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A B S T R A C T

Granular Activated Carbon (GAC) is commonly used in water treatment for the removal of Dis
solved Organic Matter (DOM) and diminution of the formation of Disinfection By-Products (DBP) 
during final disinfection. The aim of the present study was to evaluate whether prechlorination 
prior to GAC affected the character of DOM and could result in a decrease of trihalomethanes 
(THM) levels in finished water when postchlorination was applied. DOM character was analysed 
by fluorescence Excitation-Emission Matrices coupled to Parallel Factor Analysis (EEM + PAR
AFAC). Four different waters (three synthetic solutions containing structurally diverse model and 
identifiable fluorescent DOM -tyrosine, tryptophan, and humic substances- and real groundwater) 
were treated and compared. The solutions were sequentially subjected to prechlorination (at 
three different NaClO doses: 0, 4, and 8 mg/L), GAC adsorption, and posthclorination. The results 
showed that applying prechlorination prior to GAC adsorption resulted in lower concentrations of 
THM in postchlorinated water in comparison to the traditional practice of applying chlorination 
only after the GAC stage. The dose of 4 mg/L NaClO minimised the levels of THM in the finished 
water. The results also revealed that the fulvic-like EEM + PARAFAC component C1G (with λexc 
= 240 and 325 nm, and λem = 405 nm) showed a high correlation with THM levels and therefore 
appeared to be a very good predictor for THM formation. While promising with groundwater, this 
new approach to control THM in chlorinated finished water should be tested with water sources 
containing DOM with different properties before raising the technology readiness levels to pilot 
and real full-scale treatment trains.

1. Introduction

Dissolved organic matter (DOM) has long been recognised as a major precursor for harmful disinfection by-products (DBP) for
mation during water disinfection, which is performed in Drinking Water Treatment Plants (DWTPs) commonly by applying a chlorine- 
based disinfectant (e.g. sodium hypochlorite, NaClO) to the produced water in order to inactivate pathogenic microorganisms prior to 
distribution [1–3]. Among the DBP, trihalomethanes (THM) (followed by haloacetic acids HAA) are the most abundant ones [1,2] and, 
because of their potential carcinogenicity, the European Union has set a limit value for the four regulated THM of 100 μg/L [3]. In 
general, the higher the concentration of DOM and the higher the chlorine dosage in prechlorination, the higher the formation of THM 
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[4–6]. For this reason, the removal of DOM through adsorption onto Granular Activated Carbon (GAC) before disinfection is a current 
strategy to minimize DBP formation.

However, the formation of DBP depends not only on DOM concentration but also on its character. Consequently, DOM charac
terisation approaches have been developed to provide more valuable insights into DOM character than those provided by traditional 
surrogate parameters such as DOC, UVA254, and SUVA, which continue to be the sole ones routinely monitored in most water treatment 
plants although they sometimes fail to predict the reactivity of DOM [7–9]. These approaches include DOM fractionation according to 
the hydrophobicity of organic compounds using XAD resins [1,7,9,10], or to the molecular size of organic compounds by means of 
successive UF membranes [7,9–11] or size exclusion chromatography (SEC) [11,12]. Thus, additional information on the physico
chemical characteristics of DOM (grade of hydrophobicity/hydrophilicity and molecular weight distribution) can be obtained. 
Different degrees of success and sometimes contradictory conclusions have been obtained from the application of these approaches 
when trying to correlate DOM fractions and their reactivity. For instance, it has been reported that hydrophobic compounds form more 
DBP than the hydrophilic ones [1,13,14], although this may be true only for certain DBP [9,10], and that low molecular weight or
ganics tend to generate the greatest DBP concentration [10,11,15]. By fractionating DOM by SEC, Hidayah et al. [12] conjectured that 
hydrophilic compounds might be the major precursor for THM while hydrophobic humic substances for HAA. Drawbacks in imple
menting the above-mentioned DOM characterisation techniques have been identified, and include difficulties in defining fractions 
with well-defined properties, interferences during fractionation, complications in analysing low concentrations of DOM, laborious 
procedures, significant costs, and, importantly from a point of view of full-scale applications, unfeasibility for on-line monitoring [8,
16].

Fluorescence spectrometry has emerged as a powerful tool for DOM characterization with potential to overcome these drawbacks. 
Fluorescence Excitation-Emission Matrices (EEM) allow to categorise fluorescent DOM (fDOM) into different fluorophores groups 
according to their emission and excitation wavelengths. These groups are typically associated to humic/fulvic-like fluorescent com
pounds and protein-like (tryptophan-like and tyrosine-like) compounds [17]. EEM offers several advantages over other characteri
sation techniques including low detection limits, high sensitivity (10–1000 higher than that of UVA254), small sample volume required, 
robustness and rapidity, and the possibility of in-line monitoring [18,19]. The relatively large datasets resulting from EEM can be 
further processed using various mathematical treatments. Among them, Parallel Factor Analysis (PARAFAC) has drawn attention in the 
last years [20]. PARAFAC decomposes arrays of EEMs into groups of fluorophores with common excitation-emission signatures, 
termed components [21].

There is a relatively abundant body of studies focusing on the relation between EEM fluorophores and DBP formation during water 
treatment [22–24]. Humic- and fulvic-like fluorophores have been reported to be main precursors of carbonaceous DBP (C-DBP) 
including THM and HAA [6,8,25–29], suggesting that unsaturated and aromatic fluorescent structures typically found in humic and 
fulvic substances are more prone to react and incorporate chlorine, leading to the formation of THM and HAA, in comparison to other 
DOM structures [30]. In contrast, the formation of nitrogenous DBP (N-DBP) such as haloacetonitriles (HAN) has been found to exhibit 
various degrees of linear relationships across all fluorophore regions, also with protein-like fluorophores (e.g. tryptophan-like, tyro
sine-like) [24,28,31]. The role played by less hydrophobic protein-like components with smaller molecular in N-DBP formation 
compared to humic- and fulvic-like materials is explained by the differences in the formation mechanisms leading to C-DBP and N-DBP 
[32].

