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Abstract
Many industries use ultrapure water (UPW) for their operation. In spite of purification efforts, microbial contaminations 
are the major cause of manufacturing problems in these systems. In our experiments, the water purification system of a 
power plant was investigated: the microbiologically critical points of the ultrapure water purification system were located 
by checking the number and diversity of bacteria to determine the optimum operational unit for chemical interven-
tion: the most contaminated site was the mixed-bed ion-exchange resin containing unit. Biocides were tested against 
bacteria previously isolated from the same system; effect of biocides was checked also in laboratory model systems, and 
based on the results, a biocide treatment was carried out in the mixed-bed ion-exchange resin columns of the working 
power plant. Kathon WT was the most effective from the studied chemicals, being effective already in low concentration 
against most studied microorganisms. In case of the handling of the mixed-bed ion-exchange resin, 8-h treatment with 
25 ppm biocide concentration was effective. Following the treatment, the quality of the produced UPW met the standards 
(specific electric conductivity was < 1.0 × 10−3 µS cm−1 at 25 °C) and water production capacity increased; moreover, the 
run-down time of the mixed-bed ion-exchange resin significantly grew.
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1 Introduction

Many industries (e.g. semiconductor, pharmaceutical, 
food and beverage industries, power plants) use ultrapure 
water (UPW) for their operation [1, 2]. The industrial pro-
duction of UPW is a complex, multistep process, and the 
quality of the produced water is extremely important in 
further use. Unfortunately, all devices and materials (pipe-
lines, tanks, different filters, among them different mem-
branes, ion-exchange resins) provide a large surface area 
which is favourable for biofilm formation and most of the 
cells found in the water phase originate also from these 
biofilms. In many UPW production systems, a variety of 

methods are involved to remove biofilms and destroy bac-
teria [3]. In spite of these procedures and the extremely 
low salt and nutrient concentrations in these habitats, 
microbial contaminations of these water purification and 
distribution systems are the major cause of manufacturing 
problems and process failure [4, 5]. Microbial biofouling 
and biocorrosion result in reduced lifetime, effectiveness 
and yield; moreover, it increases operational costs. How-
ever, it is impossible to keep a typical industrial system 
completely sterile; microorganisms on surfaces will always 
be present [3, 6] though their number can be kept on the 
level of acceptance.
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In the present study, the water purification system 
of a power plant was investigated as the run-down pro-
cesses of the ion-exchange resins were much quicker than 
under normal cases and also the quality of the produced 
water was inadequate (specific electric conductivity was 
11.2 µS cm−1 of the feed water—data provided by the 
studied power plant). The aim of the present work was 
to study the microbiological state and to identify the 
microbiologically critical points of the water purification 
system in order to determine the optimum operational 
unit for chemical intervention. Thereafter, biocides were 
tested against characteristic bacteria previously isolated 
from the same water supply system, experimental bioc-
ide treatment was performed in laboratory model systems, 
and based on the results biocide treatment was carried 
out in the water purification/desalination system of the 
working power plant.

2  Materials and methods

2.1  Sampling

Sampling was carried out in the feed water production 
system of a power plant. The structure of the feed water 
production system investigated with the sampling points 
is demonstrated in Fig. 1. Water samples were taken via 
sampling taps into sterilized screw capped flasks. Before 
sampling, water was allowed to run for 3 min (6 L min−1).

Ion-exchange resin samples were collected from the 
pre-saltless water production ion-exchange unit (three 
resin columns: organic scavenger—Varion ATM, cation—
Lewatit PC 1800, and anion—Varion ADM, exchange 
columns) and from a mixed-bed ion-exchange column—
Purolite, through the adequate man-holes with sterile scal-
pels, into sterile plastic screw cap tubes, before and after 
the regeneration process.

The frequency of the sampling at each sampling point 
was harmonised with the operational program of the sys-
tem. Regeneration of anion- and cation-exchange resins 

happens at each 24 h, in case of mixed-bed ion-exchange 
resin regeneration of the beads happens usually after 
4–5 weeks after starting, depending on the specific electric 
conductivity of the produced water. At the time of sam-
pling, it was 11.2 µS cm−1.

