Chemosphere 308 (2022) 136324

4
L

LSEVIER

journal homepage: www.elsevier.com/locate/chemosphere

Contents lists available at ScienceDirect

Chemosphere

Chemosphere

»

Check for

Effect of dissolved organic matter and its fractions on disinfection e
by-products formation upon karst surface water

Hui Zhou ™", Liye Tian®", Maofei Ni® ", Sixi Zhu “, Runyu Zhang , Liying Wang ", Ming Wang ?,

Zhikang Wang *"

& College of Eco-Environmental Engineering, Guizhou Minzu University, Guiyang, 550025, China
b State Key Laboratory of Environmental Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang, 550009, China

HIGHLIGHTS

e DBP formation from DOM and its frac-
tions were investigated at karst surface
water.

e DOM characteristics responded to
spatiotemporal DBPs formation.

e TCM and DCAN formation was signifi-
cantly higher in drought period than
post-wet period.

e Both flushed terrestrial and endogenous
organic matter were important DBP
precursors.

e Ca®* and Mg?* complexation in AOM
affects DBP formation.
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ABSTRACT

In this study, disinfection by-products (DBP) formation from dissolved organic matter (DOM) and its fractions,
including both hydrophilic and hydrophobic components, were investigated at a typical karst surface water. The
subsequent DBP formation potential was evaluated by deducing chemical characteristics of DOM fractions and
representative algal organic matter (Chlorella sp. AOM) under the influence of divalent ions (Ca®* and Mg>*") via
spectra analysis. Both terrigenous and autochthonous DOM performed as critical DBP precursors, and DBP
formation patterns were tightly correlated to organic matter chemical variations. DBP formation was signifi-
cantly higher in drought period compared to that in wet period (P < 0.05). Particularly, trichloromethane (TCM)
and dichloroacetonitrile (DCAN) showed distinct formation patterns compared to the scenarios in non-karst
water. For DOM fractions, hydrophobic components showed higher DBP formation compared to hydrophilic
counterparts, hydrophilic neutral enriched more reactive organic nitrogen for N-DBPs production. It was pref-
erable to enrich humic-like substances after Ca?* and Mg?*complexation in Chlorella sp. AOM, TCM formation
increased whereas DCAN production remained unchanged in the presence of divalent ions. This study innova-
tively provided a linkage between chemical characteristics of DOM and understanding of DBP formation in karst
surface water.
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H. Zhou et al.
1. Introduction

Since 1970, about 800 ubiquitously regulated and emerging disin-
fection by-products (DBPs) have been detected (Jiang et al., 2020; Yang
et al., 2019) and their carcinogenicity and mutagenicity have been
widely reported (Han et al., 2021; Hua and Reckhow, 2007a; Li et al.,
2020; Richardson et al., 2007; Wagner and Plewa, 2017; Yang and
Zhang, 2013). Dissolved organic matter (DOM) is a class of mixed
organic molecules (e.g., polysaccharides, proteins and humus) that
consists of miscellaneous chemical functional groups, including amino,
carboxyl, ester, hydroxyl, ketone and phenol, etc. (Bond et al., 2011;
Liang and Singer, 2003; Xu et al., 2021). Natural DOM in aquatic eco-
systems shows a multifaceted role and is widely involved in a range of
processes, including biological, chemical and physical transformations
(Lee et al., 2018).

Lakes and reservoirs are fundamental surface water resources for
inland cities. Complicated DOM dynamics would increase difficulties of
water treatment operations (Baghoth et al., 2011; Pivokonsky et al.,
2015). Natural DOM from terrestrial (e.g., soil-derived organic matter)
and endogenous (e.g., algal organic matter, AOM) have been shown to
possess complexed organic constituents and abundant reactive moietieis
(Gu et al., 2020; Sururi et al., 2020), which could penetrate traditional
water treatment processes and result in unwanted production of DBPs
during the disinfection process (Chang et al., 2013; Leloup et al., 2013;
Pivokonsky et al., 2021). Therefore, it is necessary to further explore the
linkage between DOM characteristics and the DBP formation pathway.

Although DBP formation and possible formation mechanisms in
freshwater DOM have been investigated (Chang et al., 2013; Xu et al.,
2021), the cases of relative studies in karst waters were rarely noticed.
Karst landforms account for 15% of the global land area, and cover an
area of 3.44 million square kilometers in China (Song et al., 2017).
Compared with regular shallow lakes, karst water possesses significantly
different geological and geographical background and material circu-
lation characteristics (Zhang et al., 2021). The likelihood of contami-
nants migrating through topsoil and subsoil or via surface karst features
(e.g., dolines, swallow holes), cracks and fissures of bedrock can affect
DOM property in this vulnerable ecosystem (O’Driscoll et al., 2020;
Pavlis and Cummins, 2014).

