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Characteristics of Molecular Weight Distribution of Natural Organic Matter and
Trihalomethane Formation Properties in Conventional Drinking Water Treatment
Processes

Konvansiyonel Ieme Suyu Aritma Iesislerinde Dogal Organik Maddenin Molekiiler Agiritk Dagilim ve
Trihalometan Olusumunun Ozellikleri

Kadir Ozdemir*

Zonguldak Bulent Ecevit Univversity, Faculty of Engineering, Department of Environmental Engineering, Zonguldak, Turkey

Abstract

In this study, ultrafiltration (UF) technique was used for natural organic matter (NOM) characterization in water samples taken
from Ulutan drinking water treatment plant (UW'TP) units (raw water, coagulation and disinfection process) in Zonguldak. The
distribution of NOM fractioation was performed the carbon mass balance of the UF processes according to the Total organic carbon
(TOC) measurements. The NOM fraction with molecular weight (MW) <1000 Da (1 kDa) is the dominant fraction among all
the fractionated water samples. Its percentage ranged from 54.29% to 69.76% between raw and disinfection processes stages in
UWKEP. During treatment process, higher MW fractions were removed more efficiently than MW< 1kDa, especialy coagulation
step. This result showed that low molecular weight organics are relatively hydrophilic and not effectively removed by coagulation.
Disinfection stage had limited effect on removing organic fractions. On the other hand, as the raw water samples was chlorinated,
the highest trihalomethane formation potential (THMFP) was observed the fraction of < 1kDa as 163.2 pg/L during the reaction
times of 168 hours and followed by 1-3kDa (15.3 pg/L), 3-5kDa (12.6 pg/L) and >5kDa (8.4 pg/L), respectively., The highest specific
trihalomethane formation potential (STHMFP) concentration was determined MW<1kDa as 35.8 ug THMFP/ mg TOC. As a
result, the findings of this study demonstrated that the deterrmination of NOM fractions with the UF technique may be an applicable
strategy for operation of conventional drinking water treatment plants.
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Oz

Bu ¢aligmada Zonguldak iline igme suyu saglayan Ulutan icme suyu aritma tesisi (USAT) tnitelerinden (Ham su, koagtilasyon ve
dezenfeksiyon) alin su numunelerinde bulunan dogal organik madde (DOM) karakteizasyonu ultrafiltrasyon (UF) teknigi kullanilarak
gergeklestirilmisti. DOM  fraksiyonlarinin dagilimi UF prosesi ile toplam organik karbon (TOK) konsantrasyon degerleri esas
alinarak karbon kitle dengesine gore yapilmisti. USAT’de ham sudan dezenfeksiyon tUnitelerinden alinan su numunelerinde UF
prosesi ile karakterize edilmis biitin organik fraksiyonlar arasinda en fazla bulunan molekiler agirhig: (MA) 1000 Da (1kDa)dan
daha kiigiik olan organik fraksiyonlar oldugu tespit edilmistir. Ham sudan dezenfeksiyon tnitesine kadar 1kDadan kiiciik olan
NOM fraksiyonlarinin bulunma ytzdesi %54.26-%69.76 arasinda yer almaktadir. Aritma prosesi siiresince, en yiksek giderim verimi
koagtilasyon adiminda ve MA yiiksek olan organik fraksiyonlarda meydana gelmistir. Bu sonug ayni zamanda koagiilasyon prosesinde
disik MA sahip hidrofilik 6zellikteki fraksiyonlarin etkili bir sekilde giderilemedigini gostermektedir. Diger yandan tim organik
fraksiyonlarda en diisiik giderim verimi dezenfeksiyon prosesinde meydana gelmistir. Klorlanmig ham su numunelerinde 168 saatlik
reaksiyon siiresinde en yiiksek trihalometan olusum potansiyeli (THMOP) miktar1 (163.2 pg/L) MA 1kDadan kiigiik olan DOM
fraksiyonlarda gorilirken, siras: ile MA 1-3kDa olanlarda 15.3 pg/L, 3-5kDa olanlarda 12.6 pg/L ve MA 5kDadan biytik olan
fraksiyonlarda ise 8.4 pg/L olarak 6l¢tilmiistir. Bununla birlikte, DOM fraksiyonlar: arasinda en yiiksek spesifik trihalometan olusum
potansiyeli (STHMOP) konsantrasyonu (35.8 pg THMFP/ mg TOK) MA 1kDadan kigik olan fraksiyonlarda gozlenmistir. Bu
calismada elde edilen bulgular UF teknigi ile DOM fraksiyonlarinin tespit edilmesinin konvansiyonel icme suyu aritma tesislerinin
isletmesinde uygulanabilir bir strateji oldugunu ortaya koymaktadir.
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1. Introduction

