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A B S T R A C T   

The removal of different natural organic matter (NOM) components from boreal lake water was studied at 
ambient temperature (0.4–18.5 ◦C) in a full-scale drinking water treatment plant (DWTP). The specific aim was 
to compare the performance of granular activated carbon (GAC) filters containing different commercial carbons. 
Liquid chromatography with organic carbon detection (LC-OCD), fluorescence excitation and emission matrices 
(FEEM), and biodegradable dissolved organic carbon (BDOC) analyses showed that surface water NOM was 
dominated by humic substances (HS), had the highest fluorescence intensity at the region associated with fulvic 
acid-like NOM and contained, on average, 0.2 mg/L of BDOC. Coagulation-flocculation and flotation removed 
61–82 % of HS and biopolymers and, on average, 50 % of the BDOC. Chlorine dioxide oxidation increased the 
proportion of HS with 18–22 % and the concentration of BDOC with, on average, 0.05 mg/L, while it decreased 
the proportion of low-molecular-weight neutrals (LMWN). Sand and GAC filtration removed BDOC to a level 
below 0.15 mg/L. The two studied GACs showed a 25 % difference in their cumulative total organic carbon 
(TOC) removals. The distributions of NOM fractions were similar in the effluents of both filters, with LMWN 
being the most efficiently removed fraction. NOM removal was due to adsorption rather than biodegradation in 
the filters. In conclusion, DWTPs benefit from complementary analyses, such as LC-OCD, FEEM and BDOC, for 
understanding and optimising NOM removal. Comparison of different GACs in full-scale studies is also important 
due to differences in the TOC removals of GACs with similar product specifications.   

1. Introduction 

Many drinking water treatment plants (DWTPs) need to improve 
their treatment processes to provide high quality potable water from 
surface waters that are currently experiencing continuously increasing 
levels and variable quality of natural organic matter (NOM) [1]. The 
NOM origin and its characteristics, such as its molecular size distribu-
tion, biodegradable fraction, and fluorophore composition, are catch-
ment area–specific and may vary seasonally [2–4]. In addition, further 
changes in both quantity and quality of NOM are expected due to the 
impacts of climate change on local hydrology [1]. If not sufficiently 
removed by the DWTPs, NOM can contribute to an unpleasant colour, 
taste and odour of drinking water, as well as to the formation of 

carcinogenic disinfection by-products and bacterial regrowth in the 
distribution networks [5]. 

Typically, DWTPs apply a combination of several unit processes, 
such as coagulation, flocculation, clarification, oxidation and filtration, 
to achieve their NOM removal targets. Coagulation-flocculation, fol-
lowed by clarification, removes mainly hydrophobic, high molecular 
weight NOM compounds [6]. After floc removal in the clarification 
stage, oxidation with ozone is commonly applied as a disinfectant and to 
alter the structure of organic compounds, thereby improving the 
removal of NOM in subsequent processes [7]. Thereafter, granular 
activated carbon (GAC) filtration is used to finalise the removal of 
partially oxidised NOM by adsorption and/or biodegradation [5,8], 
depending on the properties of GAC, the operational regimes and the 
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quality of the influent water. Studies in DWTPs with GAC filtration and 
ozonation have shown that the adsorption of NOM fractions increases 
with decreasing molecular size [9] and that both the low and interme-
diate molecular weight fractions of NOM are efficiently adsorbed [10]. 

Some DWTPs use ClO2 rather than ozone for oxidation [11–13]. For 
example, Tampere Water (Finland) has used ClO2 oxidation followed by 
sand and GAC filtration for over 20 years in a DWTP to produce drinking 
water from boreal lake water. The reasons for selecting ClO2 oxidation 
over ozonation include a less complex technology and lower mainte-
nance requirements and investment costs, as well as the low formation 
of bromate and bromoform [14–16]. The downside of choosing ClO2 is 
that ozone reportedly changes the molecular weight distribution of 
NOM and increases its biodegradability more efficiently than is achieved 
with ClO2, as shown in laboratory batch studies [17,18]. Previous 
studies have illustrated the formation and fate of disinfection 
by-products and the removal of different molecular weight fractions of 
NOM in DWTPs that use ClO2 oxidation [12,19]. However, to our 
knowledge, the impacts of ClO2 oxidation on NOM characteristics have 
not been investigated in detail in full-scale DWTPs using advanced and 
multiple complementary NOM characterisation tools, such as liquid 
chromatography with organic carbon detection (LC-OCD), fluorescence 
excitation and emission matrices (FEEM) and biodegradable dissolved 
organic carbon (BDOC) analyses. Detailed NOM characterisation, both 
in terms of its physico-chemical properties and biodegradability, is 
required in order to understand the composition changes of NOM in the 
treatment train and to improve the operation of DWTPs. 