Trend of eutrophication outbreak and DOM chemical characteristics
in karst reservoirs are impelled by the transformation from dissolved
inorganic carbon (DIC) to organic components (Bao et al., 2020) through
the “biological carbon pump” effect (Chen et al., 2017; Liu and Drey-
brodt, 2015). Previous studies have proposed that DIC levels are posi-
tively correlated with the production of autochthonous organic carbon
through the aquatic photosynthesis effect (Waterson and Canuel, 2008;
Yang et al., 2017). This evidence indicates that transformation from DIC
to DOM is a notable phenomenon in karst water. In addition, the
released Ca®* and Mg?" from dolomite and limestone via carbonate
dissolution in karst water can also contribute extra substrate for algae
growth (Karimova et al., 2000; Pokharel et al., 2018). Algae prolifera-
tion, reservoir AOM molecular weight distribution, and secretion of
phospholipids can be also altered by Ca® and Mg?t input (Melcrova
et al., 2019; Waditee et al., 2004). Previous studies manifested that the
increased level of Ca?* and Mg?" could divert chlorination reaction
pathway and respond to the formation of DBPs (Navalon et al., 2009;
Zhao et al., 2016). Despite the above-mentioned evidence indicates that
both divalent ions and DIC transformed organic carbon alter DBP for-
mation patterns, investigation of DOM properties in karst water and DBP
formation research have been unfortunately separated into two areas of
study, although significant interaction likely occurs between them.

To better evaluate the role and composition complexity of DOM in
aquatic systems, fractionation techniques have been applied to isolate
DOM into different fractions, such as hydrophobic, hydrophilic, and
neutral components (Aiken et al., 1992; Wang et al., 2009; Zheng et al.,
2016). Six regular DOM fractions, including hydrophobic bases (HOB),
hydrophobic acidic (HOA), hydrophobic neutral (HON), hydrophilic
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bases (HIB), hydrophilic acidic (HIA), and hydrophilic neutral (HIN), are
commonly considered as primary components through amberlite XAD
resin separation (Leenheer, 1981; Wang et al., 2009). Hydrophobic
components conventionally contain high molecular weight of unsatu-
rated functional groups and was traditionally attributed to terrestrial
input (Hua and Reckhow, 2007b). Conversely, hydrophilic components
traditionally possess low molecular weight molecular amino acids and
soluble microbial products (SMP), which was considered as metabolites
of microorganisms (Deng et al., 2019). The halogenated active struc-
tures, such as aromatic structure, unsaturated carbon and peptide bond,
are considered as fundamental halogenated active reaction sties for DBP
production (Bond et al., 2011; Gu et al., 2020; Shan et al., 2012). In
addition, spatiotemporal variability of DOM affected by allochthonous
and autochthonous sources also cause diverse chlorination reactivity
(Liu et al., 2018; Ni et al., 2020; Xu et al., 2021). Despite the fact
regarding contributions from DOM to DBP formation and their potential
health risks have undergone considerable scrutiny, there is still a lack of
comprehensive information about the impact of spatiotemporal DOM
patterns on DBP formation in karst water. Accordingly, evaluating DBP
formation from chemical characterization and spatiotemporal ap-
proaches may provide a more fundamental understanding toward in-
ternal links of DOM-DBP formation in karst water.

This study aims to elucidate the response of DBP formation to DOM
characteristics and fractions in the karst water. We thus examined water
quality characteristics, DOM optical properties, DOM fractions (HOB,
HOA, HON, HIB, HIA and HIN), representative AOM extracted from
Chlorella sp., and their subsequent DBPs formation potential (DBPsFP) in
a representative karst surface water (the Aha Reservoir). Characteristics
of these organic matters were deduced by Ultraviolet—visible (UV-Vis)
absorption, three-dimensional Excitation and Emission (3D-EEM) and
Fourier transform infrared (FTIR) techniques. Formation potential of
carbonaceous DBPs (C-DBPs) and nitrogenous DBPs (N-DBPs) was
examined considering three typical locations, sampling periods and the
influence of Ca>* and Mg?*. Our results are expected to supplement the
knowledge gap of DOM chemical characteristics and DBP formation
control in this vulnerable aquatic ecosystem.

2. Materials and methods
2.1. Sampling site information

The Aha Reservoir, one of the main local drinking water sources, is
located in a typical karst area, Guiyang, Guizhou Province, in the
southwest of China (26°32' - 26.67"N and 106°38’ - 51.27"E, Fig. 1). The
detailed information of Aha Reservoir can be found in Supplementary
Information (SI 1). Water samples were obtained in November 2018
(drought period), April 2019 (initial-wet period), and July 2019 (post-
wet period). The sampling points include two river estuaries (#S1 and
#83) and a drinking water intake (sampling point, #S2). In detail, the
estuary of the Jinzhong River (sampling point, #S1) carries the domestic
sewage input from the uptown (Guanshanhu District) of Guiyang, sug-
gesting anthropogenic organic matter entered in this water area. The
estuary of the Youyu River (sampling point, #S3) has been affected for
decades by the input of acid coal mine wastewater from the mining area
of Jiu’an County (Huaxi District). Excessive Ca(OH), was dosed for
acidic water treatment (neutralization) that may cause the increase of
Ca2* level at this location.

2.2. Sample collection and preservation

All samples were collected 0.5 m below the water surface, then
stored in 1000 mL high-density polyethylene (HDPE) plastic containers
(avoiding organic matter absorption by the material surface) for sub-
sequent laboratory analysis (Ni et al., 2022; Yuan et al., 2013). To obtain
dissolved organic carbon (DOC), 0.45 pm cellulose acetate (CA) mem-
branes (GF/F 47 mm, Whatman, USA) were used for sample filtration.
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Filtrate for DOC determination was acidified to pH < 2 with concen-
trated H,SO4 to avoid sample deterioration.