Natural organic matter (NOM) in water consistitues of
a wide variety of organic compounds and also plays a
significiant role in water treatment. It forms from largely
aliphatic to colored aromatics (Swietlik et al., 2004). Some
of the organic substances are negatively charged compounds
with different content and molecular size. The amount
and characteristic features of natural organic substances in
surface waters vary depending on the topography, climate
and geology of that place (Fabris et al., 2008, Wei et al.,
2008a).

On the other hand, NOM affects drinking water treatment
on many aspects, like the dose of treatment chemicals
(Yang et al., 2016). Further, ensuring a desired quality water
production in drinking water treatment plants requires the
removal of these organics with a high efficiency (Sillanpii
et al., 2011). There are many studies on the removal
technologies of natural organic substances in the related

literature (Jiang et al., 2018, Mao et al., 2018).

Among these treatment technologies, the most common
and economical method is coagulation and flocculation,
followed by precipitation and filtration steps (Galjaard et
al.,2018). The increase in the concentration of NOM causes
negative effects in terms of water quality in drinking water
resources. These problems include the level of taste and odor
in the water, the increase in the amount of disinfectant with
the dose of coagulant used, the occurrence of disinfection
by-products with potentially harmful effects, the occurrence
of microbial growth in the networks and the increase
in complexed heavy metal concentrations. NOM reacts
with disinfectants like chlorine, during water disinfection,
halogenated disinfection byproducts (DBPs) form (Zha et
al., 2014). Trihalomethanes (THMs) and haloacetic acids
(HAAs) are the most common disinfection by-products
(DBPs) from chlorinated drinking water reservoirs (Chu
et al., 2017, Han and Zhang 2018). Some researches have
reported that NOM is the main precursor of chlorinated
by-products (Hua and Reckhow 2007). In the mean
time, the chemical and physical structure of NOM has
an important place in the formation of disinfection by-
products Ozdemir (2014). On the other hand, if the organic
matter consists of high MW substances such as aromatic
compounds, higher amounts of THMs and HAAs are
observed as a result of chlorination of hydrophobic organics.
NOM is generally divided into hydrophobic, transphilic,
and hydrophilic groups. Hydrophobic NOM consists of
humic and fulvic acids. Hydrophilic NOM includes mostly

Karaelmas Fen Miih. Derg., 2022; 12(2):146-154

aliphatic carbon and nitrogenous compounds (Chen et al.,
2008). Additionally, NOM characterization focused on
general parameters, including total organic carbon (TOC),
UV absorbance at 254 nm wavelength (UV ) and specific
ultraviolet absorbance (SUVA) (Awad et al., 2016.) These
are surrogate parameters for providing to information of

DBP precursors (Uyak et al., 2007).

