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Abstract. The presence of organic substances in the water intaken for 
consumption could be hazardous to human health due to the potential 
formation of disinfection by-products (TOX). The study were carried out 
in the pilot surface water treatment system consisting of coagulation, 
sedimentation, filtration, ozonation, adsorption and disinfection. Due to 
continuous operation of the system and interference with the parameters of 
the processes it was possible not only assess the effectiveness of individual 
water treatment processes in removing TOX, but also on factors 
participating on the course of unit  processes. 

1 Introduction 
The creation of oxidation by-products during water treatment is connected with a very large 
risk to consumer health [1, 2]. Therefore, studies have been carried out for many years 
worldwide aiming to identify these oxidation by-products and to determine the factors 
contributing to the type and amounts of harmful substances created.  

Chlorine/sodium hypochlorite is still the most commonly used disinfectant, and 
therefore it is important to determine the factors contributing to the formation of 
chlorination by-products, of which the most dangerous are chlorinated organic compounds 
[3, 4]. The types of Total Organic Halogens (TOX) created depend above all on the type 
and amount of organic matter contained in the water undergoing disinfection [5, 6]. 
Therefore, effective removal of organic substances, in particular TOX precursors, in 
processes preceding disinfection is necessary for limiting health hazards.  

The amount of chlorinated oxidation products created is decided by the amount of 
refractive substances in water, i.e. compounds of a complicated molecular structure. As 
shown by Chu et al. [7] the amount of TOC precursors is proportional to dissolved organic 
carbon (DOC) in water undergoing treatment, but above all to UV absorbance at 
wavelengths of 254 nm and 272 nm. It is also known that organic substances absorbing UV 
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light are removed during adsorption and coagulation processes [8-11]. However, rarely, and 
practically never, do these process ensure a complete elimination of the hazards connected 
with TOX formation. Limiting the amounts of oxidation by-products can be achieved by 
increasing the effectiveness of complete mineralization of organic substances, which can be 
obtained by increasing chemical oxidant dosages and increasing the oxidation time, 
especially when using ClO2 [12]. Results of studies [13, 14] have shown that, in fact, free 
chlorine reacts slowly with organic substances. In operating water treatment systems, 
increasing the oxidation time is most often impossible, which is compensated by increasing 
chemical oxidant dosages. In the case of using free chlorine, and to a lesser degree when 
using ClO2, the above solution unfortunately results in increasing chloroorganic compound 
concentrations in water [15–17]. 

Therefore it is important to maximize organic substance removal in processes preceding 
disinfection. The aim of this study was determining the effectiveness in removing organic 
contaminants as potential precursors of chlorinated organic substances in a pilot surface 
water treatment system and determining the factors contributing to the effectiveness of their 
removal in unit processes. 

2 Subject and methods of study 

The study was conducted from January to August in two surface water treatment systems 
(TS – Test System, RS – Reference system), made up of coagulation, sedimentation, 
filtration, adsorption and disinfection with pH correction. In the time period preceding 
study termination, an ozonation process was introduced prior to adsorption. Each of the 
system operated with a throughput of 3 m3/h (fig. 1).  
 

 
RMT – Rapid Mixing Tank, FB – Flocculation Basin, Cl – Clarifier, SF – Sand Filter, RCh – 
Reaction Chamber, GACF – Granular Activated Carbon Filter, CWB – Clear Water Basin 

Fig. 1. Water treatment system schematic. 

The coagulation process used PAX-XL3 (from January to April 13) and ALS (from 
April 13 to August). The coagulant dosage for both treatment systems was in the range of 
1.70–3.78 gAl/m3. The sedimentation time for post-coagulation sediments was 2.0 h and 
was constant due to the constant water inflow into the system. The water flow speed 
through the sand bed at the nominal system throughput was 5 m/h. However, the water – 
adsorption bed contact time was in the range of 13–18 minutes.  

The ozonation process was incorporated into the treatment system only during the final 
days of the study, and therefore it was not possible to determine its effect on the organic 
substance removal effectiveness. The object of this study were samples of raw water 
(supplying both systems) and after each unit process from each system. Samples were taken 
five times per week (Monday to Friday). The water treatment systems were turned off from 
February to March. For all water samples the following were determined: temperature, pH, 
conductivity, basicity, turbidity, color in visible light at wavelengths of 340 nm and 410 
nm, UV absorbance at wavelengths of 254 nm and 272 nm, Total Organic Carbon (TOC) 
and Dissolved Organic Carbon (DOC) concentrations and dissolved oxygen concentrations. 
For raw water samples and samples leaving the sedimentation tank the zeta potential was 
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determined. Based on the DOC content and UV254 absorbance value the specific ultraviolet 
absorbance (SUVA) was calculated. 

3 Results and discussion 
During the entire study period the source water contained dissolved oxygen, with its 
concentration reducing from April so that during the final period of study it amounted to 
only 33% of the concentration at the beginning of study, which was directly connected with 
temperature changes of the source water.  

