency (EPA) guide-
line [30] presented in Table 1. The solutions for different concentrations of the analytes were
prepared in Milli-Q water buffered at pH 4.8-5.5 with a total volume of 10 mL in HS vials
of 20 mL. The water blank sample consisted of Milli-Q water buffered at pH 4.8-5.5. The IS
concentration was constant at 1 ng/L for DIM, 0.1 ug/L for IB, and 0.25 pg/L for DHN.

Table 1. Validation parameters studied and criteria applied following the EPA validation guide.

Parameter Procedure Criteria
7 calibration points 25099
Linearity 0.01-300 pg/L for THMs %RSD < 20
0.005-0.05 pg/L for T&Os ¢
Signaly op = Signalpjank + 3-SBlank
LOD, LO %R 80-120 (for LO . . an an
Q ( Q Signalj oq = Signalgjank + 10-Spjank
10 MilliQ water blanks % Analyte chromatographic area in the blank
Selectivity <
5% of its LOQ chromatographic area
s No contamination from the higher sample concentration
Carry-Over 1 MilliQ water blank Injected before the blank
Accuracy 5 replicas intra-day %R 80-120
Repeatability 3 replicas inter-day %RSD < 20
. Chromatographic area from solvent standards versus matrix matched standards
Matrix effect

SD <20%

r2 = kinetic correlation coefficient; RSD = relative standard deviation; SD = standard deviation; R = recovery.

The limit of quantification (LOQ) signals was calculated from the standard deviation
and the average of the signals obtained from 10 Milli-Q water blanks. Signals were inter-
polated on the calibration curve to obtain the corresponding concentrations. Calibration
curves were built from 0.01 to 300 pg/L for THMs and from 0.005 to 0.05 ug/for T&Os, as
it is known that these compounds are detectable at very low concentration levels, around
0.01 pg/L. Once the LOQs were estimated, the linearity was assessed from LOQ up to at
least 300 and 0.05 pg/L for THMs and T&Os, respectively. Furthermore, the limit of detec-
tion (LOD) was calculated using 10 Milli-Q water blanks and for applying the equation
collected in Table 1.

The selectivity of the method was investigated by injecting 10 water blanks. The
analysis signal obtained is compared with that given by the LOQ concentrations of each
analyte at their retention time. In order to study the presence of carryover, a blank sample
analysis was analyzed just after the injection of the highest calibration point of each
compound. For the accuracy and repeatability study, the quality control sample used
was 10 times the LOQ concentration for the THMs and the LOQ concentration for the
T&Os. The evaluation of the existence of the matrix effect was carried out by comparing
the measurements of two spiked samples with each analyte in the reference matrix (Milli-Q
water) and in a sample for the different types of water samples studied.
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2.5. Parametric Analysis on GAC Sorption Capacity

A jacketed and cooled mixing reactor (Figure 2) was filled with 1.5 L of raw water
(sample point 1 from Figure 1) spiked with 50 ug/L of TCM. Once it was conditioned to the
test temperature (5, 15, and 25 °C) at 800 rpm, the amount of activated carbon added was
1.5 g/L. Samples were taken for a day, and the same amount of distilled water was added
in compensation, with the aim of working at a constant volume throughout the assay.

1.5 geac/k raw water

Figure 2. Reactor used for adsorption assay on GAC.

Samples (5 mL) were collected at each time, diluted with 5 mL of Milli-Q water, added
to 20 mL headspace vials with magnetic caps with PTFE/silicone septa, and were analyzed
by the HS-SPME-GC/MS validated method.

Concurrently to this analysis, with a 12 mL sample taken at different ascending time
intervals, a study of the evolution of the dissolved organic carbon (DOC) was carried out
throughout the duration of the test, using the TOC-V CSN meter (Shimadzu, Tokyo, Japan).

Based on the data obtained from these analyses, a kinetic study was performed that
consisted of the adjustment of obtained data to pseudo-first and pseudo-second-order
models. The results of these analyses constitute the first step for the optimization of the
adsorption process on GAC since, with the mentioned adjustments, the values of the kinetic
constants and the estimated amount of adsorbate in equilibrium were obtained.

3. Results and Discussion
3.1. HS-SPME-GC/MS Method

Under the HS-SPME-GC/MS conditions described in Section 2.3, a splitting of the
chromatographic peaks of the analytes was obtained. This could be due to the thermal
degradation of the analytes, so the desorption temperature on the injector decreased from
270 °C to 200 °C and the desorption time changed from 180 s to 120 s. Furthermore, to
ensure the cleanliness of the fiber and the injector, the conditioning time of the fiber after
injection increased from 300 s to 420 s. Figure 3 shows the chromatogram obtained for the
compounds of interest at the HS-SPME conditions optimized (Table 2) for the PDMS/DVB
fiber. The sensitivity obtained was similar for the three fibers assayed, but the use of a
PDMS/DVB fiber gave rise to a better chromatographic definition and resolution than the
PDMS and CAR/PDMS fibers.

Table 2. HS-SPME optimal conditions.