The potential of GAC filters to remove NOM is affected by the 
characteristics of the specific GAC used and by the characteristics of the 
NOM in the influent [5,8], as well as by the process conditions, such as 
the temperature [20]. The various available GACs differ in their raw 
material makeup and in their physico-chemical characteristics, such as 
pore size distribution, surface chemistry and surface area [21,22]. These 
differences impact their sorption capacity, measured as the iodine 
number, as well as their ability to maintain the active microbial biomass 
(measured as adenosine triphosphate [ATP]) required to biodegrade 
NOM. Recent laboratory studies in carefully controlled conditions have 
provided important basic information on the mechanisms of adsorption 
and biodegradation in GAC filters [22,23] but full-scale studies are 
necessary to understand the removal of NOM at DWTPs, where changes 
in temperature, influent water quality and process variables such as 
backwashing influence the performance of GAC filtration [10]. Thus, the 
determination of the feasibility of different GACs for efficient NOM 
removal would benefit from a systematic comparative full-scale study 
using advanced complementary analyses of both GAC and water quality 
under ambient conditions. DWTPs that use alternative oxidants, such as 
ClO2, are missing this type of information needed for the optimisation of 
NOM removal. 

The aim of the present study was to evaluate the removal of NOM 

components at ambient temperatures (0.4–18.5 ◦C) in the sequential 
unit processes of a full-scale DWTP that uses boreal humic lake water as 
a water source and applies ClO2 for oxidation. LC-OCD, FEEM and BDOC 
analyses were applied to characterise NOM in terms of its molecular size 
fractions, fluorophore composition and biodegradability, respectively. 
In particular, the goal was to compare the NOM removal and its mech-
anisms between two activated carbons used in GAC filters. 

2. Materials and methods 

2.1. Drinking water treatment plant 

The study was conducted at a DWTP (Tampere Water, Finland) 
which, in 2018, produced about 70 % (annually ca 13 million m3) of the 
drinking water for the over 200,000 inhabitants in the city of Tampere 
and surrounding communities. Raw water for the plant is taken from 
Lake Roine (surface area: 55 km2) at a depth of 4–5 m, which is 2 m 
above the bottom of the lake. 

The treatment train includes coagulation (ferric sulphate) and floc-
culation, followed by flotation (CFF), chlorine dioxide (ClO2) oxidation 
(0.2 g/m3), sand filtration, GAC filtration, post-chlorination and ultra-
violet (UV) disinfection (Fig. 1). The GAC filtration stage consists of 
several parallel down-flow filters. All activated carbons in the filter beds 
are either regenerated or replaced with virgin GAC once a year to ach-
ieve the target concentration of total organic carbon (TOC ≤ 2.5 mg/L) 
in drinking water. 

2.2. Setup and properties of the GAC filters 

Two down-flow GAC filters (referred to henceforth as filters A and B) 
were filled with different commercial activated carbons (GAC A or B). 
The filters were followed for eight months from the startup of the filters 
(August 2017) until April 2018. The properties of the GACs are given in 
Table 1. The virgin carbons (1.5 m layer, 45 m3) were added to the 
basins (GAC A: 2nd August, referred to as day 0 of the study, and GAC B: 

Fig. 1. Schematic of the studied part of the treatment train at the drinking water treatment plant. Water sampling locations are numbered: 1) raw water, 2) after 
coagulation, flocculation and flotation (CFF), 3) after ClO2 oxidation, 4) after sand filtration (GAC filter influent), 5) effluent of GAC filter A and 6) effluent of GAC 
filter B. Prior to distribution, the GAC-filtered water is disinfected (Cl2 and UV treatment, not shown). 

Table 1 
Properties of GACs (A and B) used in this study as provided by the 
manufacturers.  

Properties GAC A GAC B 

Raw material Bituminous coal Bituminous coal 
Iodine number (virgin), min. (mg/ 

g) 
1050 1000 

Surface area (virgin), BET (m2/g) 1120 1000 
Particle diameter (mm) 0.85–2.00 (mean 

1.4) 
0.85–2.00 (mean 
1.4) 

Uniformity coefficient 1.7 1.4 
Bed density (kg/m3) 410 450  
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10th August) after which the carbons were rinsed with water (120 m3) 
for 10 min every 2 h over 24 h (a total of 12 rinse cycles), and the rinse 
water was discharged into the sewage system. After the initial rinse, the 
flow rate in the filters was gradually increased from 60 m3/h to the 
normal operational flow rate within three days. During operation, the 
empty bed contact time (EBCT) was approximately 14 min at a flow rate 
of 200 m3/h. The actual flow rate was measured and used in the plan-
ning of backwashing. The GAC filters were regularly backwashed with 
chlorinated product water to release bound organic and inorganic sub-
stances and to avoid filter clogging [24]. The backwashing was typically 
performed every 3–7 days, based on the head loss. The backwashing 
procedure included an upflow rinse with water (1 min 20 s), an air scour 
(1 min 15 s), a final upflow rinse with water (10 min), and a downflow 
prefiltration (8 min), during which the water was discharged into the 
sewage system. 

2.3. Sampling 

The TOC concentration at different stages of the treatment train (raw 
water, flotation, ClO2 oxidation and sand filtration) was followed 
regularly as a part of the monitoring programme of the DWTP. The raw 
water temperature was taken as the daily average of online measure-
ments. The performance of the studied GAC filters was monitored 
through grab samples of influent and effluent from both filters taken 
every 1–4 weeks and analysed for turbidity, pH, TOC and UV absorbance 
at 254 nm (UV254). 