Fractionation techniques as physical and chemicsl
can be useful for NOM characterization (Chow et al.,
2005). Ultrafiltration, size separation chromatography,
ultracentrifugation are the most well-known physical
fractionation methods. On the other hand, one of the
most widely used chemical separation methods is resin
fractionation. UF technique has been used for separating of
NOM fractions related to their moleculer sizes the range
from 1000 to 30000 Daltons (Da) (Gang et al., 2003). Also,
UF technique is no requirement for chemical reagents.
'The goal of study is to find the MW distribution of NOM
fractions in conventional treament processes and analyze
to the trihalomethane formation potential (THMEFP) of
different MW fractions of NOM. Also, this study is one
of the first studies on the fractionation of natural organic
materials found in drinking water sources in the Western
Black Sea region by ultrafiltration method.

2. Materials and Methods
2.1. Water Sampling

In the study, water samples were taken from the Ulutan
Drinking Water Treatment plant (UWTP) in Zonguldak.
Ulutan Dam is the main water reservoir in Zonguldak and
provides a maximum of 34,000m*/day of water to UWTP.
UWTP is a kind of conventional treatment plant including
aeration, coagulation-flocculation, filtration and disinfection
processes.

2.2. Ultrafiltration

UF process was used to fractionate the NOM components
according to their molecular size. UF was conducted by
using a stirred UF cell (Millipore 8200) with YM disc
membrane made of regenerated cellulose (Amicon, USA).
Prior to filtration, ultrapure water was passed through the
membranes to remove any possible leached organics until
TOC in the permeate was <0.1 mg/L. After that, the
membrane was installed into the UF cell and rinsed two
times using 0.01 mol L21 NaOH and HCI alternatively.
The stirrer kept agitating more than 10 min for each rinse.
High purity nitrogen (99.99%) was used to pressurize the

147



Ozdemir / Characteristics of Molecular Weight Distribution of Natural Organic Matter and Trihalomethane Formation Properties in

Conventional Drinking Water Treatment Processes

(MW = 5KD)
Retentate

!

(3KD = MW > 1KD)
Retentate

!

(MW < 1KD)
Process
water . SKD — 3KD i 1KD SR~
Filtrate Filtrate Filtrate

Figure 1: A schematic flow chart showing UF process.

filtration process, and the permeate was stored at +4°C until
analysis. The MW of the applied membranes was as follows:
1,3 and 5 kDa. NOM was separeted by using ultrafiltration
membranes, including a fraction with MW < 1kDa, 1-3kDa,
3-5 kDa and > 5kDa. Water samples taken from raw water,
coagulation and disinfection units were passed through the
membranes of MW < 1 kDa, 1-3kDa, 3-5 kDa and > 5kDa.
The cleaning process was performed by the procedure of
Zhao et al. (2006). Transmembrane pressure value of 0.35
MPa was applied for UF tests with surface water samples.
'The shceme of the UF process is given in Figure 1.

2.3. Chlornation and THMFP Procedure

Chlornation of water samples was made in a 500 cm?®
amber-color glass bottle. Water samples were buffered
to pH 7.5 with 5 mM phosphate buffer. Chlorine stock
(1000 mg/L) solutions was prepared using commercial 4%
NaOCl and standardized by iodometric titration. THMFP
test was done according to in Standard Methods of 5710-B
(APHA 2005). According to this method, the pH value of
the water samples should be brought to 7 with phosphate
buffer and chlorinated, and then kept at 25 °C for 7 days.
The chlorinated samples were placed into 125-mL amber
glass bottles with polypropylene screw caps and TFElined
caps. Afterwards, residual chlorine amounts should be
determined according to the DPD colorimetric method

(APHA 2005).
2.4. Analytical Procedure

Ultrapure water (Sartorius Co., Germany) was used to
prepare the standard solutions used in all experimental
procedures and analyzes carried out in the laboratory. TOC
analyses were performed with a Shimadzu TOC-5000
Analyzer, using high temperature combustion, according

to APHA-3510B. UV-1608 Shimadzu spectrophotometer
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was used for measurements of UV ,,. SUVA was found
as the UV, divided by the TOC values. Analyses
involving THM compounds were conducted with the
liquid-liquid extraction method in the EPA 551 method
(USEPA 1998). HP 6890 Series II Gas Chromatograph
equipped with a micro Electron Capture Detector (GC
pECD) instrument with a DB-1 capillary column (30
mx0.32 mm ID.x1.0 pm, J&W Science) was used for

THM measurements.