However, only a few studies have included prechlorination prior to GAC in their treatment scheme, and often without addressing 
explicitly and deeply its effect on DBP formation [5,33–35] or without including GAC filtration in their treatment [36]. These scarce 
studies have reported that prechlorination prior to GAC adsorption stage can result in a decrease of DBP formation in comparison to 
non-prechlorination conditions [37,38], although it is not clear under what scenarios this is certain. Jiang et al. [37] found that levels 
of DBP and intermediate aromatic halogenated DBP in finished water were lower when NaClO was applied prior to the GAC stage. Raw 
water consisted in a synthetic solution of a commercial humic acid (3.0 mg/L DOC), and monitoring was based on the analysis of DOC, 
total organic halogen (TOX), THM and HAA, and polar halogenated organic compounds by electrospray ionization-triple polar 
quadrupole mass spectrometry (ESI-tqMS). Fischer et al. [39] also reported a decreased formation of DBP when prechlorination was 
applied prior to GAC, but also that this decrease depended on the type of DBP. Raw water consisted in coagulated and ultrafiltrated 
water from a DWTP (2.6–3.8 mg/L DOC), and DOM was fractionated by SEC. Results indicated that prechlorination followed by GAC 
preferentially removed low-molecular-weight DOM. Curthbertson et al. [38] also found that applying prechlorination could lead to an 
overall decrease of DBP formation in GAC-treated water, but with individual DBP even increasing in concentration. Raw water was 
collected from three different DWTPs (1.5–2.1 mg/L DOC) and GAC was evaluated at different service lives, but DOM was not frac
tionated by any characterisation technique. Finally, Erdem et al. [40] also investigated the effect of prechlorination prior to GAC 
contactors on the formation of DBP after a second chlorination, focusing on the role of GAC characteristics (i.e. surface area, pore size 
and surface charge). Raw water used consisted in solutions of NOM isolates and EfOM from wastewater treatment plants with DOC 
adjusted to 2.0 mg/L. In concomitance with the mentioned studies, the authors observed a decrease of DBP in finished water when 
prechlorination was applied. They also observed that this benefit of prechlorination was higher with waters with higher SUVA.

Despite the valuable information provided by these studies, none of them applied EEM + PARAFAC, and some used synthetic 
solutions containing DOM isolates or model compounds, which may not represent the behaviour of DOM in real waters. The effect of 
prechlorination on the character and reactivity of DOM (particularly to GAC adsorption and propensity to form DBP) in real waters as 
tracked by EEM-PARAFAC remains largely unexplored.

Based on the context described above, the present study aimed at evaluating the effect of prechlorination on DOM character as 
analysed by EEM + PARAFAC and its propensity to subsequently adsorb onto GAC and form DBP when postchlorination was applied. 
In order to get insight into how this effect changed with DOM type, four different waters (three synthetic solutions containing 
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structurally diverse model and identifiable fDOM -tyrosine, tryptophan, and humic substances- and a real groundwater containing a 
mixture of different fDOM) were treated and compared. Three doses of NaClO for prechlorination were tested: 0, 4, and 8 mg/L. DOC 
and fDOC were analysed after prechlorination and adsorption. Finally, all produced waters were subjected to postclorination to assess 
their potential to form THM.

2. Materials and methods

2.1. Water matrix

Four different solutions were prepared to assess the effect of prechlorination and adsorption on DOM character and on the for
mation of THM by the postchlorination of the remaining DOM. Three of the four solutions were synthetic, containing respectively 
tryptophan (hereafter referred to as R), tyrosine (Y), and humic substances (H). These model substances were chosen for 1) ideally 
representing most DOM typically found in natural water, 2) having the potential to form DBP during chlorination, and 3) being 
structurally diverse, well identifiable and distinguishable by EEM. The fourth one was real groundwater collected from the aquifer of 
Sant Adrià de Besòs (Barcelona, Spain) (hereafter referred to as G) whose composition is given in Table 1. This groundwater was chosen 
for being an available hydric resource with huge potential for reclamation [35]. The collection of groundwater for this study was done 
in September 2022 from a well located in the centre of Sant Adrià de Besòs. The sampled aquifer is thus one in a densely populated area 
but, thanks to restoration activities of the Besòs river carried out in the last decades, it now shows relatively high water quality.

As DOC in G was found to be at a concentration of 2.0 mg/L (see Table 1), synthetic solutions R, Y, and H were all prepared to have a 
similar DOC concentration (between 2 and 3 mg/L) for better comparison. Y and R solutions were prepared by weighting appropriate 
amounts of L-tryptophan (C11H12N2O2) (Sigma-Aldrich, >98 %) and L-tyrosine (C9H11NO3) (Sigma-Aldrich, >98 %) and dissolving 
them in Milli-Q® water (18 MΩ cm). H solution was prepared by diluting a previously analysed concentrated solution of humic 
substances (without a known chemical formula) (Sigma Aldrich) to get a final concentration of 2–3 mg/L. All solutions were filtered 
with pre-washed 0.22 μm nylon membrane filters (Filter-Lab) and stored at 4 ◦C to minimize changes in the constituents.

2.2. GAC properties and dose used

Granular activated carbon (GC900) was supplied by Chiemivall and had a surface area of 968.6 m2/g (determined with an ASAP 
2020 V3.01H instrument). It was selected based on previous studies that demonstrated its effectiveness in adsorbing DOM [35,41]. 
Prior to the experiments, GAC was washed thoroughly with copious amounts of Milli-Q® water to remove any leachable DOC or 
impurities. GAC dose for the experiments was selected as to remove a fraction of DOM whilst still leaving a sufficient (ca. 0.5 mg/L) 
residual DOC concentration to permit analysis of DOC and THM after postchlorination. For this purpose, preliminary trials were 
conducted in which 1 L of G was put in contact with 0.05, 0.5, 1.0, and 1.5 g of GAC and left to equilibrate for 24 h in the same 
conditions as in sorption experiments of the study (see section 2.3 below). DOC removal after sorption experiments is plotted in Fig. S1. 
In view of the results, a dose of 1.0 g was selected for further experiments.

2.3. Experimental procedure

Solutions Y, R, H, and G placed in clean 1-L bottles under headspace-free conditions at room temperature (22±1 ◦C) were 

Table 1 
Composition of the groundwater from the aquifer of Sant Adrià de 
Besòs (solution G).