The NOM characterisation (LC-OCD, FEEM and BDOC) of water from 
different stages of the treatment process (raw water, after flotation, after 
ClO2 oxidation, after sand filtration, effluent of GAC filter A and effluent 
of GAC filter B; Fig. 1) was performed three times based on the observed 
change in TOC removals: 1) from 19 to 35 % (day 60 of operation of 
filter A), 2) from 12 to 19 % (day 109) and 3) from 7 to 15 % (day 166 or 
day 235 in the case of BDOC analysis). The samplings for NOM char-
acterisation were timed at 2–9 h after backwashing of the filters. Water 
samples for TOC, UV254 and NOM characterisations were collected in 
glass bottles (previously acid washed or heated at 450 ◦C for 2 h), except 
for new borosilicate glass bottles for LC-OCD analysis, which were 
soaked in ultrapure deionised water for three days and rinsed with ul-
trapure water. 

The concentration of active bacterial biomass on the GAC was 
determined three times (at days 61, 110 and 200 of the operation of 
filter A) and the iodine number of GAC samples was determined four 
times (after the initial 24 h rinse and on days 61, 110 and 166 of the 
operation of filter A). The surface morphology of the carbons was ana-
lysed using scanning electron microscopy (SEM) after the initial 24 h 
rinse and on day 166. The sampling times were chosen so that they 
represent different TOC removal phases, as explained above. The GAC 
samples were collected with a core sampler at 0–1 m below the surface 
of the filter beds. 

2.4. Analytical methods and calculations 

Water samples were analysed for turbidity and pH according to 
standard methods (SFS-EN ISO 7027-1:2016; SFS 3021:1979). UV254, 
representing aromatic NOM, and TOC were measured as sum parameters 
of NOM with Shimadzu UV-1800 and Shimadzu TOC-VCPH instruments 
(SFS-EN 1484:1997), respectively. Total TOC removals (g TOC/kg of 
added GAC) at the end of the study were calculated as follows: 

1
mGAC

∙
∑n

i=1
VΔti∙

[
0.5∙

(
Cinf ,i− 1 + Cinf ,i

)
− 0.5∙

(
Ceff , i− 1 + Ceff , i

) ]

where mGAC = the mass of GAC in the filter (kg), VΔti = the volume of 
water flow through the filter in the time interval between two sampling 
times (m3), Cinf ,i− 1 = the influent TOC concentration at time i-1 (g/m3), 
Cinf ,i = the influent TOC concentration at time i (g/m3), Ceff , i− 1 = the 

effluent TOC concentration at time i-1 (g/m3), and Ceff , i = the effluent 
TOC concentration at time i (g/m3). 

BDOC was determined in triplicate by incubating sterile-filtered 
water samples (200 mL) with an indigenous bacterial inoculum (2 mL 
of raw water) for four weeks at 20 ◦C, according to the method of Servais 
et al. [25] but with the following three modifications: 1) all glassware 
used in the analysis was heated at 450 ◦C for 2 h to remove trace or-
ganics, 2) the 0.2 μm membrane filters used for the sterilisation of 
samples were first rinsed with 300 mL of 60 ◦C ultrapure water and then 
with 300 mL of the water sample to avoid the release of organic matter, 
3) TOC in the duplicate samples taken at the beginning and end of the 
4-week incubation were analysed immediately after sampling with the 
Shimadzu TOC-VCPH. Statistically significant differences were deter-
mined using two-tailed t-tests. P values less than 0.05 were considered 
significant. 

Liquid size-exclusion chromatography with organic carbon detection 
(LC-OCD) was conducted to distinguish five molecular size fractions of 
dissolved organic carbon (DOC): biopolymers (BP, >20,000 g/mol), 
humic substances (HS, ~1000 g/mol), building blocks (BB, 350–500 g/ 
mol), low-molecular-weight acids (LMWA, <350 g/mol), and low- 
molecular-weight neutrals (LMWN, <350 g/mol) [26] by DOC-Labor 
(Karlsruhe, Germany). Fluorescence excitation and emission matrices 
(FEEM) were recorded with Fluorolog 3 (Horiba Scientific, Inc.) using a 
1 cm cuvette and the following wavelengths: excitation 235–515 nm (10 
nm increments) and emission 230 nm–645 nm (5 nm increments). Prior 
to the measurements, nonfiltered water samples and deionised water 
(MilliQ) were tempered at 20 ◦C in an incubator. Measured deionised 
water FEEMs and information from the instrument were used for cor-
rections of sample-specific FEEMs. Humic acid-like, fulvo acid-like, and 
protein-like fluorescence peak intensities, as well as the humification 
index [27] and fluorescence index [28], were calculated using equations 
shown in the references, except that the nearest wavelength was used in 
cases where the specified wavelength had not been measured. Further 
details of the FEEM measurements and calculations are given in Text S1. 