3. Results and Discussion
3.1. Distribution of NOM

'The UF technique is widely used for the determination of
molecular weight distributions of NOM in water treatment.
Prior to UF processes, a mass balance must be done for each
NOM fraction with TOC analysis. In addition, any loss
or contamination situations are also reviewed in the mass
balance calculation for NOM fractions. The results of the
mass balance for each NOM fraction are presented in Table
1. As can be seen Table 1, The TOC values of each NOM
fraction analyzed in the purification steps are given in the
left column. Then, the TOC mass of each NOM fraction
was calculated by multiplying the volume of the sample with
the measured TOC concentration in mg. The distribution
of NOM fractions in each treatment step was found by
dividing the TOC value of each fraction by the sum of TOC
value. Also, in this section, the recovering percentage of each
TOC in the raw water, coagulation and chlorination units
of each fraction were found. TOC recovery including those
in raw water, coagulation and chlorination process were
recorded as (100 + 10.21%), (100 + 6.2%), (100 + 3.53%), and
(100+7.41%), respectively. Brockmeyer and Spitzy (2013)
examined the TOC mass balance of fractionated NOM
samples collected from Outer Alster Lake in Hamburg city,
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Table 1: TOC Mass Balance for Each Water Treatment Unit

Water source Molecular Dimension Smie TOCmass |, T,O C,
volume distribution
Raw water Dalton (Da) (mg/L) (L) mg (%)
Raw water 8.78 0.18 1.58
>5000 D (>5kDa) 0.34 0.54 0.18 12.14
5000-3000 D (5kDa-3kDa) 0.46 0.54 0.25 13.93
3000-1000 D (3kDa-1kDa) 0.48 0.54 0.26 15.36
<1000 D (<1kDa) 4.56 0.18 0.82 54.29
Total mass= Sum of fractions 1.779 1.51 100
Recovery (%) 101.4
Coagulated water Coagulated water 6.45 0.18 1.16
>5000 D (>5kDa) 0.19 0.54 0.10 9.56
5000-3000 D (5kDa-3kDa) 0.25 0.54 0.14 12.58
3000-1000 D (3kDa-1kDa) 0.32 0.54 0.17 16.11
<1000 D (<1kDa) 3.68 0.18 0.66 61.74
Total mass= Sum of fractions 1.779 1.07 100
Recovery (%) 103.3
Chlorinated water Chlorinated water 5.23 0.18 0.94
>5000 D (>5kDa) 0.16 0.54 0.09 9.68
5000-3000 D (5kDa-3kDa) 0.21 0.54 0.11 12.70
3000-1000 D (3kDa-1kDa) 0.29 0.54 0.16 17.54
<1000 D (<1kDa) 3.46 0.18 0.62 69.76
Total mass= Sum of fractions 1.779 0.89 100
Recovery (%) 105.6

Germany. The results of this study showed well recoveries.
In other words, NOM fractions recoveries of 0.5kDa, 1kDa
and 10kDa were found as (100 +14), (100+7) and (100+5).
Schwalger and Spitzy (2013) has reported that organic
carbon recoveries were calculated as 99+13 for MW<1kDa,
100 +20 for MW>5kDa and 100 * 3 for MW >50kDa in
fresh and estuarine waters in Germany. These experimental
studies reveal that TOC mass balance values indicate no
major loss or contamination of NOM fractions as a result of
the UF process. On the other hand, when the results of this
study were compared with previous studies, it was seen that
the relevant literature was supported Wang et al. (2008).
Similar recoveries have been presented in other literature

studies (Wilding et al., 2005, Kottelat et al., 2008).
3.2. NOM Size Distribution in Water Sources