Water temperature, pH, and dissolved oxygen (DO) were measured
in-situ by potable multifunctional water quality parameter instruments
(pHB-4 and JPB-607A, Leici, China). The secchi disk depth (SDD) was
measured with a Secchi disk (SD-20, Beijing, China). Aqueous Ca®" and
Mg?" levels were determined by EDTA titration method (Holroyde et al.,
1980). The UV-Vis spectrophotometric method was employed for the
analysis of total phosphorus (TP) and Chlorophyll a (Chla) concentra-
tions: (i) TP was determined with ammonium molybdophosphate
colorimetry (Lu et al., 2011), and (ii) Chla was extracted by ethanol
(Papista et al., 2002). DOC, DIC, and total nitrogen (TN) were measured
by a vario/select total organic carbon analyzer (Elementar, Germany)
with a TN analysis unit.

2.3. Resin pretreatment and DOM fraction

All resins were carefully cleaned before use to avoid any chemical
interfere. The detailed steps are summarized in SI 2. The DOM fractions
detachment was conducted based on the previous methods provided by
Leenheer (1981) and Wang et al. (2009) as shown in SI 3. Approximately
1400 mL of raw water DOM was separated into six fractions: HOB, HOA,
HON, HIB, HIA and HIN. The elution and adsorption flow rates were 2.5
and 5 mL min~}, respectively.

2.4. DOM chemical characterization

2.4.1. UV-vis

UV-Vis can determine specific functional groups-enriched DOM at
the corresponding wavelengths (Li et al., 2014; Omanovic et al., 2019).
For instance, UVas4, UVagp, and UVags can be used for characterizing

Chemosphere 308 (2022) 136324

aromatic (Kida et al., 2018), protein (Fichot and Benner, 2012), fulvic
acid organic matter (Piirsoo et al., 2012), respectively. Spectral slopes
(S275.295, S200-350 and Sssp.400) and their ratio (Sr—S275.295/S350-400)
represent relative DOM molecular weight distribution (Liu et al., 2018;
Ni et al., 2020; Shank and Evans, 2011). Original DOM and six frac-
tionated components were scanned by a UV-Vis analyzer (UV 1800,
Meixi, China) within 200-700 nm, and the blank was deducted with
deionized (DI) water (18.2 MQ cm). The specific absorbances at 254 nm,
280 nm and 285 nm were recorded. The spectral slope (S275.295) was
calculated by nonlinear fitting of the exponential function of the ab-
sorption spectrum at wavelengths from 275 to 295 nm.

2.4.2. FTIR analysis

FTIR is used to identify DOM chemical functional groups and com-
ponents. Original DOM and six fractionated components were filtered
and hydrolyzed in a vacuum freeze dryer (LGJ-12T, Songyuanhuaxin,
China) at four temperature gradients (20-0, 0 ~ —10, —10 ~ —60 and
—60-0 °C). After the freeze-drying process, samples and KBr (spectral
pure, Aladdin Co., Shanghai) were mixed and compressed by a tablet
machine (HY-12, Tianjing, China), and the FTIR of samples were char-
acterized on an infrared spectrometer (Nicolet 6700, Thermo, USA).

2.4.3. 3D-EEM and parallel factor (PARAFAC) analysis

3D-EEM spectroscopy technique was issued to identify specific DOM
components (Chen et al., 2003; Kida et al., 2019). Original DOM and six
fractionated components were characterized by 3D-EEM spectroscopy.
All samples were diluted by DI water, and prepared KCl stock solution
was added into samples to make its background concentration of 0.01
mol L. Three-dimensional scanning was carried out by a fluorescence
spectrophotometer (F-380, Gangdong, China). Excitation (Ex) wave-
length was set from 200 to 450 nm (interval 5.0 nm) and emission (Em)
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Distribution of sampling areas) of Aha reservoir, Guiyang, Southwest China (#S1, the estuary of Jinzhong river; #S2, drinking water intake of Aha reservoir; #S3,
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wavelength was set from 250 to 600 nm (interval 1.0 nm). Scanning
speed, slit width and voltage were set to be 2400 nm min~!, 5.0 nm and
700 V, respectively. During 3D-EEMPARAFAC analysis, the blank was
deducted and the interference peak was omitted. The appropriate model
for DOM components was verified with split half analysis by using
MATLAB 2018a (MathWorks, Natick, MA) in a DOMFluorv 1.71 toolbox
(Tedetti et al., 2012). Further details can be found elsewhere in the
operational protocol (Stedmon and Bro, 2008).