ATP concentrations in GAC samples were analysed according to 
Velten et al. [29] to quantify the concentration of active bacterial 
biomass. Duplicate GAC samples were pretreated by rinsing them in 
sterile phosphate buffer. ATP concentrations were measured in three 
subsamples of each pre-treated GAC. Iodine numbers, which serve as 
relative indicators of the sorption capacity of GAC, were determined on 
carbon samples based on three-point adsorption isotherms (R2 =

0.959− 0.999) according to a standard protocol (SFS-EN 12902:2005). 
SEM (Zeiss Ultra Plus) was employed to study the surface morphology of 
GAC samples. The samples were dried at 105 ◦C before the analysis and 
sputter-coated with carbon. 

3. Results and discussion 

3.1. Routine DWTP monitoring 

3.1.1. Raw water quality and TOC and UV254 removal in the unit processes 
preceding GAC filtration 

The TOC concentration of raw water was 6.1 ± 0.2 mg/L during the 

Table 2 
TOC and UV254 at different treatment stages during the study.   

TOC (mg/L) UV254 (1/cm)  

n Average and standard 
deviation 

n Average and standard 
deviation 

Raw water 32 6.1 ± 0.2 14 0.146 ± 0.013 
Flotation 175 2.8 ± 0.2 14 0.089 ± 0.017 
ClO2 

oxidation 
9 2.8 ± 0.1 14 0.086 ± 0.017 

Sand 
filtration 

175 2.6 ± 0.1 19 0.037 ± 0.004  
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eight-month study (Table 2), while the water temperature varied 
considerably: the raw water temperature decreased gradually from 18.3 
◦C to below 1 ◦C in 4.5 months and stayed below 1.5 ◦C during the last 
3.5 months (Fig. 2a). The water temperature in the treatment process 
was close (≤1 ◦C difference) to that of raw water. The raw water TOC 
has increased by approximately 0.5 mg/L over the last two decades, as 
indicated by comparison of the present results with those of Matilainen 
et al. [30]. This increase is in line with the generally increasing trend in 
surface water TOC concentrations in Nordic countries [1]. 

The treatment stages prior to GAC filtration removed, on average, 56 
% of TOC and 74 % of UV254 (Table 2) from the raw water during the 
eight-month study. The TOC concentration decreased constantly, from 
6.1 ± 0.2 mg/L in the raw water to 2.6 ± 0.1 mg/L in the influent of GAC 
filters (Table 2), despite the decrease in water temperature. CFF 
removed, on average, 53 % of the raw water TOC. Thus, CFF with ferric 
sulphate coagulant can remove TOC consistently, independent of the 
raw water temperature, thereby confirming the suitability of ferric salt 
coagulants regardless of the temperature [31]. ClO2 oxidation had no 
impact on the TOC concentration or on UV254, indicating that NOM was 
not mineralised and the aromatic character of NOM did not change. 
Sand filtration removed only 6 % of the remaining TOC but 56 % of 

UV254, likely due to the removal of the strongly UV254 absorbing residual 
flocs. 

3.1.2. GAC filter performance (TOC, turbidity and UV254 removal) 
The performance of the two GAC filters (A and B) containing com-

mercial activated carbons was monitored for the removal of TOC and 
UV254 beginning from the filling of the filters and for the next eight 
months. At that time, the TOC removal (Fig. 2d) had stabilised to 
approximately 7 % (filter A) and 15 % (filter B). During the study, the pH 
(filter A: pH 7.6–8.7 and filter B: pH 7.6–8.5) and the turbidity of the 
GAC filter effluents followed mostly the GAC influent pH (pH 7.4–8.6) 
and turbidity (Fig. 2b). Due to the preceding treatment stages, the 
influent water turbidity was generally low (on average, 0.07 NTU, 
Fig. 2b), but the GAC filters reduced turbidity during occasional events 
of elevated influent turbidity (for example, on days 166 and 179) 
(Fig. 2b). 

In both filters, the removal of TOC and UV254 followed a similar 
declining trend over time, but consistently more TOC and UV254- 
absorbing compounds were removed by filter B than by filter A 
(Fig. 2c–g). Both filters removed 80 % of the TOC and 88–97 % of UV254 
in the influent water during the first days after the startup (Fig. 2d and f), 

Fig. 2. Raw water temperature during the study (a); turbidity (b), TOC (c), and UV254 (e) in the influent and effluent of the GAC filters; removal percentage of TOC 
(d) and UV254 (f) in the GAC filters; and cumulative TOC removal (g) in the GAC filters. 
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thereby lowering the TOC concentration to about 0.5 mg/L (Fig. 2c). 
The TOC removal decreased during the first three months, so TOC 
removal was 15 % in filter A and 22 % in filter B after 102 days. From 
day 109 onwards until the end of the study (256 days), the TOC re-
movals were, on average, 9 % (range 0–15 %) in filter A and 15 % (range 
9–22 %) in filter B, while the UV254 removals were, on average, 19 % 
(range 15–24 %) and 26 % (range 18–31 %), respectively. After 109 
days, the average effluent TOC concentrations were 2.4 ± 0.1 and 2.2 ±
0.1 mg/L in filters A and B. In total, filter A removed approximately 610 
kg of TOC, whereas filter B removed 840 kg of TOC during the 8-month 
operation (Fig. 2g). 