Parameter Concentration

pH 7.9
Cond (μS/cm) 1550.0
DOC (mg/L) 2.0
Na+ (mg/L) 154.4
K+ (mg/L) 15.9
Mg2+ (mg/L) 26.8
Ca2+ (mg/L) 141.5
Cl− (mg/L) 211.2
SO4

2− (mg/L) 136.6
HCO3

− (mg/L) 399.1
NO3

− (mg/L) 8.1
PO4

3− (mg/L) <3
Br− (mg/L) 0.7
Mn (μg/L) 211.8
B (μg/L) 158.1
Al (μg/L) 43.6
As (μg/L) 25.2
Cu (μg/L) 6.1
Fe, Pb, Ni, Cd, Cr (μg/L) <5
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sequentially subjected to prechlorination, adsorption on GAC, and postchlorination as follows.

2.3.1. Prechlorination
For each solution, three different NaClO (Panreac, 10 % w/v) doses were spiked (0, 4, and 8 mg/L). These dose values fall within 

the typical range used in water treatment plants. After the spiking, the bottles were agitated continuously on an orbital shaker (JP 
Selecta Rotabit) for 30 min, after which measured chlorine residual was quenched with an excess (105–110 % of the required stoi
chiometric amount) of Na2S2O3 (Panreac, >99 %). The prechlorination time used in this study (30 min) was larger than those usually 
applied in DWTPs (3–10 min). The reason is that prechlorination in this study did not aim to control algae growth but to alter (by 
oxidation) the DOM character and elucidate whether this alteration affected the formation of THM after adsorption on GAC and further 
chlorination. The prechlorination time of 30 min was based on the scarce published articles on the same topic [37,39,40]. Water 
volumes of 20 mL were taken for analysis of DOC and its character by EEM.

2.3.2. Adsorption
After the prechlorination step, 1.0 g of GAC was added into each bottle. The bottles were left on the orbital shaker for further 24 h to 

allow adsorption to reach the equilibrium. A volume of 20 mL was taken for analysis of DOC and its character by EEM.

2.3.3. Final chlorination
At the end of the adsorption period all solutions were filtered through pre-washed 0.22 μm nylon filters (Filter-Lab) to separate GAC 

particles from the solution. The solutions were transferred into cleaned 1 L bottles for final chlorination. Then, 4 mg/L NaClO were 
spiked to each bottle to represent final disinfection. After 30 min, chlorination was quenched with an excess of Na2S2O3 and solutions 
were analysed for THM determination. The prechlorination time used in this study (30 min) was shorter than those applied in stan
dardized methods in which waters are chlorinated at high doses and long incubation times to maximise the formation of DBP (but at 
conditions far from those in DWTP). The reason is that these tests were performed as a proof of concept to evaluate the effect of 
prechlorination on the formation of THM during final disinfection, leaving for further studies the adjustment of the conditions to real 
full-scale water treatment facilities. Previous studies have also applied 30 min for final disinfection after their treatment trains (starting 
with prechlorination) [5,15]. The THM formed in each bottle were anticipated to be influenced by 1) prechlorination (as it may alter 
the DOC nature), and 2) adsorption (as it may remove some already-formed DBP, intermediate halogenated DOM, and remaining 
DOM).

2.4. Water analysis

All water samples were filtered through pre-washed 0.22 μm nylon filters prior to analysis. The determination of dissolved organic 
carbon (DOC) was performed using a TOC-L Shimadzu organic carbon analyser by high temperature catalytic oxidation (HTCO). The 
non-purgeable organic carbon method was selected (ISO number method 8245). Analytical precision and accuracy were tested against 
Reference Material provided by the DOC-CRM program (University of Miami- D.A. Hansell). The detection limit was 50 μg/L.

EEM spectra were recorded on an Agilent Cary Eclipse fluorescence spectrophotometer, controlled by Cary Eclipse Scan Application 
version 1.2, using a PC running the Microsoft Windows 7 operating system. A 1 cm Hellma QS cuvette was employed, and the in
strument settings were adjusted as follows: Excitation wavelength (λexc) range: 200–500 nm (step 5 nm, with 5 nm slit width); Emission 
wavelength (λem) range: 250–600 nm (step 5 nm, with 2.5 nm width for R solution, 5 nm width for Y solution, and 10 nm slit width for 
H and G solutions); Scan rate: 3000 nm/min. The photomultiplier tube voltage was set to 600 V. The spectrofluorometer was auto- 
zeroed before each analysis. Milli-Q® water was used as blank. The processed EEM spectra were then plotted using Origin Lab. 
Decomposition of the EEM spectra into their underlying chemical components was accomplished by PARAFAC analysis. Data treat
ment was performed using the DOMfluor Toolbox and N-way Toolbox [21] under the MATLAB environment (The MathWorks, Inc., 
Natick, LEVEL, USA). The number of fluorescence components was determined by examination of residual errors. Component spectra 
were also compared against the on-line repository of published fluorescence spectra OpenFluor (www.openfluor.org) to evaluate 
spectral matching and component identification [42]. The maximum fluorescence signal (Fmax) of each PARAFAC component (in 
arbitrary fluorescence units, FU) was used to represent its relative concentration. It must be bear in mind that Fmax depends on the 
concentration of the fluorophore but also on its molar absorptivity and quantum yield. Because the two latter are unknown a Fmax 
signal cannot be converted to a concentration, and therefore Fmax gives an estimation of the relative concentration of each component 
[43,44]. Each dataset consisted of 6 EEM spectra. Although a global model would be more robust, combining all datasets in one single 
model was not possible because 1) the slit widths were different for the different sets in order to optimize the signals, and 2) the 
compositions of the solutions were too different. On the other hand, it has been reported that EEM spectra can be affected by the 
presence of Na2S2O3 at concentrations of 25 mg/L and 50 mg/L [45]. As Na2S2O3 in this study was applied at a 5–10 % stoichiometric 
excess, the remaining concentration of Na2S2O3 were very low and its effect on EEM spectra was expected to be very minor. This was 
corroborated in further assays in which groundwater was spiked with Na2S2O3 at concentrations in the range of 1.0–4.0 mg/L, yielding 
EEM spectra with Fmax intensities differing by <1 % (Fig. S2). The absence of effect of THM on EEM was also corroborated in additional 
assays, in which groundwater was spiked with 12 μg/L and 24 μg/L of two different THM (CHCl3 and CHBr3) (Aldrich, 99 % and 96 %, 
respectively) and a mixture of them. Again, all EEM spectra showed Fmax intensities differing by <1 % (Fig. S3).