Due to the long study period, the source surface water was characterized by large 
changes of not only temperature but also content, (tab.1), especially with respect to organic 
substance content. Among the organic substances in the raw water, the dissolved fraction 
dominated, which made up 93.7% to 100% of total organic carbon. It is precisely these 
compounds that are precursors to chlorinated disinfection by-products [18], and an 
evaluation of their removal effectiveness was the essence of this study. Liming of the risk 
connected with the formation of disinfection by-products (DBPs) is therefore proportional 
to the reduction in UV254 and UV272, absorbance, which during the study period varied 
significantly for raw water (tab. 1). As shown by Lee and Westerhoff [19], values of SUVA 
in source surface water (tab. 1) indicate a low susceptibility of organic substances to 
removal during the coagulation process.   

In spite of this, this process ensured a reduction in total and dissolved organic carbon in 
the ranges of 2.3–26.4% and 1.8–26.9% and also 3.7–27.1% and 9.2–27.5% respectively 
for the reference and test systems.  

In general, the coagulation process effectiveness in removing organic substances 
increased with increases in raw water temperature (fig. 2). The deviation from this 
relationship in the first study period (From January to April) may have been caused by the 
use a pre-hydrolized coagulant during this time, whose effectiveness is dependent on water 
temperature to a much smaller degree. These relationships were similar in both systems.  

 

 
Fig. 2. Variation in Total Organic Carbon removal during coagulation and water temperature. 

No unambiguous relationship was found between the organic substance removal 
effectiveness  and the coagulant dosages, regardless of the type of used coagulant. On the 
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other hand, the coagulation effectiveness depended on the degree of raw water 
contamination and increased with increases in this contamination.  

 
Table 1. Ranges of studied water quality indicators. 

 
 Test System (TS) Reference System (RS) 

Parameter RW* CO* SF* GAC* CO* SF* GAC* 
Temperature, °C 4.6–23.5 5.2–23.5 5.9–23.6 7.1–23.7 7.9–23.5 8.3–23.5 9.5–23.6 

pH 6.78–8.08 6.77–8.06 6.65–8.03 6.64–7.93 6.63–8.02 6.43–7.91 6.32–7.92 
Conductivity, 

µS/cm 393–735 396–746 396–795 400–747 397–745 396–749 398–750 

Basicity, val/m3 2.16–3.19 2.02–2.96 2.01–2.97 2.01–2.93 1.97–3.00 1.91–2.95 1.93–2.95 
Turbidity, NTU 3.7–28.5 0.3–14.3 0.0–3.4 0.0–0.6 0.4–8.4 0.1–0.5 0.0–0.3 

UV 254, m-1 5.08–14.76 2.01–13.55 1.21–11.98 2.10–8.04 1.96–10.26 1.24–9.76 2.47–7.32 
UV 272, m-1 5.04–11.95 2.51–10.95 1.83–9.68 0.28–6.39 2.46–8.26 1.85–7.83 0.30–5.76 

Color 340, g/m3 5.74–14.46 3.20–12.75 2.89–11.08 0.57–6.20 5.25–9.74 4.55–8.06 0.43–5.21 
Color 410, g/m3 8.05–24.11 2.52–20.24 2.74–18.31 0.15–8.18 2.46–14.61 1.12–10.96 0.95–6.24 
Oxygen, gO2/m3 4.91–12.21 7.91–12.23 7.17–12.1 5.37–12.7 7.89–11.55 7.14–11.19 5.58–14.28 

TOC, gC/m3 3.23–5.90 2.71–5.69 2.69–5.22 2.01–4.05 3.34–5.04 2.83–4.56 2.35–3.85 
DOC, gC/m3 3.34–5.62 2.42–5.45 2.54–5.03 1.92–4.01 3.14–4.68 2.78–4.46 2.31–3.79 

Zeta potential, mV -15.10– -7.85 -13.50– -6.27 – – -12.80– -6.63 - - 
SUVA, m3/gC·m 1.27–2.69 0.63–2.49 0.43–2.38 0.89–2.07 0.62–2.29 0.44–2.28 0.92–1.95 

* RW – raw water, CO – outflow from the settling tank, SF – outflow from sand filters,  
GAC – outflow from carbon filter  
 

Among the dissolved organic substances removed during the coagulation process, 
chlorinated organic substance precursors dominated, which is shown by effectivenesses in 
decreasing UV254 and UV272 absorbance in the ranges of 3.6–61.8% and 3.9–51.2% for RS 
and 0.9–60.3% and 0.8–50.2% for TS. The effectiveness in reducing the values of these 
parameters were similar to each other, which is connected with similar properties of 
substances absorbing UV radiation at the analyzed wavelengths. On the other hand, 
differences in obtained effectivenesses between the two treatment systems should be 
explained by differences in hydraulic flow conditions between subsequent devices for 
coagulation and sedimentation. The effectiveness of reducing UV absorbance during 
coagulation depended on the values of these parameters in source water. The effectiveness 
in removing DOC was proportional to decreases in UV absorbance (fig. 3). 