Operational program of the study was as follows; each 
resin was tested for a whole cycle: backwashing water 
of the exhausted mixed-bed ion-exchange resin (Fig. 1: 
8. point), sampled at 5 different times, once a week for 
a period of 4 weeks (8 T0–T4); backwashing water of the 
freshly installed mixed-bed ion-exchange resin (Fig. 1: 
8-2. point) sampled at 6 different times, once a week for a 
period of 5 weeks (8-2 T0–T5); product water from the scav-
enger resin (Fig. 1: 5. point), sampled at 6 different times, 
once a day for 5 days (5 T0–T5); product water from the 
cation-exchange resin (Fig. 1: 6. point), sampled at 4 dif-
ferent times, in every 6 h for 18 h (6 T0–T3); product water 
of the anion-exchange resin (Fig. 1: 7. point) sampling at 4 
different times, in every 6 h for 18 h (7 T0–T3).

2.2  Investigation of the microbial contamination 
and determination of the critical points 
of the water purification system

2.2.1  Colony forming unit (CFU) and direct cell count 
determination of the water samples

The CFU values of the water samples were examined by 
plating on R2A medium as described by Kéki et al. [7] at 
the first sampling time from each of the sampling points 
(1–8).

Direct cell counts were determined from each sample 
at each sampling time. In case of samples from points 
1–2, 5, 10 and 25 ml, in case of samples from points 3–8, 
200 ml water were fixed with polycarbonate membrane 
filtered (0.2 μm GTTP, Millipore, USA) 2% paraformalde-
hyde (Sigma-Aldrich, Germany) in 0.1 M phosphate buffer 
 (NaH2PO4 3.2 g,  Na2HPO4 10.9 g in 1000 ml distilled water, 
pH 7.2) overnight and then filtered (0.2 μm polycarbonate 
GTTP, Millipore, USA). Filters were stored at − 20 °C until 
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Fig. 1  The structure of the studied water purification and sup-
ply system and the sampling points for the critical point analysis. 
Screened Danube water (1), crude water tank (2), the gravel filtra-
tion inlet (3) and outlet (4) water, the scavenger resin outlet water 

(5), the product pipes of the cation (6) and anion (7) exchange resin 
and the mixed-bed ion-exchange unit (8-2), backwashing water of 
an exhausted mixed-bed ion-exchange unit (8)
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further processing. The membrane filters were then cov-
ered with 1 μg mL−1 DAPI (4′, 6-diamidino-2-phenylindole, 
Sigma-Aldrich, Germany) solution, and incubated for 2 min 
at room temperature. Excess DAPI solution was removed 
by washing with sterile distilled water and 80% ethanol 
(Reanal Ltd., Hungary). Then, the filter was placed in a 
sterile plastic Petri dish to dry at room temperature. Dried 
filters were cooled until examination with epifluorescent 
microscopy (Nikon80i). Photographs were analysed using 
the ImageProPlus software (Media Cybernetics, Inc., USA).

2.2.2  Scanning electron microscopy (SEM) 
of the ion‑exchange resin beads

SEM studies were carried out on all ion-exchange resin 
beads at the beginning of the critical point analysis. The 
mixed-bed ion-exchange resin was investigated also at the 
end of the biocide treatment, and 3 months after the treat-
ment. Resin bead samples were fixed with 5% glutaralde-
hyde dissolved in 0.1 M phosphate buffer (pH 7.2) for 3 h. 
Thereafter these samples were frozen in liquid nitrogen 
and freeze-dried until 2 × 10−2 mbar at -60 °C for 6–8 h, 
mounted, coated with gold [8]. Samples were observed 
in a HITACHI S-2600 N scanning electron microscope at an 
accelerating voltage of 20 kV.

2.2.3  Molecular analysis

Microbes were collected from the water samples by filter-
ing 300 mL aliquot through a sterile 0.45 μm pore-size cel-
lulose nitrate membrane filter (Sartorius, Germany). Total 
DNA extraction from the filters was performed by using 
Ultra Clean Water DNA Kit (MoBio Laboratories, Qiagen 
Carlsbad, USA). The DNA samples were stored at − 20 °C 
until further processing.