The concentration of the four regulated, most predominant THM (CHCl3, CHBrCl2, CHBr2Cl, CHBr3) was measured using a gas 
chromatography-mass spectrometry (GC-MS) system equipped with headspace injection (Trace GC and DSQII model MS equipped 
with a Triplus autosampler from Thermo Fisher Scientific Limited). The column used was a Zebron ZB-624Plus capillary column (60m 
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× 0.32 mm x 1.8 μm). The injector port, interface, and ion source temperatures were set at 220 ◦C, 250 ◦C and 200 ◦C, respectively. The 
optimized temperature was programmed as follows: the initial temperature was 60 ◦C with hold time of 2 min, then ramped at rate of 
8 ◦C/min up to 220 ◦C at which it was held for 5 min. The gas used as a carrier was helium at constant flow of 1.8 mL/min.

NaClO was analysed by first reacting ClO− with an excess of I− (added as KI) (Sigma Aldrich, >99 %) under acidic conditions and 
subsequent titration of the generated I2 with sodium thiosulphate (Na2S2O3) (Panreac, >99 %).

3. Results and discussion

3.1. Synthetic R, Y, and H solutions

3.1.1. DOC
Fig. 1 shows the levels of DOC in treated solutions after prechlorination and adsorption steps. It can be seen that final DOC levels 

differed depending on the type of solution (R, Y, or H) but not on the NaClO dose applied during prechlorination. The ranges of DOC in 
the finished water were 0.7–0.8, 0.5–0.7, and 2.9–3.0 mg/L for the R, Y, and H solutions, respectively. The decrease in DOC in solution 
R (≈74 %) and Y (≈90 %) could be attributed mostly to adsorption onto GAC rather than to prechlorination. In fact, GAC is 
acknowledged as one of the most effective adsorbents for removing DOC from water, particularly for lower molecular-weight organic 
compounds that can access more easily the micropores of the GAC particles [33,46]. It can be speculated that the unchanged levels of 
DOC for solution H (<2 %) were due to the fact that humic compounds in this solution were large in size and their adsorption could be 
impeded by steric effects. SEC analysis to determine the size distribution of DOM in solution H and BET analysis to determine the pore 
size of GAC should be performed to confirm this hypothesis or to help identify whether other reasons than the steric effect play a role.

On the other hand, prechlorination, as any other oxidation process, can break large molecular weight DOM into smaller and less 
aromatic organic fragments, but with limited effect on net removal of DOM [15,22,47].

3.1.2. Effect of prechlorination on the formation of THM in the finished water
Fig. 2 shows the concentration of the four regulated THM (CHCl3, CHBrCl2, CHBr2Cl and CHBr3) formed after postchlorination of 

synthetic solutions R, Y, and H previously prechlorinated with NaClO (at doses of 0, 4, and 8 mg/L) and contacted with GAC.
For all three synthetic solutions, CHCl3 was the major THM formed (accounting for 85–99 % of the four THM), while brominated 

THM were only marginally formed. This was consistent with the fact that these synthetic solutions were prepared with water Milli-Q® 
water (free of Br− ).

THM concentrations in H solution were higher than in solutions R and Y (note the difference in scale of y-axis in Fig. 2a, b, and c). 
This is due to the higher DOC concentrations after GAC adsorption (2.9–3.0 mg/L in solution H, vs < 1 mg/L in solutions R and Y), but 
also to the higher propensity of humic-like substances to form THM in comparison to amino acids such as tyrosine and tryptophan. The 
formation yield of THM by an organic compound is determined by the presence of functional groups susceptible to reaction with HClO. 
Being an electrophile, HClO reacts with electron-rich moieties (e.g. benzenes, phenols, methyl ketones) through a variety of reactions 
including oxidation, addition and electrophilic substitution reactions [48]. It is acknowledged that THM are formed mainly through 
the known haloform reaction, whereby methyl ketone groups (originally in NOM or formed during chlorination e.g. by opening of an 
aromatic ring) react with HClO to form THM following a series of reactions of enolizable compounds [48]. Although it is not possible to 

Fig. 1. Changes in DOC after prechlorination and adsorption onto GAC for the synthetic tryptophan-containing R solution, tyrosine-containing Y 
solution, and humic-containing H solution.
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represent natural aquatic humic material by a unique molecular structure, it is known that humic substances contain a complex 
mixture of aromatic and aliphatic hydrocarbon structures with abundant functional groups including carboxylic acids, phenolic and 
alcoholic hydroxyls, and ketone groups that explain their high potential to form DBP [48], as observed for solution H in this study. 
Unlike many other amino acids, tryptophan and tyrosine contain aromatic rings and amino groups than can react with HClO and, 
although to a minor extent in comparison with humic substances, they too can act as THM precursors, as observed for solutions R and 
Y.

3.1.3. Effect of NaClO dose on THM formation
Considering that THM formation varied with the NaClO applied in the prechlorination while DOC did not, DOC did not seem to be a 

good parameter to anticipate the THM formation. Not all organic matter measured as DOC (at a mg/L level) acts as a precursor of THM 
(formed at a μg/L level), and therefore more sensitive analysis of organic compounds involved in THM formation is required.

Focusing on the effect of NaClO on THM formation, three different patterns were observed.
For R solution, THM formation in finished (i.e. postchlorinated) water decreased by 46 % and 54 % when NaClO during pre

chlorination was dosed at 4 and 8 mg/L, respectively. This finding was in line with those reported by Jiang et al. [37], Fisher et al. [39] 
and Erdem et al. [40].