2.5. DBPSsFP test

The DBPsFP tests were conducted through DOM obtained from
sampling sites #S1~#8S3, and the subsequent DOM fractions including
both three hydrophilic (HIA, HIN, HIB) and hydrophobic components
(HOA, HON, HOB). Samples were loaded in a series of 40 mL amber
glass vials with phosphate buffer (pH = 7), then exposed to excessive Cly
doses (~20:1 mg Clp/mg DOC) following the standard method 5710B
(Baird et al., 2017) and incubated in the dark at room temperature (22
+ 2 °C) for three days (Wang et al., 2012b). Both volatile C-DBPs (e.g.,
trichloromethane (TCM), 1,1-dichloropropanone (1,1-DCP) and 1,1,
1-trichloropropanone (1,1,1-TCP)) and N-DBPs (e.g., dichloroacetoni-
trile (DCAN), trichloroacetonitrile (TCAN) and trichloronitromethane
(TCNM)) were analyzed by a gas chromatography with electron capture
detector (GC-ECD, trace GC 1300, Thermo Scientific, USA). The GC
column was TG-5MS (30 m x 0.32 mm x 0.25 pm). The 99.999% purity
of carrier gas (N5) flow was 1 mL min ™, the temperature of the injection
port was set at 200 °C, and the temperature of the ECD detector was set
at 300 °C. The specific temperature program procedures: maintain at
35 °C for 9 min and rise to 40 °C (for 1 min) at the rate of 2 °C min’l,
then rise to 80 °C at the rate of 20 °C min™!, and finally rise to 160 °C
(for 4 min) at the rate of 40 °C min L. The recoveries of all DBPs tested in
the experiment ranged within 80.0%-120.0%, and the method detection
limit of all tested DBPs was at ~ 0.1 pg L™, DBPsFP were calculated
based on the formation per organic carbon contribution (yg mgDOC™1).

2.6. Effect of Ca®* and Mg?>*

To identify the influence of divalent ions (Ca?>" and Mg>") on DBP
formation, spectra characteristics and DBPsFP were conducted by
selected AOM, one of the dominant algal species (Chlorella sp.) in Aha
Reservoir. The modified BG11 medium (Table S1) was configured to
simulate regional karst conditions for Chlorella sp. Cultivation. After the
cell concentration reached at 3 x 10° cells mL~! (stationary phase), the
medium was decanted by centrifugation (2000 r min~1) and washed
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twice by DI water. After that, AOM was obtained according to the pro-
tocol of Wang et al. (2021). Two divalent ion concentration gradients
(Ca%" =135.71 mg L™}, Mg?* = 18.43 mg L™!; Ca?" = 60.74 mg L%,
Mg?t = 15.46 mg L7!) detected in surface water of sampling sites
(Table 1) were blended with AOM (TOC = ~3 mg L Hfor1lh by
magnetic stirring. AOM with divalent ion addition and control groups
were further conducted by UV-Vis, 3D-EEM, and DBPSFP experiments
with the procedures mentioned at sections of 2.4.1, 2.4.3, and 2.5,
respectively. All samples were analyzed in duplicate for calculating
standard deviation. Data processing was conducted by Origin pro 2018
(USA). Statistical differences and correlations were calculated by SPSS
26 (IBM, USA).

3. Results and discussion
3.1. Water quality characteristics

The water quality parameters at Aha Reservoir during three sam-
pling periods are shown in Table 1. In general, pH (7.29-8.64) was
found within the normal range in karst water (Longyang, 2019), and DO
(6.0-18.8 mg L~1) was oversaturated (Ge et al., 2021). Typical karst
water characteristic was reflected by 22.92-36.33 mg L™! of DIC levels
across periods, which were much higher compared to those in non-karst
water. The DOC levels ranged from 2.01 to 4.09 mg L™, with the highest
level (4.09 + 0.15 mg L1, mean + standard deviation, the same as
below) at #S2 in post-wet period. The average DOC in post-wet period
(2.83-4.09 mg L) was higher than those in the initial-wet (2.01-3.39
mg Lfl) and drought periods (2.07-2.96 mg L™Y) (P < 0.05). Chla levels
showed significant variations in different sampling locations (P < 0.01),
ranging from 1.99 to 131.69 pg L™}, with an average of 49.80 g L.
The levels of Chla in the initial-wet and post-wet periods at #S1
(119.97-131.69 pg L™Y) and #S2 (76.45-74.21 pg L™!) were much
higher than that in #S3 (6.70-21.76 pg L™Y). The increased TN
(2.02-4.09 mg L™} and TP (0.011-0.171 mg L7') levels at the
initial-wet and post-wet periods may cause eutrophication outbreak and
subsequently impact DOM chemical composition (Bao et al., 2020).

Parameters including Chla, DOC and TN also demonstrated evidence
that algal growth mainly occurred during wet periods. This was
consistent with high trophic state index (TSI) in Aha Reservoir (Ni et al.,
2021): Eutrophication (TSI > 50) in the initial-wet period and meso-
trophication (30 < TSI < 50) in the post-wet period (SI 5). Intriguingly,
Chla levels in #S2 (1.99 + 0.27 pg L) were decreased by 58.4% and
80.8% compared to #S1 (4.78 + 0.47 pg L) and #S3 (10.36 + 0.28 pig
L) during the drought period, while DOC levels increased by 7.4% and

Table 1
Spatiotemporal analysis of water quality characteristics in Aha reservoir.