The nearly complete 16S rRNA encoding gene frag-
ments were amplified with universal primers 27F (5′-AGA 
GTT TGA TCM TGG CTC AG-3′) and 1492R (5′-GGT TAC CTT 
GTT ACG ACT T-3′) using a GeneAmp PCR System 2700 
machine (Applied Biosystems, USA). The PCR reactions 
were performed as described by Nikolausz et al. [9] with 
the following temperature profile: initial denaturation at 
98 °C for 3 min followed by 28 cycles of primer annealing 
at 52 °C for 30 s, chain extension at 72 °C for 1 min, dena-
turation at 95 °C for 30 s and a final extension at 72 °C for 
10 min. Amplification was carried out in a GeneAmp PCR 
System 2700 machine (Applied Biosystems). PCR products 
were checked by agarose gel electrophoresis.

A second (nested) PCR was performed for the Dena-
turing Gradient Gel Electrophoresis (DGGE) analysis with 
27F (5′ AGA GTT TGATCMTGG CTC AG 3′) and 319R (5′ TGC 
TCA TGG TGC ACG GTC TA 3 ‘ with GC clamp) inner primers. 
0.5 μL template DNA was added to the reaction mixture 

from the previous PCR product. Other conditions of the 
PCR reactions were the same as described before. The 
composition of the polyacrylamide gel, the gradient of 
denaturants and the conditions of the electrophoresis 
were carried out according to Felföldi et al. [10]. The gel 
was stained with ethidium-bromide, washed in sterile 
double-distilled water, and photographed under UV light.

DGGE molecular fingerprinting was carried out in case 
of all backwashing water samples originated from the ion-
exchange units to test the microbial diversity of the resin 
columns.

Based on the DGGE results, Shannon diversity indices 
were calculated for the samples; then linear correlation 
was tested between the diversity indices and direct cell 
counts using the Past program [11] in case of T0 time 
samples.

2.3  Biocide treatments

2.3.1  Biocide treatment of bacteria isolated 
from the investigated water purification system

Sensitivity against biocides was tested in 96-well micro-
plates on 26 selected bacterial strains isolated earlier 
[5, 7, 12] from the same water purification system. The 
applied biocides were Bronopol (Sigma, Germany), ProC-
lin (Supelco, Germany) and Kathon WT (Rohm and Haas, 
UK) in different concentrations (0.5; 2; 5; 7.5; 10; 15; 20; 50; 
100; 150; 250 ppm). In the test, the 24–48-h slant cultures 
of the bacteria were suspended in R2A medium [13]; the 
optical density (OD) values of suspensions were adjusted 
using the GN and GP standards of BIOLOG system (Biolog 
Inc., USA). 50 μL biocide with the adequate concentra-
tion was added to 250 μL bacterial suspension into sterile 
microplates in four replicates and incubated for 7 days 
at 28 °C.  OD620 of the suspensions was measured daily 
using a Tecan Sunrise (Tecan Austria GmbH) instrument. 
Data were evaluated using Magellan software v. 3.11. As 
negative control sterile R2A medium, as positive control 
250 μL bacterial suspension + 50 μL sterile distilled water 
was used.

Biocide concentrations were accepted as effective only 
if it killed bacteria, and re-multiplication of the cells was 
not observed even after 3 days.

2.3.2  Ion‑exchange resin biocide treatment in test tubes 
and in laboratory model system

Based on the results of sensitivity testing of bacteria, 
Kathon WT was selected for the laboratory testing of 
the biocide in the presence of ion-exchange resins. First 
2 mL 5; 7.5; 10 and 25 ppm biocide solution was mixed 
with 1–1 g of the different resin beads (scavenger, anion, 
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cation and mixed-bed ion-exchange resin). The test tubes 
were rotated for 8, 24 and 72 h in an overhead mixer (GFL 
3025, Lab Unlimited, UK). It was followed by washing three 
times with 2 mL UPW of the investigated system (Fig. 1). 
The  OD620 of the washing water was checked as described 
in 2.3.1 (instead of bacterial suspension 250 μL washing 
fluid was used).