Mass balances are a useful tool for estimating the TOC removal over 
time as shown in a pilot-scale study that compared the DOC uptake of 
two GAC adsorbers that differed in their particle size, influent water 
quality and backwashing regime [9]. However, mass balances are rarely 

used in full-scale DWTP studies, or to compare carbons with similar 
physical properties. In the present study, the TOC removal per kg of GAC 
differed by 25 % (41 g TOC/kg of added GAC in filter B vs 33 g of 
TOC/kg of added GAC in filter A; Fig. 2g), despite the similar physical 
properties reported by the manufacturers (Table 1). The SEM micro-
graphs also highlighted the similarity of the carbons (Fig. S1). Both 
GACs had heterogeneous, irregular surface typical of coal based GACs 
and the surface morphology of the carbons did not differ notably at the 
beginning of the study or on day 166 due to the same raw material and 
particle size. Physical properties are generally used for GAC selection at 
DWTPs; the results of the present study suggest that DWTPs benefit from 
full-scale comparisons of TOC removal per kg of GAC as a basis for the 
selection of GAC. 

Fig. 3. Concentration and removal (%) of different molecular size fractions of dissolved organic carbon after each treatment stage and in two different GACs: 
biopolymers (BP, a–b), humic substances (HS, c–d), building blocks (BB, e–f), low-molecular-weight neutrals (LMWN, g–h), LMW acids (LMWA, i), and concentration 
of biodegradable dissolved organic carbon (j, error bars represent the standard deviation, n = 3). 
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3.2. Removal of NOM components 

3.2.1. Raw water characteristics and removal in the treatment stages 
preceding GAC filtration 

NOM in the raw water and after each treatment stage was charac-
terised in terms of molecular size distribution, functional group 
composition and biodegradability using LC-OCD, FEEM and BDOC. 
Characterisation was conducted in three different TOC removal stages of 
the GAC filters 1) 19–35 % removal (day 60 of operation of filter A), 2) 
12–19 % removal (day 109), and 3) 7–15 % removal (day 166 or day 
235). These dates also corresponded to the different raw water tem-
peratures: 11.8, 3.4 and 0.4 or 0.6 ◦C, respectively. The two first 
analytical methods are complementary: the FEEM-based approach was 
used to determine the removal of fluorescent fulvic acid-like, humic 
acid-like and protein-like components of both particulate and dissolved 
organic carbon (Fig. 4), whereas LC-OCD separated both fluorescent and 
non-fluorescent DOC into five major components (BP, HS, BB, LMWN 
and LMWA) based on their molecular size (Fig. 3). Fluorescence and 
humification indices were used to evaluate the origin of NOM (terrestrial 
versus microbial) and the degree of humification, respectively. BDOC 
describes the biodegradable part of dissolved organic carbon and it was 
determined as a way to evaluate the impact of different treatment stages 
on the bacterial growth-promoting properties of water (Fig. 3j). 

In raw water, HS was the most predominant fraction (on average, 64 
% of hydrophilic DOC, range: 61–66 %) followed by BB (average 18 %, 
range: 17–18 %), LMWN (average 12 %, range 10–13 %) and BP 
(average 6 %, range 4–8 %), indicating that NOM characteristics did not 
vary considerably in terms of HS, BB and LMWN. The proportion of BP in 
raw water was higher in autumn than in winter, and BP was probably 
derived from algal biomass that has been previously detected in the lake 
[32]. FEEM showed a higher fluorescence intensity at the region 

associated with fulvic acid-like NOM (excitation/emission ~ 320/415) 
than at the regions associated with humic acid-like (excitation/emission 
~ 270/460) and protein-like (excitation/emission ~ 280/330) compo-
nents (Fig. S2). The fluorescence index value (1.5) and humification 
index value (0.5) of raw water suggested that the NOM was mostly 
derived from terrestrial sources [33], but its degree of humification was 
low in comparison to values previously reported (approximately 0.9) in 
Nordic DWTPs [2]. The low humification index value likely reflected the 
low molecular weight of HS [34] and the low aromaticity of NOM. The 
BDOC of raw water was, on average, 0.2 mg/L, composing 4.2 % of DOC 
(Fig. 3j). These analytical methods indicate that the biodegradability 
and degree of humification of raw water NOM were low and that HS was 
the major fraction. 