The work of Jiang et al. [37] and Cuthbertson et al. [38] can help give an explanation to this pattern. In their study on the effect of 
prechlorination on adsorption of DOM onto GAC, Jiang et al. [37] analysed many polar halogenated DBP by means of a novel precursor 
ion scan (PIS) method using electrospray ionization triple quadrupole mass spectrometry (ESI-tqMS) and found that a wide variety of 
aromatic halogenated DBP formed during chlorination (the variety depending on the characteristics of DOM in water treated) and that 

Fig. 2. Concentration of the four regulated THM (CHCl3, CHBrCl2, CHBr2Cl, and CHBr3) formed after postchlorination of synthetic solutions R, Y, 
and H previously prechlorinated with NaClO (at doses of 0, 4, and 8 mg/L) and contacted with GAC (<d.l.: below detection limit).
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these intermediate DBP eventually decomposed and formed commonly known DBP (such as THM). They also observed that the various 
intermediate DBP, already formed THM, and unreacted DOM did not adsorb on GAC in the same way and extent, being this relative 
adsorbability onto GAC the main factor determining the DBP formation after prechlorination. The lowered DBP formation in finished 
water could then be explained by the fact that intermediate halogenated DBP formed during prechlorination were more easily 
adsorbed on GAC than DOM, in comparison to unchlorinated DOM. The authors attributed the enhanced adsorption of aromatic 
halogenated intermediate DBP to two factors: 1) they were lower in molecular weight and smaller in size, and therefore less affected by 
steric effects; and 2) they were more hydrophobic with higher affinity toward GAC. In line with this finding, Cuthbertson et al. [38] 
demonstrated not only the adsorption of already-formed intermediate aromatic halogenated DBP (or “preformed DBP” according to 
their own terminology) by GAC but also that TMHs formation potential in finished water decreased by approx. 60 % if prechlorination 
was applied prior to the GAC stage. With this in mind, the pattern of solution R shown in Fig. 2a can be interpreted as: chlorinated DOM 
likely adsorbed onto GAC more effectively than unchlorinated DOM, and therefore DBP formed after postchlorination decreased. This 
effect was more pronounced with the increase of the NaClO dosage employed during prechlorination.

Jiang et al. [37] also highlighted in their study that different trends can be observed “for a different source water with a different 
water matrix”. In fact, for Y solution of the present study, the opposite trend was observed: THM formation increased with the applied 
NaClO dose (by 9 % and 55 % when applying 4 and 8 mg/L NaClO, respectively) (Fig. 2b). In this case prechlorination did not seem to 
favour the adsorption of DBP precursors but even to increase the THM-formation potential. In other words, contrarily to solution R, 
chlorinated DOM in solution Y seemed to be less prone to adsorption than unchlorinated DOM.

For H solution a more complex trend was observed, because a minimum of THM formation at the NaClO dose of 4 mg/L was 
observed (Fig. 1c). According to the reasoning followed so far, it would be concluded that prechlorination with a dose of 4 mg/L 
maximised the sorption of DBP precursors. This finding shared similarities with that of Zeng’s et al. [49], who evaluated how chlo
rination affected the sorption of model proteins (serum album, lysozyme, adenylate kinase, and ribose-binding) and humic and fulvic 
acids (as analysed as DOC) onto a hydrophobic surface (graphene sheet) and found a maximum for humics and fulvics at a HClO dose of 
approximately 0.50 mmol HClO/mmol C, which is not far from our 4 mg NaClO/2.9 mg DOC/L (=0.23 mmol NaClO/mmol C). The 
discrepancy between these two values may be due to differences in the adsorbent used (graphene sheet vs. GAC in this study) and in the 
protein-model compounds tested.

Fig. 3. Corrected EEM spectra for synthetic R, Y, and H solutions (fluorescence intensity in arbitrary fluorescence units, FU).
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3.1.4. PARAFAC analysis of EEM spectra
DOM was monitored by EEM + PARAFAC after each stage (i.e. after prechlorination and after adsorption) in an attempt to identify 

whether PARAFAC-components were more related to THM formation than DOC. It must be underlined that not all DOM fluoresce, and 
therefore fDOC does not necessarily behave in the same way as DOC. For instance, DOC is decreased in principle only if there is a net 
removal of organic compounds (e.g. by adsorption), while fDOC can be decreased by a net removal of fluorescent organic compounds 
but also by transformation to non-fluorescent DOC.

Rayleigh and Raman scattering (1st and 2nd orders) were removed from EEM spectra [50] of solutions R, Y, and H (Fig. 3), and then 
they were decomposed using PARAFAC to get further insight into the fluorescent substances. The number of PARAFAC components 
provided by the selected model was 1, 1, and 4 for the solutions R, Y, and H, respectively. The excitation and emission wavelengths 
leading to the maximum fluorescence intensity (Fmax) of each component, as well as its identification according to previous studies 
(OpenFluor) are shown in Table 2. As expected, fluorescence of solution R was clearly dominated by protein-like (tryptophan-type) 
fluorophores, that of solution Y by protein-like (tyrosine-type) fluorophores, and that of solution H by fulvic- and humic-like fluo
rophores (which are commonly present together because they usually contain the same fluorophores) [33].

3.1.5. Effect of prechlorination and adsorption on EEM-PARAFAC components
Fig. 4 shows the effect of prechlorination (with NaClO doses of 0, 4, and 8 mg/L) and subsequent adsorption onto GAC on Fmax of 

each component for each synthetic solution (R, Y, and H). As can be seen, changes of fDOC differed depending not only on the nature of 
the DOM type but also, contrarily to DOC, on the NaClO dose applied during prechlorination. Prechlorination transformed a big 
fraction of fDOC into non-fluorescent DOC in solutions R and Y (decrease in Fmax of C1R and C1Y by 50 % and 88 % at a NaClO dose of 
4 mg/L, respectively, and >96 % for both solutions at a dose of 8 mg/L). This was not surprising, as it is known that smaller organic 
fragments generated by prechlorination often exhibit lower fluorescence than the original compounds [33,43]. Subsequent adsorption 
onto GAC completely removed all remaining fDOC in solutions R and Y (decrease in Fmax of C1R and C1Y >90 %). Solution H showed 
different trends. fDOC remained fairly unchanged after prechlorination at the two NaClO doses. The decreases of Fmax were <5 % for 
C1H (fulvic-like), C2H (humic-like) and C4H (humic-like). Only for C3H (humic-like) was a decrease of Fmax by 20–25 % observed after 
NaClO exposure. Subsequent adsorption onto GAC hardly resulted in a decrease of Fmax (overall decreases of Fmax averaging 10 %) for 
C1H, C2H and C4H, with slightly higher decreases (around 30 %) for C3H. In all samples, pH ranged between 7.5 and 8.0, and 
therefore changes in fluorescence due to pH variations were considered minimal [36].