In the next step, a laboratory model system of the ion-
exchange water treatment was constructed (Fig. 2) which 
made possible to study the effect of biocide treatment in 
higher volume before industrial use. The order of the ion-
exchange units followed the industrial operation (scav-
enger, anion, cation and mixed-bed ion-exchange resin 
beads). 500–500 mL beads (originated from the opera-
tional unit of the plant) were put into the 3-L size glass 
sedimentation vessels. The vessels were connected with 
silicon pipes, and in a closed system UPW of the investi-
gated plant was circulated through the model (3 L min−1) 
for 2 weeks to let biofilm formation happen. Then the 
water was changed to 25–100 ppm Kathon WT solution 
to eliminate the microbes. After 8, 24 and 72 h, the beads 
were sampled and washed 3 times with 2 ml UPW; then 
the  OD620 of the washing waters was checked as in 2.3.1 
(instead of bacterial suspension 250 μL washing fluid was 
used). Regrowth of bacteria was checked after 24, 48 and 
72 h by controlling  OD620.

2.3.3  On‑site application of the biocide

In the water purification system of the power plant, a 
mixed-bed ion-exchange resin unit was treated. The 
treated mixed-bed ion-exchange unit was out of work 
already for 1.5 years at the time of treatment due to inad-
equate quality and quantity of the produced water. Treat-
ment steps were as follows: 1. Sampling the resin beads 

(with sterile scalpel) through the man-hole. 2. Loosening 
the bed by backwashing operation, and at the end sam-
pling the discharge fluid. 3. Sampling the resin beads 
again. 4. Treatment with biocide solution (25 ppm Kathon 
WT end concentration) for 4 h (the biocide solution was 
pumped to the mixed-bed ion-exchange column, and in 
every hour bed was mixed by aeration). 5. Biocide solu-
tion sluiced into containers and sampled. 6. Sampling the 
resin beads again. 7. Sequential rinsing of the mixed-bed 
ion-exchange column with UPW while the active con-
centration of Kathon WT in the washing water reached 
the assigned 0.018 ppm concentration (ecotoxicological 
standard). 8. Sampling the resin beads again. 9. Regenera-
tion operation of the column by the standard procedures. 
10. Sampling the resin beads. 11. Giving back the unit for 
production again.

2.4  Ion‑exchange capacity analysis

During the treatments (both experimental, and on-site), 
the ion-exchange capacity of the resins was tested with 
static (5.0–5.0  g dried resin bead samples) and with 
dynamic (with continuous flow, 3 mL min−1) methods 
according to the Standard Test Methods [14].

3  Results

3.1  Results of the microbiological investigations 
and critical point analysis

3.1.1  CFU values and direct cell counts

The aerobic, heterotrophic bacterial plate counting 
resulted 2–8 × 104 CFU mL−1 in the case of the samples 
from the screened raw river water and the crude water 
tank (Fig. 1, samples 1 and 2; Fig. 3). In the water leaving 
the lime softening unit, the CFU values showed two mag-
nitudes lower values (Fig. 1, sample 3). Sample 4 was taken 
from a gravel filtration system and showed  104 CFU mL−1 
value. CFU values of washing waters of the cation- and 
anion-exchange resins were low; meanwhile, values of the 
backwashing water of the mixed-bed ion-exchange resin 
(Fig. 1, sample 8) were close to that of the river water. Since 
we wanted to set the CFU values against direct cell counts 
and regarding to our results direct cell counts showed 
approximately two magnitudes higher values in case of 
each samples, and the cell count changes among sam-
ples showed similar tendency as the CFU counts (Fig. 3), 
henceforth only direct cell counts were determined from 
the further samples. With both methods the backwashing 
water of the mixed-bed ion-exchange resin showed the 
highest values.

Fig. 2  Experimental laboratory model system for testing biocide 
treatment with the different resin beads
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3.1.2  SEM analysis

SEM observations showed that all the resin beads of the 
water purification system were contaminated (Fig. 4): the 
scavenger ion-exchange resin granules were covered by 
a remarkable organic and inorganic deposition (Fig. 4a). 
Anion and cation-exchange resins were cracked (Fig. 4b, c). 
The cation-exchange resin granules were even partly disin-
tegrated and microbes were detected on their surface. The 
mixed-bed ion-exchange resin granules were covered by 
complex biofilm, and growth could be observed between 
the resin granules, too (Fig. 4d). Within the biofilm, all mor-
phological types of microbes could be observed (coccoid 
cells, rods and filamentous bacterial forms) (Fig. 4e–f ).