#S1 #82 #S3
initial-wet post-wet drought initial-wet post-wet Drought initial-wet post-wet drought

Temperature 19.7 + 0.3° 28.8 + 0.6" 16.5 + 0.3" 19.8 + 0.3° 27.1 4+ 0.4% 16.3 + 0.2° 22.9 + 0.7¢ 27.2 4+ 0.4° 18.0 + 0.4%

(9]
pH 8.64 + 0.01*  8.47 + 0.02¢ 7.71 + 0.01% 8.63 + 8.60 + 0.01®  7.68 + 0.01% 7.82+0.02°> 860+ 0.01®  7.29 + 0.03F
0.02"8

DO (mg L) 18.8 £ 0.24 8.2+ 0.1% 6.2 +0.3" 18.5 + 0.3% 9.8 + 0.3¢ 6.0 +0.1F 8.9 + 0.2° 11.5 + 0.28 9.2 + 0.1

TP (mg L) 0.171 + 0.162 + 0.081 + 0.061 + 0.082 + 0.073 + 0.012 + 0.013 + 0.011 +
0.001* 0.0028 0.001¢ 0.001F 0.002¢ 0.002° 0.001F 0.001%" 0.001%

TN (mg L) 3.73 + 0.04% 4.09 + 0.03* 2.28 + 0.03" 2.38 £ 0.035  3.49+0.07°  2.69 + 0.05% 2.12 + 0.03¢ 2.60 + 0.01°  2.02 + 0.02"

DOC (mg L™Y) 3.39 + 0.26% 3.53 + 0.09% 2.74 +£0.10°° 2,01 £0.06°  4.09+£0.15%  2.96 + 0.02¢ 248 £0.09°  2.83+0.01° 207 +0.03°

DIC (mg L™ 1) 28.27 + 29.36 + 30.37 + 0.06°  28.96 + 26.71 + 33.11 +0.13®  36.33+0.12% 2292+ 32.59 + 0.60%
0.83° 0.65° 0.86° 0.33% 0.33%

Chla (ug L™ 119.97 + 131.69 + 4.78 £ 0.47%  76.45 + 74.21 + 1.99 + 0.27" 6.70 £ 0.39°  21.76 + 10.36 + 0.28"
0.39® 0.194 0.53¢ 0.92° 0.94F

Ca®" (mgL™h) 63.45 + 0.07°  61.16 +0.59° 88.58 +0.19° 71.78 + 65.25 + 89.38 + 0.17¢  135.35 + 7214 + 98.84 + 0.53%

0.21° 0.11% 0.51% 0.25°
Mg (mg L) 17.46 + 0.015  16.09 + 16.73 £ 0.12¢  17.59 + 15.47 + 17.43 £ 016 1818 +0.16* 1581 + 18.26 +
0.08° 0.08® 0.01% 0.23P 0.25%

Significance Level: 0.01. N = 3.
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30.1%, respectively. Chla was probably degraded by exposure to strong
sunlight from July to October (Cuny et al., 2002; Hansen et al., 2016).
Furthermore, relatively small organic molecules of alga detritus in the
euphotic layer were produced, which was deduced by the decreased
Chla and concomitant increased DOC.

The level of Ca®* (61.16-135.35 mg L’l) was much higher than that
of Mg?" (15.47-18.26 mg L 1), the treatment of acid coal mine waste-
water by adding Ca(OH)» upstream in Youyu River might lead to the
highest Ca®* levels at #S3 (102.11 + 31.73 mg L’l) compared to those
of #S1 (71.06 + 15.21 mg L) and #S2 (75.47 + 12.48 mg L™1). The
presence of Ca’" and Mg?t can compress electric double layer and
reduce the potential energy of DOM via bridging effect by connecting
divalent ion and certain negative functional groups (e.g. -COOH and
—OH) (Wang et al., 2012a; Xu et al., 2019). Besides, excessive Ca’"
might inhibit algae growth (Melcrova et al., 2019) and alter AOM
chemical composition. Significant negative correlation between Ca**
and Chla (R = —0.921 ~ —0.999) (P < 0.01) was observed (Table S3),
which documented that Ca?' posed a negative exert on algae repro-
duction in karst water. In comparation to the effect of divalent ion, the
pronounced increase of Chla (P < 0.01) at the anthropogenic-related site
(#S1) showed a marginal impact on the variety of aromatic and
protein-like substances, despite the linked Chla and DOC (P < 0.01)
suggests enriched AOM at #S1 (Table S4). Accordingly, the presence of
Ca?" and Mg?" may perform a critical influential factor for DOM
variations.