In CFF, the removal was more efficient for larger molecules (HS and 
BP) (61–82 % removal) than for lighter fractions (0–20 % removal) 
(Fig. 3). These unit processes removed hydrophobic and high molecular 
weight compounds more efficiently than they removed hydrophilic low 
molecular weight compounds. In addition, an apparent reduction in 
fluorescence intensity was observed (Fig. S2). For fulvic acid-like and 
humic acid-like FEEM components, the signal reductions were 52–59 % 
and 59–69 %, respectively, while the signal reduction of the protein-like 
component was highly variable (Fig. 4). The protein-like signal is taken 
from a FEEM region very close to where Raman scattering affects it. This 
may be part of the reason for the high variability. The greater removal of 
humic acids compared with fulvic acids is in agreement with previous 
laboratory studies and could be due to the greater hydrophobicity of 
humic acids than fulvic acids and the different removal pathways of 
these fractions [35]. CFF significantly (p < 0.05) removed, on average, 
50 % of the BDOC from the raw water (Fig. 3j). This was possibly due to 
the efficient removal (61–76 %) of BP (Fig. 3a–b). BP has been shown to 
be the most biodegradable fraction of NOM in a drinking water biofilter 

Fig. 4. Fluorescence after each treatment stage and fluorescence signal reduction (%) compared to the preceding treatment stage for fulvic acid-like (a, b), protein- 
like (c, d) and humic acid-like (e, f) FEEM components. 
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[36]. While LMWN formed the major part of the BDOC of lake water 
used as raw water for a DWTP in another study, the other LC-OCD 
fractions, including BP, also contributed substantially to the BDOC [4]. 

The ClO2 oxidation (dosage 0.2 g/m3, approximately 0.07 mg/mg 
TOC) increased the proportion of HS with 18–22 % (Fig. 3d) and 
reduced the proportion of LMWN with 5–12 % (Fig. 3h). Humic acid 
-like FEEM representing both dissolved and particulate NOM also 
increased by 11–25 % after ClO2 oxidation (Fig. 4f). Laboratory batch 
studies with a considerably higher ClO2 dose (1.2 mg ClO2/mg DOC) 
showed that ClO2 oxidation of NOM fractions can cause a blue shift and 
an intensity increase in the fluorescence band attributed to humic acid, 
possibly resulting from the breakup of molecules into smaller fragments 
[37]. In the present study, the detected increase in the concentration of 
HS and concurrent increase in DOC (0.04–0.17 mg/L) could be due to 
the oxidation of particulate organic carbon into DOC compounds. This 
possibility was raised in a study where Cl2 was applied as a preoxidant 
and LC-OCD was used for NOM characterisation [38] and in a study 
conducted at the same DWTP as the present study in which size exclu-
sion chromatography with UV and fluorescence detectors were used for 
characterisation [19]. These detectors, unlike the LC-OCD applied in the 
present study, are unable to detect all organic carbon compounds. 
Another explanation for the increased HS could be that the low doses of 
oxidants polymerise or aggregate some low molecular weight com-
pounds [39]. The mechanism of ClO2 oxidation differs from that of 
ozonation. When ozone reacts with dissolved organic matter, it can 
oxidise HS, thereby increasing the concentration of lower molecular size 
fractions (BB, LMWA) and reducing the intensities of both humic and 
protein-like FEEM components [40]. 

The ClO2 oxidation resulted in a slight but significant increase 
(average increase of 0.05 mg/L, p < 0.05) in the concentration of BDOC 
(Fig. 3j). At the same time, the formation of low concentrations (0.02 
mg/L, Fig. 3i) of LMWA was observed. The BDOC formation in the re-
action of NOM with high doses (0.5–2 mg/mg organic carbon) of ClO2 
has been previously associated with the decay of high-molecular-weight 
structures in the range of 3500–500 Da and the formation of new low- 
molecular-weight by-products with molecular weight < 300 Da, such 
as carboxylic acids [18]. It is possible that part of the LMWA formed with 
the moderate ClO2 dose (~0.07 mg/mg organic carbon) applied in the 
present study was easily biodegradable carboxylic acids that contributed 
to the increase of BDOC. 

Sand filtration resulted in a slight removal of the protein-like FEEM 
component (Fig. 4c–d) and variable removal of BDOC, BP and LMWN 
(Fig. 3j, a–b, g–h), likely due to the physical filtration of residual flocs 
that remained in the water after flotation, as discussed in Section 3.1.1, 
and, possibly, due to biodegradation of NOM by the microbial com-
munities in the filters. Microbial activity in the sand filters cannot be 
overruled since the influent water coming from CFF did not contain 
disinfectants as the very moderate dose of ClO2 was consumed in the 
oxidation basin; however, the low water temperatures (0.4–3.4 ◦C) on 
days 109–235 would have likely slowed down biological activity. 

3.2.2. Removal in GAC filters 
After CFF, ClO2 oxidation and sand filtration, the influent of the GAC 

filters had an almost equal proportion of HS (39 %) and BB (35 %), 
followed by LMWN (21 %) and BP (4 %). The removal of all major 
remaining size fractions (HS, BB and LMWN) and FEEM components 
(fulvic acid-like, humic acid-like, and protein-like) declined over time in 
both GAC filters, and the removal of these fractions and components was 
consistently higher in filter B than in filter A (Figs. 3 and 4). The GAC 
filters preferentially removed LMWN; this removal was reduced from 32 
% to 6 % in filter A and from 52 % to 16 % in filter B from day 60 to day 
166. Small molecular weight fractions of NOM, such as LMWN measured 
in present study, are known to undergo preferential adsorption onto 
GAC since they have access to the greatest volume of pores and they 
have higher diffusion coefficients than the larger molecules [41,42]. 