3.1.3  Results of the DGGE analysis

DGGE analysis has proven the presence of diverse bacte-
rial communities in the backwashing waters. The samples 
of the different ion-exchange units on the dendrogram 
grouped together mainly based on the type of the resin, 
which indicates that the resin columns have different, 
characteristic microbial communities (Fig. 5). Following 
the operational program over the time (from T0 to T5), the 
bacterial community of the freshly installed mixed-bed 
ion-exchange resin (sample 8-2) became similar to the 
washing water of the exhausted resin (sample 8-T3).

Backwashing water of the exhausted mixed-bed ion-
exchange resin, sampled at 5 different times, once a week 
for 4 week period (8 T0–T4); backwashing water of the 
freshly installed mixed-bed ion-exchange resin, sampled 
at 6 different times, once a week for a 5 week period (8-2 
T0–T5); product water from the scavenger resin, sampled 
at 6 different times, once a day for 5 days (5 T0–T5); product 
water from the cation-exchange resin, sampled at 4 differ-
ent times, in every 6 h for 18 h (6 T0–T3); product water of 

the anion-exchange resin, sampling at 4 different times, in 
every 6 h for 18 h (7 T0–T3).

The Shannon diversity indices based on DGGE analy-
sis increased with time (Fig. 6) in both the exhausted and 
newly started mixed-bed ion-exchange resin columns (as 
compared the results of samples 8_T0 to 8_T4 as well as 
8-2_T0 to 8-2_T5). In case of the other resin units similar 
trend could not be observed (data are not shown).

The direct cell counts of the T0 time samples showed 
significant (p = 0.019) linear correlation with the Shan-
non–Weaver diversity indices: the higher diversity values 
seemed to represent higher contamination.

3.2  Biocide treatment

3.2.1  Biocide treatment of bacterial strains

The effect of different biocides against the investigated 26 
different bacterial strains is presented in Table 1.

3.2.2  Biocide treatment in the laboratory model systems

In both cases (test tube and model system), the results of 
the treatment were similar: 8-h treatment time was effec-
tive, no bacterial regrowth was observed after this time 
period. In case of the scavenger resin, the multiplication of 
the microbes was blocked by both 25 and 100 ppm Kathon 
WT concentration after 8 h, in the case of the cation and 
anion ion-exchange resins even the regrowth of microbes 
could be blocked already by 4-h treatment with 25 ppm 
biocide concentration. The results of the 8-h treatment of 
the mixed-bed ion-exchange resin are presented in Fig. 7.

It is clear from Fig. 7 that only washing the resin with 
UPW (before the indicated biocide treatment) did not 
result the complete elimination of microbes from the bead 
surfaces, since the optical density (bacterial biomass in 
the washing water) values were high and barely changed, 
though their number decreased. Moreover, regrowth of 
bacteria always could be observed. However, the applied 
25 ppm Kathon WT (the time of the treatment is indicated 
by arrow) killed most of the microbes and regrowth was 
not observed (optical density values decreased signifi-
cantly) neither after 72 h.

3.2.3  On‑site biocide treatment

Based on the laboratory model system studies, it was obvi-
ous that the treatment of the mixed-bed ion-exchange 
resin was sufficient to eliminate most microbes. Therefore, 
biocide treatment of the mixed-bed ion-exchange resin 
was decided to solve the microbial contamination prob-
lem in the power plant on site.
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The results after the on-site treatment of the mixed-bed 
ion-exchange resin unit showed that biocide treatment was 
sufficient (Fig. 8a, b); microbes were visibly eliminated from 
the bead surfaces.

Three months after the biocide treatment, the bacterial 
contamination of the resin was checked again. From SEM 
photographs, it was obvious that microbial colonization has 
started again (Fig. 9).

3.3  Results of the ion‑exchange capacity 
investigations

Results of the ion-exchange capacity studies showed 
that after the biocide treatment the capacity was at least 
10% higher in case of scavenger (Varion ATM) and anion 
exchange (Varion ADM and Purolite-A500TL) than before 
treatment, at the same time ion-exchange capacity of 

Fig. 4  SEM photographs of the ion-exchange resin beads before 
biocide treatment (scale bar = 100  µm). a scavenger resin bead 
(Varion ATM) with organic and inorganic surface deposit; b cation-
exchange resin beads (Lewatit PC 1800) with deep ruptures; c sur-

face of the anion-exchange resin beads (Varion ADM); d mixed-bed 
ion-exchange resin beads (Purolite) covered by microbial biofilm; e 
and f after loosening backwashing, before biocide treatment
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Fig. 5  Results of DGGE analy-
sis, bacterial community of the 
water samples