Judging from the results obtained with the synthetic solutions R, Y, and H, two preliminary conclusions could be anticipated: 1) 
prechlorination did not seem to substantially enhance adsorption of DOC nor of any EEM + PARAFAC component onto GAC, since 
differences between non-prechlorinated and prechlorinated samples were in call cases <10 %, and 2) THM levels in finished waters did 
not correlate with DOC or with any EEM + PARAFAC component (R2 < 0.5).

3.2. Treatment of real groundwater

The same set of experiments was conducted with real groundwater from the aquifer in Sant Adrià del Besòs (solution G), whose 
composition was shown in Table 1. Unlike with solutions R, Y, and H, DOC and EEM were monitored at all treatment stages (i.e. after 
prechlorination and after GAC adsorption), as well as THM after postchlorination.

3.2.1. EEM analysis
Fig. 5 shows the EEM spectra for the G solution before exposure to NaClO (a), after exposure to NaClO at a dose of 4 mg/L (b) and 8 

mg/L (c), and after adsorption on GAC of the prechlorinated samples (d, e, and f, respectively). Visual inspection of spectra reflected a 
moderate reduction in intensity of fluorescent peaks after prechlorination (a, b, and c), while the reduction was more pronounced after 
adsorption (d, e, and f).

The number of PARAFAC components provided by the model that best fitted the EEM spectra was 4. Fig. 6 plots the contour plots 
and the excitation and emission spectra of each of the four components. The excitation and emission wavelengths leading to the 
maximum fluorescence intensity (Fmax) of each component, as well as its identification according to previous studies (OpenFluor) are 
shown in Table 3. Unlike solution R, Y, and H in which fluorescence was clearly dominated by only protein-like (tryptophan-type) 
fluorophores, only protein-like (tyrosine-type) fluorophores, and only fulvic- and humic-like fluorophores, respectively, natural 
groundwater (solution G) contained all types of these fluorophores.

Table 2 
Excitation and emission maxima wavelengths and identification of the fluorescence PARAFAC components for each of the four solutions tested. The 
explained variance σ2 for solutions R, Y, and H was 99.6 %, 99.8 % and 99.9 %, respectively.

Solution λexc (nm) λem (nm) Identification

Synthetic R C1R 220 and 275 335 Protein-like (tryptophan) [13]
Synthetic Y C1Y 225 and 275 305 Protein-like (tyrosine) [31]
Synthetic H C1H 245 and 325 415 Fulvic-like [13]
​ C2H 250 and 365 475 Humic-like [13]
​ C3H 215 and 450 530 Humic-like [17]
​ C4H 210 and 315 445 Humic-like [17]
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3.2.2. Changes in DOM during treatment
Fig. 7 quantifies the effect of prechlorination (with NaClO doses of 0, 4, and 8 mg/L) and subsequent adsorption onto GAC on DOC 

and Fmax of each component for groundwater (solution G).
As can be seen, DOC content was not affected at all by prechlorination (similarly to what was expected with the synthetic solutions 

R, Y, and H) but decreased by 55–61 % after adsorption, regardless of the NaClO applied during prechlorination. This latter finding 
made evident that, as observed with synthetic solutions R, Y, and H, prechlorination did not represent any substantial improvement in 
DOC removal. As lower molecular weight compounds are acknowledged to more easily diffuse into and adsorb onto pores of GAC [33,
46], the little effect of prechlorination might indicate that DOM in solution G likely consisted of low molecular weight and already 
prone to adsorption without need of breakdown down to smaller fragments. We hypothesize that if DOM had consisted in larger 
molecular weight compounds, prechlorination would have had a positive effect on DOM removal by GAC. It is also worth noting that a 
big difference was observed between the adsorbability of humic substances in synthetic solution H (<2 % removal) and that of humic 
substances in groundwater G (55–62 % removals). The reason of this difference might be the smaller size of humic substances in 
groundwater than in the synthetic solution H (and therefore their higher proneness to adsorption onto GAC), although other reasons 
not related to steric effects cannot be discarded.

With regard to fDOC, the overall removal for each component was 77 % (for C1G), 79 % (for C2G) and 82 % (for C3G), with most of 
it being due to adsorption while prechlorination had little effect. For the tyrosine-like matter (C4G), the low values of Fmax signals since 
the beginning of the experiment made reliable interpretation of results difficult and trends could not be identified. Comparing against 
what was observed with the synthetic solutions R, Y and H, it must be underlined that components C1-C4G in groundwater G behaved 
differently with respect to the counterparts in synthetic solutions R, Y, and H in many aspects: first, fulvic and humic components in G 
(C1G and C2G) were not reduced by prechlorination (≤10 %, similarly to C1H and C2H) but they were by adsorption (differently from 
C1H and C2H). Again, differences were not observed at different NaClO doses during prechlorination (similarly to H solution). Second, 

Fig. 4. Effect of prechlorination (with NaClO doses of 0, 4, and 8 mg/L) and subsequent adsorption onto GAC on EEM + PARAFAC components for 
synthetic solutions a) R, b) Y, and c) H. Solid bars represent Fmax (in arbitrary fluorescence units) values for PARAFAC-components after pre
chlorination, while dashed bars after adsorption onto GAC.
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for the tryptophan-like fluorophore (C3G) prechlorination did not result in Fmax decreases (differently from C1R), but adsorption did, 
with Fmax decreases of ≈80 % for all NaClO doses (similarly to C1R). These differences made evident that behaviour (or at least 
fluorescence behaviour) of model compounds used in synthetic solutions (isolated commercial tryptophan, tyrosine, and humics) does 
not reliably represent that of real tryptophan-like, tyrosine-like and humic-like fluorophores contained in real groundwater.