Due to reductions in refractive substances as evaluated by UV254, a 14.2% and 14.7% 
reduction in specific absorption occurred respectively for the reference and test systems.  

A consequence of removing organic substances was a decrease in the coagulated water 
color intensity. The study evaluated the reduction in color intensity which was determined 
for absorbance at two wavelengths of 340 nm and 410 nm. The coagulation process 
provided a very effective reduction of color intensity at both wavelengths. The greater 
effectiveness found for 410 nm is due to the properties of substances present in water 
(SUVA values). 
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Fig. 3. Reduction in UV absorbance as a function of DOC removal. 

The zeta potential for post-coagulation water samples was lower than that found for 
source water, however no transition of this potential through the isoelectric point was 
detected.  This may point to the possibility of increasing coagulation effectiveness by  
a significant increase in coagulant dosage, but this is not economically justifiable. 

Water coming into GAC beds was characterized by low SUVA values (tab. 1). The 
effectiveness in removing dissolved organic carbon was in the ranges of 7.3–28.0%  and 
4.0–35.4% for the reference and test systems respectively. No clear impact of the 
temperature of treated water on DOC removal effectiveness was found, with the highest 
effectiveness found mid-January (fig. 4). 

 

 
  

Fig. 4. DOC removal effectiveness during the absorption process. 
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The reduction in DOC was accompanied by a decrease in ultraviolet absorbance 
(UV254), and therefore by a decrease in chlorinated organic substance precursors in the 
range of 18.3–54.3% in the test system and 19.5–54.2% in the reference system. The 
resulting effectiveness is comparable to that found during the coagulation process, which 
may point to the fact that large molecular mass compounds were removed during 
coagulation, while medium molecular mass compounds were removed during adsorption 
[21], with compounds absorbing UV light dominating the fraction removed in both 
processes. 

Adsorption also provided for a reduction in UV272, whose effectiveness was 
proportional to the reduction in color intensity at 340 nm, and to a lesser degree at 410 nm 
(fig. 5). An analogous relationship was found UV254 absorbance. 
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Fig. 5. Reduction in color intensity (340 nm and 410 nm) as a function of effectiveness in removing 
organic substances exhibiting absorbance at 272 nm.  

No unambiguous impact of activated carbon-water contact time on the effectiveness of 
removing chlorinated organic compound precursors was found. This must be explained by 
very small differences in the time of water flow through the bed, because, as Esa et al [22] 
found, the greatest degree in removing organic substances takes place at contact times 20 
minutes, with significant changes being observed in the first 20 minutes. 

 

 
Fig. 6. Average effectiveness in reducing water organic contamination indicators (reference system).  
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A consequence of reduction in absorbance were further decreases in UV specific 
absorbance, which in water after adsorption amount to 0.92–1.95 m3/gC·m and  
0.89–2.07 m3/gC·m respectively for reference and test systems. The reduction in UV 
absorbance reduces hazards to human health connected with the formation of disinfection 
by-products. The effectiveness in removing organic substances, and in particular 
chlorinated organic substance precursors, was influenced by these two described processes. 
However, no significant effect of filtration through a sand bed on organic substance content 
was found. Coagulation contributed mainly to removal of colored organic substances and 
reduction in UV272, and absorption to reductions in UV254 absorbance. Ultimately, the 
adsorption process has a greater effect on reducing total and dissolved organic carbon (fig. 
6).Water undergoing disinfection still contained precursors of chlorinated organic 
substances, however their concentrations were significantly lower than those in source 
water, and exhibited a lower variability with time. The chlorinated organic substance 
precursor content in water undergoing disinfection dependent above all on the source water 
quality (fig. 7). However, no unambiguous effect was found of source water temperature on 
UV254 and UV272 absorbance. 
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Fig. 7. Relationship between chlorinated organic substance precursor content in raw water and water 
before disinfection. 

4 Summary 
The study showed that: 

 Chlorinated organic substance precursors, evaluated as content of substances exhibiting 
ultraviolet absorbance, are most effectively removed in coagulation and adsorption 
processes, and their effectiveness depends on the source water quality. 

 Reducing the effect of source water temperature on the effectiveness of removing 
chlorinated organic substance precursors during the coagulation process was achieved 
by the use of a pre-hydrolyzed coagulant. 

 Coagulation influenced the removal of colored organic substances to a larger degree 
than adsorption, which ensured a greater effectiveness in removing total organic 
carbon.  

 The water-adsorption bed contact time had no effect on TOX precursor removal 
effectiveness. 
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 The effectiveness in removing chlorinated organic substance precursors in the water 
treatment system was decided by the source water quality. 
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