3.2. The chemical characterization of DOM and its fraction

3.2.1. UV-Vis

The temporal and spatial changes of SUVAgs4, SUVA2g0, SUVAggs
and Sg values of #S1~#83 are shown in Fig. 2. SUVAys4 (aromaticity
index) showed a downward trend from the initial-wet and post-wet
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periods to the drought period. For instance, SUVAgs4 at #S1 showed a
decreased trend from 2.87 + 0.008 to 0.39 =+ 0.007 L mg™' m~L. A
similar trend was observed at #S2 (from 3.39 £+ 0.003 to 0.19 + 0.002 L
mg ! m™!) from the initial-wet period to the drought period. For #S3,
extremely high SUVAgss (3.59 + 0.41 L mg™' m™') was found in the
initial-wet period compared to the post-wet and drought periods (P <
0.05). Similarly, SUVAygo (protein index) showed an identical trend
when compared to SUVAgs4, suggesting a strong correlation between
aromaticity and protein (Liu et al., 2018; Wang et al., 2013). Strikingly,
the SUVAys4 and SUVAygy at #S3 were much lower (85.0%-87.0%)
compared to #S1 and #S2 at the post-wet period (P < 0.05). However,
SUVAgs (fulvic acid index) showed distinctive patterns, which reached
a maximum (2.67 £+ 0.30 L mg’1 m~) in the initial-wet period
compared to the post-wet (0.17 + 0.002 L mg_1 m_l) and drought (0.40
+0.001 L mg~! m™?) periods.

The Sg values are greater than 1 (Fig. 2d), suggesting DOM was prone
to be affected by endogenous input (Helms et al., 2008). Meanwhile, the
prevalence of allochthonous DOM constituents followed the order of
post-wet > initial-wet and drought period based on Sg value. Specif-
ically, SUVAy54 (aromatic) and SUVAagy (fulvic acids) of HOA were
significantly higher than other DOM fractions (P < 0.01), whereas
So75.095 values were statistically insignificant across six fractions (P >
0.01, Table S6). This suggested an inapparent molecular weight distri-
bution (Shank and Evans, 2011). In comparison to a karst catchment,
Lake Hongfeng, size exclusion chromatography revealed that aquatic
DOM and its fractions possessed low molecular weight range (< 3000
Da) (Wang et al., 2009; Zhang et al., 2021). SUVAgs4, SUVA2gy and
SUVAygs were remarkably decreased at #S3 at the initial-wet and
post-wet periods (P < 0.05), which probably attributed to increased
rainfall, runoff and flow in the Youyu River and continuously brought
divalent ions from dosed Ca(OH),. Notably, aquatic Ca?t could posi-
tively and negatively correlated to SUVAys4, SUVAogg, and SUVAygs at
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#S1 (R = —0.851 ~ —0.857) (P < 0.05) and #S3 (R = 0.951-0.957) (P
< 0.01), respectively (Table S3).

3.2.2. 3D-EEM PARAFAC

The 3D-EEM-PARAFAC analysis of DOM and its fractions are shown
in Fig. 3 and Fig. S2, respectively. Overall, two distinctive signal peaks
were observed in the post-wet period, while unique peaks were found in
the initial-wet and drought periods. In Fig. 3, the humic-fulvic like
allochthonous organic substances were identified in both initial-wet and
drought periods (Xu et al., 2021). In addition, SMP (Chen et al., 2003)
and humic-like components (Wang et al., 2017) were also found in the
drought period, due to its wide peak-signal coverage at Ex = 230-480
nm and Em = 310-580 nm. Two distinctive DOM in the post-wet period
referred to soluble microbial and humic/fulvic-like products, suggesting
algal proliferation and terrestrial humic/fulvic substance inputs.

For DOM fractions (Fig. S2), two components were defined in HIB
and one component was identified in other five fractions. From Fig. S2a,
b and c, it can be extrapolated that fluorescence peaks of hydrophobic
components (HOB, HOA and HON) showed humic/fulvic-like substance
signal and peaked at Ex/Em = 340(355)/390(395, 415) nm, with the
highest maximum fluorescent intensity in HON (Fig. S2h). For hydro-
philic components, soluble microproduct substances were found in HIB
and HIN. In addition, humic/fulvic-like substance were also discovered
in HIA and HIB. Especially, HIB is mostly attributed to microbial
metabolic by-products at Ex/Em = 320-345/370-275 nm and humic
acid at Ex/Em = 350/400 nm (Fig. S2e,f). In addition, the primary
substances of hydrophobic components in DOM fractions were humic/
fulvic substances, whereas hydrophilic components contained both
humic/fulvic substances and SMP with unsaturated carbon and organic
nitrogen (Fig. S2 and Fig. 54).

3.2.3. FTIR

FTIR spectrums of DOM and its fractions are shown in Fig. S3 and
Fig. S4. The characteristic peaks including ~CH, —-CO, -C—=C—, -C=C—,
—-OH and -NHj contributed to the main functional groups. In Fig. S3,
obvious absorbances in the range from 675-900 cm ™!, 1000-1300 cm ™!
and 1400-1410 cm ™! suggested the presence of -CH and —CO. In addi-
tion, 1600-1700 cm ! absorbance can be classified as the -C=C—
stretch vibration. Absorbance at 1650 cm™ %, 1537 cm™ !, and 1240 cm ™!
respectively belong to the amide I, amide II, and amide III bands, indi-
cating protein-like substance in each DOM component. For DOM frac-
tions, hydrophobic DOM possessed more unsaturated carbon contents
compared to hydrophilic DOM (Fig. S4). Strong absorbance was
observed at 3300 cm ™! as hydroxyl vibration for all DOM fractions that
likely belongs to phenolic structure. Specifically, HIB manifested
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stronger vibration of unsaturated carbon for -C—=C— and -C=C— at
1600-1700 cm ™' and 24002500 cm_l, respectively. However, we did
not observe different absorbance intensity for carbohydrate and protein
regions in HIA, HIN and hydrophobic components, which suggests an
increased proportion of protein-like components.