BB and HS were removed by 5–15 % and 4–16 %, respectively, in 

filter A and by 12–34 % and 8–26 %, respectively, in filter B. The 
removal of BP was low in both filters, and the effluent concentrations of 
BP on day 166 exceeded the influent concentration, which appears as 
the negative removal efficiencies in Fig. 3b. The increased concentration 
of BP in the GAC effluent water (Fig. 3b) possibly reflected biological 
activity in the filters, since the filters harboured active bacterial 
biomass, albeit at low concentrations (as discussed later in Section 3.3). 
Effluents of biologically active GAC filters can contain soluble microbial 
products from dead cells and extracellular polymeric substances (EPS) 
consisting mainly of polysaccharides and proteins that are detected in 
the BP fraction by LC-OCD [8,26]. Fulvic acid-like and humic acid-like 
FEEM components were removed more efficiently (32–69 % signal 
reduction, Fig. 4b and f) than the protein-like component (17–46 % 
signal reduction) in GAC filters A and B (Fig. 4d). The effect of tem-
perature on the removal of individual FEEM components can differ 
depending on the principal sorption mechanism, i.e. chemisorption or 
physisorption [43]. However, in the present study, the decrease in 
temperature occurred concomitantly with the decrease in sorption ca-
pacity; thus, the effects of these two phenomena on the sorption of FEEM 
components are difficult to distinguish from each other. Comparison of 
NOM characteristics showed that the distributions of NOM fractions 
were similar after filtration, regardless of the GAC used, although the 
concentration of most NOM components was lower in the effluent of 
filter B than of filter A (Figs. 3 and 4). Overall, the effluent of the GAC 
filters consisted of HS (41 %) and BB (35 %), followed by LMWN (17 %) 
and BP (5 %), confirming that GAC filtration mainly reduced the pro-
portion of LMWN in the sand-filtered water. Removal of LMWN in GAC 
filtration is important since these compounds were poorly removed in 
CFF and they can be significant precursors of disinfection by-products, 
especially dihaloacetic acids [44]. 

The reduction of BDOC was negligible in GAC filter A on all sampling 
days and was noticeable only on day 60 in filter B (0.1 mg/L of BDOC 
removed, Fig. 3j), although both filters efficiently removed LMWN 
(27–52 % removal, Fig. 3g–h) and all FEEM components (31–69 % 
signal reduction, Fig. 4) on days 60 and 109. The filters clearly improved 
the water quality by removing several fractions of NOM that could react 
with the final disinfectant and form undesirable disinfection by- 
products; nevertheless, the filters did not seem to remove BDOC spe-
cifically. The poor removal of BP (Fig. 3a–b) may have contributed to the 
low removal of BDOC by the GAC filters. Removal of BDOC by GAC 
filters is often associated with biodegradation by the microbial com-
munities colonising the GAC [8]. Lack of BDOC removal was reported in 
GAC filters at low raw water temperatures (on average <5 ◦C in winter) 
[45] in the DWTP of Seoul [4], although the NOM characteristics of the 
on-river reservoir differed from those of the raw water in present study. 
In the current study, the BDOC removal by the filters was analysed on 
three occasions when the raw water temperatures were 11.1, 3.4 and 0.6 
◦C. In particular, the temperatures below 4 ◦C on the last two occasions 
may have reduced the microbial activity [46]. However, despite the 
generally low BDOC removal in GAC filters, the combined operation of 
sand and GAC filtration together removed the increased BDOC caused by 
ClO2 oxidation, and the concentrations of BDOC in the effluents of both 
GAC filters were below 0.15 mg/L at all sampling times, suggesting that 
the produced water had a low regrowth potential [47]. 

TOC removal is a suitable parameter for constant monitoring of GAC 
filter performance. However, the characterisation of NOM is important 
because the TOC measurement does not reveal any information about 
the biodegradability of NOM or its potential to form disinfection by- 
products. The present study indicates that the removal of BP was 
linked to BDOC removal. Thus, BDOC determination, or a method that 
can quantify biodegradable organic compounds, should be used at 
DWTPs to ensure that the operation of the GAC filters is optimal for 
controlling the bacterial regrowth potential in the distribution network. 
FEEM and LC-OCD are complementary methods, as FEEM analysis of 
unfiltered water describes both the dissolved and particulate carbon 
while LC-OCD is able to estimate the molecular size distribution of the 
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dissolved NOM. Information about the different NOM size fractions is 
important, as their presence can be linked, for example, to the formation 
of disinfection by-products [48]. 

The constant characterisation of NOM in GAC effluents is not feasible 
due to the additional labour required and the instrumentation needed to 
conduct these analyses. Nevertheless, it should be conducted whenever 
the raw water quality or treatment processes change. In those situations, 
the NOM characteristics should be studied in all stages of the treatment 
train. NOM concentrations are known to be increasing in boreal condi-
tions [1]; therefore, detailed characterisation at planned intervals (e.g. 
every ten years) would be recommended in order to optimise the 
treatment processes to handle possible changes in NOM characteristics. 