Meétodo Parametros
Pre-extraction t (s) 180
Pre-extraction T (°C) 55
Stirring speed extraction (rpm) 500
HS-SPME Extraction t (s) 600
Extraction T (°C) 55
Desorption T (°C) 200
Desorption time (s) 120

Conditioning t of the fiber after injection (s) 420
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Figure 3. Chromatogram in SCAN mode of a Milli-Q water blank buffered and spiked with 10 ug/L
of TCM (rt 2.1 min), BDCM (rt 3.0 min), DBCM (rt 5.0 min), TBM (rt 7.0 min), DIM (rt 7.6 min), IB (rt
10.9 min), 2-MIB (rt 11.1 min), DHN (rt 12.4 min), and GM (rt 12.9 min).

The characteristic ions obtained from the mass spectrum of each of the compounds
are collected in Table 3. The first ion of each analyte was used for quantification, and the
other m/z ions were used for confirmation.

Table 3. Characteristic ions (m/z) of THMs, T&Os, and internal standards studied. m/z ion marked
in bold was used for quantitative analysis.

Analyte Characteristic Ions

(m/z)
TCM
BDCM 83, 47, 85
DBCM 129,79, 127
TBM 173,79, 81
2-MIB 107, 95, 135
GM 112,111, 125
DIM 141,127,134
1B 95,110, 121
DHN 112,111, 125

3.2. HS-SPME-GC/MS Method Validation

In Tables 4 and 5, the range of linearity and values of LOD, LOQ, repeatability, and
accuracy are collected that were obtained. Furthermore, the chromatographic area of each
analyte in the Milli-Q water blank is less than 5% of their LOQ value in the chromatographic
area; therefore, the method is selective. No contamination was observed in the injector
(there was no carry-over effect), and there were no differences between the chromatographic
area of the solvent standards and matrix samples. Taking into account the results obtained,
the analytical method met the validation criteria of the EPA guide.

LOD and LOQ values of THMs and T&Os, obtained by the HS-SPME-GC/MS method,
which was developed in this work, have been compared with those reported by the
methods found in the bibliography. For T&Os, the developed and validated method
offered the lowest concentration levels for LOD and LOQ [17-21,24-29]. LODs and LOQs
were obtained for the less volatile THMs (DBCM and TBM) and the method developed
in this work were lower or similar to those collected in the bibliography. However, for
the most volatile compounds studied, TCM and BDCM, the limits obtained were higher
than those achieved by the other authors. However, it is worthwhile mentioning that the
analytical method that was developed covers the concentration range established by the
regulations for all the compounds studied.
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Table 4. Linearity concentration ranges of THM and T&Os.

Analyte/IS Linear Range (ug/L) Equation 2
TCM/DIM 0.8-50 y =(1.95 + 0.01) x — (1.8 & 0.4) 0.999
BDCM/DIM 0.05-20 y =(3.76 £ 0.08) x — (2.3 £ 0.9) 0.999
DBCM/DIM y=(74402) x — (4.0 + 2.0) 0.999
TBM/DIM 0.01-20 y=(12.2 +0.1) x — (5.0 + 1.0) 0.999
2-MIB/1B y =(0.0225 £ 0.0007) x + (0.06 £ 0.02) 0.995
GM/DHN 0.005-0.05 y = (0.256 4 0.00)5 x — (0.4 & 0.1) 0.998

Table 5. Values of LOD and LOQ for intra-day and inter-day repeatability and accuracy of the
HS-SPME-GC/MS method of THMs and T&Os.

Repeatability Accuracy
Analyte &3’3 (';l(;/% (%RSD) (%R)
Intra-Day  Inter-Day  Intra-Day  Inter-Day

TCM 0.374 0.798 17 19 120 119
BDCM 0.022 0.050 12 10 100 100
DBCM 0.005 0.008 9 9 100 97
TBM 0.006 0.010 5 4 91 91
2-MIB 0.001 0.005 11 7 93 99
GM 0.002 0.005 8 4 105 103

From the bibliography consulted, the extraction technique DLLME combined with
GC/MS allowed the lowest LOD value to be obtained. Nevertheless, the use of a sim-
ple, rapid, and automated method, HS-SPME, was more suitable for work under good
laboratory practices in a DWTP.

With respect to LOQ values, only a few articles include them [16,17,21,26], in spite
of their importance in environmental regulations. Differences observed in the LOQ val-
ues reported could be attributed to the approach used to calculate them. In this sense,
Franco et al. [16] obtained the LOQ from the analytical curve method. Valencia et al. [17],
Alexandrou et al. [21], and Salemi et al. [26] calculated the LOQ values based on a signal-
to-noise ratio (S/N) of 10, as it is estimated in this work. The main difference is that in this
work, the criteria established by the EPA validation guideline were applied, and the LOQ
values that met that recovery percentage were between 80 and 120. Therefore, the LOQs
calculated had greater reliability.