Fig. 5. EEM spectra for G solution before exposure to NaClO (a), after exposure to NaClO at a dose of 4 mg/L (b) and 8 mg/L (c), and after 
adsorption on GAC of the prechlorinated samples (d, e, and f, respectively).

Fig. 6. Contour plots and loadings plots of components C1-C4G identified by PARAFAC analysis for groundwater (solution G).
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3.2.3. Humics-to-proteins ration (HPR)
A discussion on relative removal between humic-like and protein-like fractions by chlorination can be done by computing the ratio 

of the sum of Fmax for humic-like fDOC components and the sum of Fmax for protein-like fDOC components [24], hereafter termed HPR. 

HPR=

∑
Fmax(humic − like fDOC)

∑
Fmax(protein − like fDOC)

In this study, synthetic solutions R and Y only contained protein-like fDOC, while solution H only contained humic-like fDOC, and 
therefore such calculation could not be applied. Groundwater, however, contained both humic-like fDOC (components C1G and C2G) 
and protein-like fDOC (components C3G and C4G).

HPR decreased after prechlorination with 4 mg/L and 8 mg/L NaClO by approx. 13 % and 17 %, respectively, indicating slightly 
preferential removal of humic-like substances over protein-like (Fig. 8). Similar findings are reported by Maqbool et al. [51], who 
found that pre-oxidation of natural water (with NaClO but also KMnO4 and O3) decreased humic-like fluorescence more than 
protein-like. The authors explained this on the basis that humic-like aromatic structures were more prone to chemical oxidation than 
the large molecular-weight biopolymers including protein-like components. Similar patterns are reported by Baghoth et al., [43] when 

Table 3 
Excitation and emission maxima wavelengths and identification of the fluorescence PARAFAC components for solution G. The explained variance σ2 

for solution G was 99.56 %.

Solution λexc (nm) λem (nm) Identification

Groundwater G C1G 240 and 325 405 Fulvic-like [13,34,36]
​ C2G 245 and 350 470 Humic-like [13]
​ C3G 230 and 290 345 Protein-like (tryptophan) [13,31,34]
​ C4G 220 and 265 305 Protein-like (tyrosine) [34]

Fig. 7. Effect of prechlorination and subsequent adsorption on GAC on DOC and EEM-PARAFAC components for natural groundwater G. Filled bars 
represent DOC concentration and Fmax values for PARAFAC components after prechlorination, while dashed bars after adsorption on GAC.

Fig. 8. Variation in the ratio between the humic-like and protein-like fDOC components (HPR) after prechlorination and adsorption on GAC.
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preoxidising with O3. Changes of HPR by adsorption onto GAC (computed by comparison of pre-adsorption and post-adsorption Fmax) 
showed a decrease by 7 %, 28 %, and − 4 %, indicating a preferential adsorption of humic-like over protein-like at the intermediate 
NaClO dose of 4 mg/L. This maximum is consistent with Zeng et al. [49], who observed an optimal NaClO dose for which adsorption of 
humic substances onto sheet graphene used as adsorbent was maximal. The reduction of HPR over the two-stage treatment (pre
chlorination and adsorption) was 7 %, 37 %, and 14 % for NaClO doses of 0, 4, and 8 mg/L, respectively, indicating preferential overall 
removal of humic-like over proteic-like.

3.2.4. Formation of THM
Fig. 9 shows the formation of THM after postchlorination of treated groundwater.
A major difference was clearly noted in comparison to synthetic solutions R, Y, and H: the presence of Br− in groundwater shifted 

the formation of chlorinated THM (Cl-THM) to brominated THM (Br-THM). In fact, Br-THM accounted for 91 % of all THM. The 
formation of Br-THM over chloroform in Br− -containing water has been reported elsewhere [46,48] and can be quantified by the 
bromine incorporation factor (BIF), which is defined as follows for THM [4]: 

BIFTHM =
[CHBrCl2] + 2 ⋅ [CHBr2Cl] + 3 ⋅ [CHBr3]

[CHCl3] + [CHBrCl2] + [CHBr2Cl] + [CHBr3]

BIF can range from 0 (when no brominated species have been formed) to 3 (when all THM are found as pure bromoform). The 
values of BIFTHM for groundwater G (from Fig. 9) averaged 2.24, which was higher than the average of 0.24 corresponding for synthetic 
solutions R, Y, and H (from Fig. 2).

The same consideration on relative reactivity of intermediate THM precursors, THM, and unreacted DOM discussed for the syn
thetic solutions apply for groundwater G, with the additional complexity posed by the presence of four THM instead of practically only 
CHCl3 for synthetic solutions. In this case, the profile shown by all THM resembled that for H, probably because DOM in G resembled 
that in H. This is consistent with the fact that humic- and fulvic-substances tend to dominate in many surface and groundwaters [33]. 
This profile indicated a minimum formation of all Br-THM at intermediate pre dose of 4 mg/L, again in conformity with Zeng’s et al. 
[49] as discussed above.

Recent studies have documented that quenching agents such as Na2S2O3 used in this study have a decomposition effect on Total 
Organic Halogen (TOX), which is a surrogate bulk parameter that provides a measurement of the overall DBP, including THM analysed 
in this study [52]. Other studies have pointed out, however, that while this stands true for TOX and aromatic halogenated DBP such as 
halophenols, halonitrophenols and halobenzoquinones, Na2S2O3 does not adversely affect the concentration of THM, with decreases of 
approx. 5 % [53].

Concentrations of THM were linearly correlated with signals for each component (Fmax) measured prior to final chlorination in 
order to identify which PARAFAC component(s) contributed most to THM formation (Fig. 10).

It can be seen that the component that better correlated with ΣTHM concentration was C1G, with a R2 = 0.999, followed by C3G 
(R2 = 0.886) and C2G (R2 = 0.770). Component C4G appeared to be not correlated with any THM, probably affected by the low levels 
of tyrosine (R2 = 0.489). Of all components, only C1G presented statistically significant influence on the formation of ΣTHM (p-value 
= 0.02 < 0.05), while C2G, C3G and C4G did not (p-values>0.05).