3.3. NOM removal mechanisms in GAC filters 

When the adsorption sites of GAC filters become saturated, the filters 
can evolve into biologically activated carbon (BAC) filters, where mi-
crobes colonise the surface of the GAC. The NOM removal in GAC (BAC) 
filtration has been described as a four-stage process: 1) physical 
adsorption, 2) concurrent adsorption and biological degradation, 3) 
biological degradation and 4) diminishing biodegradation [8]. The NOM 
removal mechanisms involved (sorption and/or biodegradation) were 
determined by measuring the sorption capacity as iodine number and 
the concentration of active bacterial biomass as ATP from GAC samples 
from both filters at different TOC removal phases: day 0 (iodine number 
only), 61, 110 and 166 or 200 of the operation of filter A (Fig. 5). 

In the present study, the sorption capacity estimated by iodine 
number declined rapidly during the first 100 days (Fig. 5b), resulting in 
a sharp decline in the removal of TOC and UV254 by the filters (Fig. 2c–f). 
The concentration of active bacterial biomass was consistently less than 
200 ng ATP/g GAC in both filters (Fig. 5a), or comparable to the con-
centrations (≤170 ng/g GAC) measured in full-scale filters operated at 
4–10 ◦C at another Finnish DWTP [49], but low in comparison with 
those observed elsewhere in a full-scale GAC filter (609 ng/g GAC) [29] 
and a pilot-scale filter (800–1830 ng/g GAC at 7 ◦C) [50]. The low 
concentration of active bacterial biomass in both filters suggests that the 
observed difference in TOC and UV254 removal of the two filters (Fig. 2) 
was more likely due to the differences in adsorption than to differences 
in biodegradation of NOM. This conclusion was also supported by the 
low removal of BDOC in both filters, as discussed earlier in Section 3.2.2. 
Water temperature (11.1, 3.5 and 0.5 ◦C on the sampling days) did not 
have any clear impact on the concentration of active bacterial biomass 
(Fig. 5a). 

In current study, used GACs were replaced with virgin ones at the 
end of the summer. Consequently, a period of initial high physical 
adsorption, detected as a decrease in the iodine number, coincided with 
the period of the highest water temperature (Figs. 2a and 5 b). When the 
TOC removals had dropped to 15 and 22 % after 102 days of filter 
operation, the water temperature had dropped to <5 ◦C and it further 
decreased to <1 ◦C within a month, thereby disfavouring 

biodegradation [51]. DWTPs operating in cold conditions could poten-
tially enhance the conditions for biodegradation by considering the 
yearly raw water temperature variation as one factor when scheduling 
the replacement of exhausted carbon with virgin or regenerated carbon. 

The measured difference in iodine numbers (Fig. 5b) of the studied 
GACs could explain, at least in part, their different TOC removal ca-
pacities (Fig. 2g), although the properties of the two GACs, as provided 
by the manufacturers, indicated that the two were similar (Table 1). One 
advisable check might be to determine the sorption properties of each 
GAC batch to judge how fast the TOC removal capacity will be depleted. 
In DWTPs, the cost of the GAC also affects the final decision when 
selecting certain GAC types for use. The cost and environmental impact 
of GAC can be reduced by the regeneration of the exhausted carbon for 
reuse [52]. While the present study discusses the differences of virgin 
carbons, further research is needed to study the whole life cycle of 
carbons and the ability of different carbons to recover their adsorption 
capacity after regeneration. 

4. Conclusions 

The present study evaluated the removal of different NOM compo-
nents from humic lake water at ambient temperatures (0.4–18.5 ◦C) in a 
full-scale DWTP that uses chlorine dioxide for oxidation and two 
different carbons in GAC filters. 

CFF removed, on average, 53 % of the TOC, and it was also the most 
effective process stage for the removal of BDOC, high molecular weight 
fractions (HS, BP), and humic and fulvic acid-like FEEM components. 
ClO2 oxidation increased the concentration of BDOC and HS, apparently 
by oxidising particulate organic matter, whereas the concentration of 
LMWN decreased possibly due to their polymerisation or aggregation. 

The TOC removals of GACs (measured as g TOC/kg added GAC) 
differed by 25 % during the eight-month study, due to differences in 
their sorption capacity, despite the similar physical properties of the 
carbons. Both GACs preferentially removed LMWN and gave similar 
distributions of NOM fractions in their effluents, although the quantities 
removed differed. The low concentration of active bacterial biomass and 
the poor removal of BDOC in both GACs suggested that adsorption 
rather than biodegradation was the main NOM removal mechanism. 

DWTPs can improve the removal of NOM by selection of GAC with 
the highest cumulative TOC removal capacity (g TOC/ kg GAC) based on 
full-scale comparisons of GACs in the conditions of the DWTP. As NOM 
concentrations are expected to increase in boreal surface waters due to 
climate change, the detailed characterisation of NOM components in all 
the stages of the treatment train should be a regular requirement to 
adjust the operational parameters of DWTPs to changing conditions. 
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Fig. 5. Concentration of active bacterial biomass (ng ATP/g GAC dry weight) (a) and iodine number (mg/g) (b) in GAC filters A and B. Error bars represent the 
standard deviation (n = 5–6). 
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