Figure 2 illustrates the distribution of fractions during the
conventional treatment processes in UWTP. The results
inluded that the predominant fraction of NOM in raw water
stage was <1 kDa, accounting for 54.29 % of total TOC,
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followed by 1kDa-3kDa and 5kDa-3kDa with15.36% and
13.93 %, respectively. The least common fraction was >5kDa,
as 12.14%. These results confirm to the data from previous
studies (Han et al., 2015). Similar results were obtained in
studies by Wei et al. (2008b). They have noted that the NOM
fraction of < 1kDa composes at the major portion of TOC
content in four water reservoir. Gu et. al (2006) collected
water samples from Guangzhou section of the Pear] River
in China to investigate soluble organic fractions with UF
technique. They indicated that the majority of NOM was
composed of fractions less than 500kDa as a result of the
characterization of the water samples in the Pearl River.
The results of this part of study show that organic carbon
of NOM in raw water samples consists of hydrophilic
fractions which are characterized by more aliphatic carbon
and nitrogenous compound such as carbohydrates, sugars,
and amino acids. Additionally, coagulation can remove
organics. NOM fractions with MW >5 kDa, 5-3 kDa, 3-1
kDa, and < 1 kDa in coagulation step were determined as

9.56%, 12.58%; 16.11% and 61.74%, respectively, based
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on the TOC concentration calculations. In the meantime,
while the removal rates of with MW >5 kDa and 5-3 kDa
were observed as about 50%, the removal rates of 3-1 kDa,
and < 1 kDa was recorded as 33% and 21%, respectively.

m e

70

&0
=
& 50 -
E m »5kDa
£ 40 4
L'j W 5kDa-3kDa
O 30 4
i m 3kDa-1kDa

20 + <1kDa

10 4

o 4

Raw water Coagulation Chlorination
Water source

Figure 2. Fraction mass distribution of water treatment processes.

The findings presented that the removal ratio generally rose
with the increase in MW. In addition, molecules with small
size are not effectively removed by coagulation especially, <
1kDa. Chen et al. (2021) have performed that raw water
(RW), settled water (SW), and filtered water (FW) samples
collected from a drinking water treatment plant were
fractionated into 24 NOM fractions with varying molecular
weights. The results revealed that MW < 1kDa NOM
fraction is the most abundant in raw water (RW) (71.22%),
sediment water (SW) (46.26%) and filtrate water (FW)
(41.12%). Also, the findings of this investigation illustrated
that hydrophilic fractions can not be treated effectively
in FW, which contributed to the low aliphatic precursors
remaining in the FW. However, after the SW process, the
hydrolysis and complexation induced by AlO A, (OH)",
and AICI, greatly contribute to the removal of the organics.
On the other hand, some experimental studies in the
literature have shown that most of the organic fractions
with high molecular weight like 10 kDa can be removed
by the coagulation process (Matlianen et al., 2002, Song et
al., 2019). Disinfection with chlorine increased slightly the
concentration of NOM fractions. The distributions of MW
>5 kDa, 5-3 kDa and 3-1 kDa were calculated as 9.68%,
12.70% and 17.54 %, respectively. Altough the percentage
of organic fraction with MW less than 1kDa (69.76%)
was found to increase more with chlorination, the lowest
removal rate as TOC concentration was detemined in the
fraction of MW < 1kDa. Some researchers have found that
organic fractions greater than 2.5kDa are decreased more

150

than other NOM fractions during disinfection (Kristiana
et al., 2013). This finding also revealed that chlorination
leads to the partial oxidation of NOM and thus, hydrophilic
fraction of NOM increased through chlorination. Similar
observations have been reported by some researches (Zhao

et al., 2013, Zheng et al., 2016).

Overall, the conventional applications removed the
hydrophobic compounds more effectively than the
hydrophilic ones. Further, low MW fractions of NOM were
not effectively removed by conventional treatment process

and also higher remaval in NOM fractions was coagulation
unit in UWTP.