3.3. DBPsFP of DOM and its fractions

The DBPsFP of DOM at #S1 ~ #S3 in three periods is shown in Fig. 4.
Overall, DBPsFP in the post-wet period was significantly lower than
those in the initial-wet and drought period (P < 0.01, Table S5). TCM
formation potential was found in the range of 6.66-24.16 jijg mgDOC*.
For haloketones (HKs), 1,1-DCP formation potential was higher than
1,1,1-TCP. DCAN is the primary formed N-DBP compared to TCAN and
TCNM. For spatiotemporal variations, the highest TCM formation po-
tential was discovered at #S2 in the drought period (P < 0.05, Fig. 2b).
Additionally, TCM formation potential #S3 was higher than those of
#S1 and #S2 at initial-wet period, but no significant differences were
observed in the post-wet period (P > 0.05). For HKs, 1,1-DCP formation
potentials showed downward trend from initial-wet to post-wet and
drought periods, with the highest average level at #S1 (3.01 + 1.80 pg
ngOC_l). For 1,1,1-TCP formation potential, average levels at #S1
and #S2 were higher than #S3. For N-DBPs, an extremely high DCAN
formation potential (19.88 =+ 2.35 g mgDOC™!) was found at #S2 in
the drought period (P < 0.05). At the initial-wet period, DCAN forma-
tion was solely found at #S1 (2.13 + 0.10 pg mgDOC™1). Less TCAN and
TCNM were found during all sampling sites and periods compared to
other tested DBPs.

Elevated temperature can promote DBPs production and increase the
rate of algal growth, subsequent chlorine demand, and reaction rate of
chlorination (Xu et al.,, 2021; Zhou et al., 2019). Besides, previous
studies also posited that terrestrial DOM is preferable to contribute extra
TCM and DCAN formation during the rainy season (O’Driscoll et al.,
2020; Xu et al., 2021). O’Driscoll et al. (2020) investigated DBP for-
mation in karst groundwater in Ireland, suggesting terrestrial organic
matter was responsible for TCM formation. Aromatic and phenolic
substances enriched in AOM and its metabolite in karst water. Mean-
while, tyrosine, phenylalanine and tryptophan were considered as po-
tential TCM precursor as well (Goslan et al., 2017; Hua and Reckhow,
2007b). Surprisingly, it is noteworthy that DBP formation was signifi-
cantly lower in the post-wet period (P < 0.05) compared to those in the
initial-wet and drought periods (Fig. 4 and Table S5). Furthermore, TCM
and DCAN formation patterns were not discernible (P > 0.05) during the
post-wet period across three sampling sites. The possible explanation is
the increased reactive moieties from flushed terrestrial DOM.
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Fig. 3. Fluorescence spectral characteristics of DOM and its excitation and emission loads in three periods of Aha reservoir.
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Interestingly, enhanced TCM and DCAN formation was discovered
under the diminishing of terrigenous DOM input in water catchment
during the drought period (P < 0.05, Fig. 4b). Overproduction of aro-
matic protein, tyrosine and tryptophan-like substances were probably
the consequence of increased DBP formation (Bond et al., 2011; Goslan
et al., 2017; Wang et al., 2013). TSI analysis (Table S2) also confirmed
that eutrophication occurred in the drought period, despite previous
studies clearly indicated that organic nitrogen enriched in AOM was the
primary N-DBP precursor from algal bloom outbreaks during summer in
non-karst surface water (Goslan et al., 2017; Li et al., 2020). Besides the
influence of temperature, DIC dissolution could be assimilated as nu-
trients, promoting the growth and outbreak of planktonic algae in karst
water (Bao et al., 2020). Accordingly, autochthonous DOM also served
as a primary TCM and DCAN precursor.

The DBPsFP of DOM fractions at initial-wet period are shown in
Fig. 5. DOM hydrophobic components (HOB, HOA and HON) showed
higher DBPsFP compared to its hydrophilic counterparts (HIB, HIA and
HIN). Among all tested DBPs, TCM manifested the highest formation
potential and possessed temporal and spatial changes, especially for
hydrophobic components. In details, TCM formed from hydrophobic
components were 178.97 + 161.45, 134.21 + 128.96 and 122.49 +
117.67 pg mgDOC ! for #S1, #S2 and #S3, respectively. Meanwhile,
the TCM formation potential pattern changed remarkably during
different periods (P < 0.05). At the initial-wet period (Fig. 5), TCM
formation from HON accounted for 60.7%-78.2% of total DBPsSFP. For
the post-wet period (Fig. S5), TCM from HOA was significantly higher (P
< 0.05) than that of HON at #S1, and accounted for 53.7% and 48.2% of
total DBPsFP at #S1 and #S3, respectively. In the drought period

(Fig. S6), HON was also considered as the major precursor for TCM,
accounting for 69.1%-77.6% of total DBPsFP, but TCM formation po-
tential at #S2 was lower than that of #S1 and #S3 (P < 0.05, Table S7).