The linear correlation factors (R2) between each individual THM and Fmax of EEM + PARAFAC components and the statistical 
significance as measured by associated p-values are given in Table 4.

Strong correlations were found between the concentration of CHBrCl2, CHBr2Cl and CHBr3 and the Fmax of the fulvic-like C1G (with 
R2 ≥ 0.94), with the latter being statistically significant (p-value<0.05). The correlations decreased for PARAFAC components C2G 
and C3G. This suggested that fulvic-like C1G (with λexc = 240 and 325 nm, and λem = 405 nm) appeared to be a very good predictor for 
THM formation. This finding is in line with those reported by other researchers. Zhang et al. [23] observed a very good linear cor
relation (R2 = 0.90) between DBP formation and the fluorescence intensity at λexc/λem = 310/416 nm, which is near the λexc/λem pair 
of C1G of this study. Watson et al. [24] also observed a strong correlation between fluorophore with Fmax at λexc/λem = 240/400 nm 
and highly-chlorinated THM (i.e. CHCl3 and CHBrCl2), with Spearman’s coefficients in the range of 0.92–0.94 (but not for CHBr2Cl and 
CHBr3, probably because of the lower Br− /DOC ratios in their experiments). Finally, fairly high correlation factors (R2 = 0.84) were 
observed between CHCl3 formation and Fmax for a fluorophore at λexc = 238 and 329 nm, and λem = 430 nm [8].

Two final considerations must be made with regard to the extrapolation of the results of this study to other scenarios. First, although 
the strong empirical correlation between the humic/fulvic like component C1G and ΣTHM has also been observed for other types of 
water sources different from groundwater (surface water, tap water, wastewater) [25], it must be bear in mind that other studies report 
minimal improvements of PARAFAC components in the prediction of the DBP production potential. This discrepancy may be due to the 
fact that DOM originating from different sources may exhibit distinct reactivity but yield similar fluorescence intensities. That being 
the case, other advanced analytical techniques, such as size exclusion chromatography (SEC) or high resolution-mass spectroscopy 
(HR-MS) may be needed to complement DOM characterisation.

Second, it is known that DOM fluorescence can be affected by the presence of metal ions, mainly through metal-DOM complexation. 
However, such alterations have been reported at metal ion concentrations much higher than those in groundwater from the aquifer of 
Sant Adrià de Besòs (Table 1). For instance, and concerning major ions, Chen et al. [54] observed a reduction of fluorescence intensity 
<10 % at concentrations as high as 27 mg/L NaCl, 5 g/L MgCl2 and 1.1 g/L CaCl2. With regard to minor transient metals, fluorescence 
intensity variation was observed minimal (<2 %) at concentrations of 0.8 and 1.5 mg/L Fe and 0.4 mg/L Al [55], or reduced by <20 % 
at Pb concentrations as high as 2 mg/L [54]. For all this, it was expected that fluorescence analysed in this study would not be affected 
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by the low levels of metals present in the groundwater of Sant Adrià de Besòs, but this could be the case if other water sources with a 
more complex matrix were used.

4. Conclusions

This study provides two particularly insightful findings that can be useful for water treatment plants aiming at minimising THM 
formation during disinfection.

On one hand, it has demonstrated that applying prechlorination prior to GAC adsorption can result in lower concentrations of THM 
in postchlorinated water in comparison to the traditional practice (i.e. applying chlorination after the GAC stage only). The reason is 
that pre-clorination can generate intermediate halogenated DBP precursors with higher proneness to adsorb onto GAC than unhalo
genated DBP precursors. In this study, we found that prechlorination with NaClO at a dose of 4 mg/L maximised such adsorption (i.e. 
minimised the further THM formation after postchlorination). At this NaClO dose, the levels of THM formed during postchlorination 
were 58 % and 45 % lower than at NaClO doses of 0 and 8 mg/L, respectively.

On the other hand, EEM holds great potential in estimating THM formation and therefore in helping develop control strategies to 
reduce THM formation. The fulvic-like EEM + PARAFAC component C1G (with λexc = 240 and 325 nm, and λem = 405 nm) showed 
particularly a high correlation with THM levels (R2 = 0.94–0.99) and therefore appeared to be a very good predictor for THM 
formation.

It must be recalled that EEM not only can provide more valuable information than traditional surrogates (e.g. DOC, SUVA) but also 
that it is simpler and more straightforward than other advanced techniques (e.g. SEC, resins fractionation), which are often laborious 
and demand a degree of skill. Moreover, and representing probably the most important advantage in comparison to the above 
mentioned advanced techniques, the EEM technique allows in-line monitoring of DOM in treatment plants. In fact, submersible 
fluorescence sensors have successfully been employed to track the removal of organic matter in water treatment systems in real-time 

Fig. 9. Formation of THM after postchlorination of treated groundwater.

Fig. 10. Correlation of concentration of all THM formed and Fmax (in arbitrary fluorescence units) of components C1G, C2G, C3G and C4G as 
analysed by EEM + PARAFAC.

Table 4 
Linear correlation factors (R2) between each individual THM and Fmax of EEM + PARAFAC components and statistical significance as measured by 
associated p-values.

R2 values (p-value) CHCl3 CHBrCl2 CHBr2Cl CHBr3

C1G (Fulvic-like) 0.01 (0.93) 0.97 (0.11) 0.94 (0.15) 0.99 (0.04)
C2G (Humic-like) 0.29 (0.63) 0.65 (0.41) 0.95 (0.15) 0.84 (0.26)
C3G (Tryptophan-like) − 0.07 (0.83) 0.96 (0.13) 0.67 (0.39) 0.82 (0.28)
C4G (Tyrosine-like) 0.44 (0.54) − 0.63 (0.42) − 0.23 (0.68) − 0.40 (0.56)
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[56]. For all this, EEM emerges as an attractive tool for water utilities in drinking, purification and reclamation schemes.
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– review & editing, Validation, Methodology, Formal analysis. Joan de Pablo: Writing – review & editing, Validation, Project 
administration, Funding acquisition.

Data availability statement

Data will be made available on request.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgements

This study received funding from the European Regional Development Fund (FEDER) through the project PECT Litoral Besòs: 
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