3.3. Samples Analysis
3.3.1. Application of HS-SPME-GC/MS Method to the Analysis of Raw Water

THMSs and T&Os concentration values obtained in raw water were lower than their
LOQ concentrations. The low concentrations of the T&Os found could be due to the fact
that low temperatures hinder the proliferation of the algae responsible for their production.

3.3.2. Application of HS-SPME-GC/MS Method to the Analysis of Water from DWTP

2-MIB and GM values were lower than the LOQ (0.005 pg/L) for all the samples
analyzed. This could be explained by the fact that all the collection points were located
after the disinfection process, and, as a result, the algae and organic compounds could
have been removed successfully. In order to see if the dilution affected the concentration of
T&Os in the raw water and in different sample points of DWTP, undiluted samples were
analyzed, which gave rise to the same results.
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THM concentrations obtained in sample point 1 (Figure 1) treated the water before
reaching the supply presented in Figure 4. It can be observed that, during the months of
control, no sample exceeded the EU, WHO, and EPA concentration thresholds. For a few
samples, the limit established by the EPA (80 ug/L) was included inside the confidence
interval and established as the mean value + standard deviation. The variability of the
concentration value of the THMs obtained could be attributed to these data corresponding
to an experimental plant in which different process variants and diverse water resources
are studied.
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Figure 4. Total THMs concentration obtained in treated water samples (point 1 of Figure 1) from
October 2020 to December 2021.

The values of THM obtained in the inlet and in the exit of the chlorine stabilization
chamber are shown in Figure 5 (sample points 2 and 3 of Figure 1). It can be seen that the
THMSs concentrations at sampling point 2 (solid colors) exceeded some limits due to the
storage of water. Therefore, it is important to carry out another water treatment and air
stripping to give rise to THMS values in sampling point 3 (striped colors), which in no case
exceeded the limits, with the exception of 20 December.
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Figure 5. Total THMs concentration in the inlet (sample point 2) and in the exit of the chlorine
stabilization chamber (sample point 3 of Figure 1) from June to December 2021.
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3.3.3. Parametric Analysis on GAC Sorption Capacity

The evolution of TCM and DOC concentrations with time, using a GAC concentration
of 1.5 g/L, are shown in Figure 6.

0.06 8

TCM (mg/L)
DOC (mg C/L)

40.00 a 80.00 0 20 40 60 80
t (h) t (h)

Figure 6. Variation in TCM and DOC concentration with time of raw water, obtained for the paramet-
ric analysis of GAC sorption capacity at 1.5 g/L concentrations of GAC and three temperatures.

In Figure 6, it can be observed that an increase in temperature favors the removal of
DOC and TCM. This result can be explained because the diffusional phenomenon involved
in the adsorption is highly dependent on temperature. Consequently, the temperature
increase favors the retention adsorption kinetics of both compounds. The high sensitivity
of the HS-SPME-GC/MS developed method allows the low levels of concentration of TCM
to be monitored and obtained along with the parametric analysis.

A pseudo-second-order kinetics was obtained for the adsorption of TCM and DOC on
GAC with good regression coefficients, noting the enormous differences in the adsorption
kinetic constant between both parameters. For example, at a temperature of 15 °C, constant
values of 0.112 and 0.136:10~3 (h-mg/L)~! were obtained for DOC and TCM, respectively.
In Figure 6, the huge difference in the adsorption rate of DOC over TCM was attenuated
because the scale of TCM was considerably larger than that of DOC. Nevertheless, the
removal of TCM, including during the DOC adsorption kinetics, was completely achieved
despite the 100-fold lower concentrations of TCM in relation to DOC.

4. Conclusions

A rapid, very simple, and automated analytical method based on HS-SPME-GC/MS,
which requires a small volume of sample (5 mL), has been developed for the simultaneous
analysis of THMs and T&Os in water samples. The optimized method is able to determine
the analyte concentrations under the concentration thresholds which are required by law to
be applied to DWTP. Furthermore, it has been demonstrated to be adequate when following
the variation in TCM concentration with time in a GAC sorption capacity study.

The analytical method meets the validation criteria of the EPA guide. The method
is selective, repetitive, and accurate. The carryover and matrix effects were not observed.
It allows the determination of the analytes in the concentration range of 0.8-50 ug/L for
TCM, 0.05-20 pg/L for BDCM, 0.01-20 pg/L for DBCM and TBM, and 0.005-0.05 pg/L for
T&Os in the water samples.

The HS-SPME-GC/MS method was applied to raw water samples such as river and
underground springs and water taken from different locations of a pilot DWTP. Concen-
tration levels of THMs and T&Os in raw water were lower than their LOQ. The total
concentration of THMs obtained for all the samples was below the concentration threshold
values established by EPA, EU, and WHO.

The THMs and T&Os concentration values that were obtained confirmed that the pro-
cesses involved in the pilot DWTP achieved the elimination of NOM, thus maintaining the
organoleptic properties of the water unchanged and assuring the quality of drinking water.
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The method allows the low concentration levels of TCM in the DOC existing in water
to be distinguished when the GAC sorption capacity is studied.
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