3.3. Identification of THM Precursors in Raw Water

Figure 3 shows the trihalomethane formation of NOM
fractions in chlorinated raw warer samples at the reactio
of 168 hours. According to Figure 2, while the fraction of
< 1kDa had the highest THMEFP level (163.2 ug/L), the
fraction of > 5kDa had the lowest THM concentration (8.4
ug/L). The factions of 5-3 kDa and 3-1 kDa were accouted
for 12.6 ug/L and 15.3 ug/L, respectively. These findings
displayed that hydrophilic compounds play a greater role
in the formation of THMs and studies on the subject in
the previous literature support the results obtained in this
study (Xu et al., 2012, Zhang et al., 2020). The removal
efficiency of DBP precursors in conventional treatment
systems largely depends on the hydrophobicity and MW of
the NOM (Yan et al., 2017). Zhao et al. (2006) suggested
that the low-molecular-weight 0.5-1K fraction was the
major precursor of THM formation for effluent of each
of the four treatment processes in a conventional drinking
water plant in Guangzhou. Previous studies have shown
that higher concentrations of THM are formed as a result
of chlorination of NOM, which is composed of especially
organic carbon aromatic compounds rather than aliphatic
compounds (Li et al., 2016). In the results of study by Niu
et al (2018) show that the main DBP precursors were the
fraction with MW <1 kDa and fraction with MW 3-10
kDa, and the DBP’s generation ability of lower molecular
weight DOM (<10 kDa) was higher than that of higher
molecular weight NOM. Therefore, we can generally report
that the THMFP was closely related to the MW and the

concentration of fractions.

On the other hand, Figure 4 gives specificTHMFP
(STHMPEFP) levels. The STHMFP of MW > 5kDa, 5kDa-
3kDa, 1kDa-3kDa and <1kDa increased in that order
(24.7 pg/mg, 27.4 pg/mg, 31.8 pg/mg, 35.8 pg/mg), and
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MW <1 kDa had a stronger STHMFP than the higher
MW ones (Figure 3). We can generally suggest that the
highest STHMFP is observed with the decrease of MW
and that lower NOM fractions produce more THMs. In
the study of Nkambule et al. (2019) on THM formations
for the optimization of drinking water treatment plant,
higher amount of THM formation was observed during
the chlorination of NOM fractions with hydrophobic
organic carbon. The results displayed that there is a strong
correlation between STHMFP and the aromatic fraction
of NOM in the treatment plant. Similar results have also
been cnfirmed by other researches, which have shown
that lower MW fractions as the important precursors in
the THM formation (Roe et al., 2008). In the study of
Karapinar et al. (2014) on seasonal NOM characterization,
they took water samples from Terkos Lake, which provides
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drinking water to the province of Istanbul, and carried out
the fractionation process with the UF technique. Then, as
a result of chlorination of each fraction, it was determined
that the highest STHMFP occurred in NOM fractions of
MW<1kDa. In other words, this result might be revealed
that the STHMFP level depends on the origin of NOM.

4. Conclusion

In this study, NOM characterization in water samples taken
from Ulutan drinking water treatment plant (UWTP) units
was used by using UF technique has been carried out. As
a result of the experimental studies, it was observed that
NOM fractions with a molecular weight less than 1 kDa
were dominant in each treatment unit. This result also
shows that NOM fractions with a hydrophilic molecular
weight less than 1 kDa cannot be effectively removed. It
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has been determined that the hydrophilic fraction of NOM
plays an important role in THM formations that occur as
a result of chlorinated water samples during the treatment
period. In other words; the fraction of < 1kDa had the
highest THMFP level (163.2 ug/L). Further, the highest
STHMFP concentration as 35.8 pg THMFP/ mg TOC
was recorded in MW < 1kDa. The results of this study show
that the realization of the NOM fractionation process with
the UF technique can make an important contribution
to the efficient operation of conventional drinking water
treatment plants.
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