For HKs, 1,1-DCP and 1,1,1-TCP were mainly contributed by HOB,
HON, HOA and HIN, and their formation potentials changed dramati-
cally across periods (P < 0.05). In details, formation potential of 1,1-DCP
was mainly contributed by HOB, which accounted for 77.9%, 50.5% and
55.7% of total 1,1-DCP formation potentials in the initial-wet, post-wet
and drought periods, respectively. While 1,1,1-TCP was mainly derived
from HON, accounting for 92.4%, 75.3% and 97.1% of total 1,1,1-TCP
formation potentials in the initial-wet, post-wet and drought periods,
respectively.

For N-DBP formation, the average of DCAN formation potential of six
DOM fractions was much higher than TCAN formation potential. Pri-
mary DCAN precursors were HON, HOA, HOB and HIN. Specifically,
HON contributed ~45.5% of DCAN formation potential to DOM frac-
tions. For TCAN, HIA manifested the highest formation potential ac-
counting for ~24.5% in all DOM fractions. In addition, HON and HOA
expressed the highest DCAN formation potential during the drought
period (Table S7), respectively. For TCNM, HOA showed 0.24 + 0.03
and 0.57 + 0.07 pg mgDOC™! TCNM formation potential at #S2 and
#83 in the post-wet period, respectively (Fig. S5). In the drought period,
HOA and HOB showed discernible TCNM formation at #S2, which were
0.18 + 0.11 and 0.08 pg mgDOC 2, respectively.

Although HON may possess less SMP compared to HOA, stronger
fluorescence index (FI, Fig. S2h) manifested that fulvic acid-like sub-
stance was the primary DBP precursors for HOA (Table S7). For hy-
drophilic components, HIB showed the feedback of both discernible
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humic acid and SMP-like substances with strong FI (Fig. S2e, f and h),
whereas higher TCM formation potential was observed compared to N-
DBPs. N-DBP formation was mainly generated from HIN (SMP source,
Fig. S2g), which probably possessed more organic nitrogen. Previous
studies also indicate that precursors of haloacetonitriles (HANs) were
from glutamic acid, histidine and COOH-CH»-CN structure (Bond et al.,
2011; Wang et al., 2013). Thus, carbonaceous DBP precursors were
probably derived from terrigenous DOM, whereas a strong linkage exists
between nitrogenous DBP formation and AOM at inland karst reservoir.

3.4. Influence of divalent ions on DBPSFP

DBPsFP, specific UV, and 3D-EEM intensity variations are shown in
Fig. 6 under the presence of different Ca®" and Mg?* levels. In Fig. 6a,
the TCM formation potential increased by 2.85 pg mgDOC ! under the
presence of 135.71 mg L ™! of Ca®" and 18.43 mg L~ Mg?", indicating
that doubled levels of Ca?" promoted TCM formation. For spectra
analysis, enhanced divalent ion levels decreased aromatic (SUVA3s4),
protein (SUVAggp) and fulvic acid (SUVAggs) levels (Fig. 6b), AOM

tended to possess the characteristics of humic-like carbon (region V,
Fig. 6¢). Navalon et al. (2009) reported THM promotion was responsible
from ligands from Ca?* with polyols, citric and humic acids. Divalent
ions also linked to complex functional groups (hydroxyl, carbonyl, and
carboxyl of humic-like substances), showing a catalytic effect on TCM
formation (Dudev and Lim, 2007; Navalon et al., 2009; Yan et al., 2015).
Surprisingly, there were no discernible DCAN formation changed with
the increase dosage of Ca" and Mg?*, which suggested that subsequent
amount variation of aromatic, fulvic and humic-like substances (Fig. 6b)
merely affect N-DBP formation. HAN formation came from aspartic acid
and asparagine where both shown to possess acidic and polar uncharged
amino acid group, with the formation of dichlorocyanoacetic acid
decarboxylated to form DCAN (Huang et al., 2012; Wang et al., 2013).
Then DCAN could be formed due to the cleavage of the bond of a-carbon
and amine group (Wang et al., 2013). The presence of Ca** and Mg?* in
karst water may enhance TCM formation by humic-like components, but
not affect a-carbon and amine group structure, and thus no obvious
N-DBPs were observed with the increase of divalent ions.
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4. Conclusion

Chemical characteristics and DBP contributions from DOM and its
fractions were obtained in a typical karst surface water. Both terrigenous
and autochthonous DOM performed as critical DBP precursors, and DBP
formation patterns were tightly correlated to DOM chemical variations.
TCAN and DCAN formation were significantly higher in the drought
period compared to that in the post-wet period. In addition, hydro-
phobic components showed higher C-DBP formation compared to hy-
drophilic counterparts, while hydrophilic DOM fractions may possess

Chemosphere 308 (2022) 136324

abundant N-DBP precursors. The presence of Ca?* and Mg?* in karst
water enhanced the generation of C-DBPs (TCM) but not N-DBPs
(DCAN) from Chlorella sp. AOM. Divalent ions might be complex un-
saturated functional groups in AOM as ligands. Humic-like substances
produced but did not affect a-carbon and amine group structure.
Monitoring terrestrial DOM input and AOM chemical characteristics
might serve as a feasible approach for controlling DBP risk in karst
surface water.
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