Fig. 6  Changes of the Shan-
non diversity indices based 
on the DGGE analysis in case 
of the backwashing water 
samples of the mixed-bed ion-
exchange unit. 8: exhausted 
ion-exchange resin. 8-2: newly 
started ion-exchange resin
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Table 1  Bacteria originating 
from the investigated ultrapure 
water system and their 
sensitivity against different 
biocides

NE not effective in the tested concentrations

Strain ID The identified bacterial species The smallest effective concentration of the 
applied biocides (ppm)

Bronopol ProClin Kathon WT

BBT46 Mycobacterium fluoranthenivorans 250 250 NE
BB5BC Mycobacterium fluoranthenivorans NE 5 NE
BB1B Rhizobium rhizogenes 100 15 7.5
BBM14A Rhizobium lusitanum 50 15 NE
BBM23B Ralstonia insidiosa 50 5 5
BBM44A Rhodococcus erythropolis 150 15 7.5
BBM39 Bradyrhizobium denitrificans 50 5 5
BBT51 Brevibacterium casei 50 15 20
BBT67B Micrococcus terreus 50 15 10
BB6A Bacillus mycoides 15 2 5
FII-6 Mycobacterium aubagnense NE 5 5
FII-4 Methylobacterium oryzae 50 5 5
FII-38 Paenibacillus provencensis NE 5 5
FII-1 Labrys miyagiensis 50 5 5
FII-8 Burkholderia stabilis 50 5 5
FII-15 Mesorhizobium camelthorni 50 15 10
FII-29 Mesorhizobium australicum 50 15 10
FIII-22b Leifsonia shinshuensis 50 15 20
FIII-24 Leifsonia shinshuensis 50 50 20
PS-1 Porphyrobacter donghaensis 15 0.5 1
PI-18 Sphingomonas azotifigens 50 5 7.5
PI-35 Rhizobium taibaishanense 50 5 7.5
PII-4 Ancylobacter polymorphus 100 50 5
PIII-13 Mycobacterium chlorophenolicum NE NE 5
PIII-40 Pelomonas puraquae 15 5 5
PIII-41 Microbacterium luteolum 50 50 20

Fig. 7  Results of 8 h 25 ppm 
Kathon WT treatment of the 
mixed-bed ion-exchange 
resin in the laboratory model 
system. Arrow indicates the 
time of the biocide treatment. 
Before and after the biocide 
handling washing with 2 ml 
UPW was applied (0 W: no 
washing, 1 × W: single washing, 
2 × W: double washing, 3 × W: 
triple washing). The optical 
density indicates the bacterial 
biomass in the washing water 0W
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cation-exchange resins (Varion KS and Purolite-C150TLH +) 
didn’t change significantly.

4  Discussion

Microbial contamination of pure waters (including UPWs) 
is known for decades [4, 15–17]. In 1995 Mittelman [18] 
described microbiological infection of microelectronic 
devices and membrane filters connected to the applied 
UPW. During the last decades, the manufacturers have 
realised the importance of water purity and its effect on 
the quality of the final product as well as on the purifica-
tion system itself. A system that provides purified water 
(especially that of UPW) has to meet many standards sta-
ble for prolonged time; therefore, they must be protected 
also from microbial proliferation. Bacterial contamination 
of ultrapure waters, even if organic and inorganic chemical 
pollutants are removed to meet the prescribed standard 
values, can cause several manufacturing problems [19] as 
bacteria often can use the materials of the pipes or other 

parts of the system as nutrient or reducing power source. 
Matsuda et al. [20] studied the microbial contamination 
of UPWs, where they used mixed-bed ion-exchange resin 
exactly to eliminate microbes. On contrary to our results, 
microbes did not multiply there on the surface of the 
tested ion-exchange resins.

Kulakov et al. [3] examined microbial contamination 
of UPW of a water purification system with cultivation 
and cultivation independent methods. They observed 
also that direct cell counts measured by epifluorescent 
microscopy are at least 1–2 magnitude higher than CFU 
values independently of the applied cultivation media. 
They could not demonstrate significant differences at the 
different points of the studied systems in the number of 
bacteria. In our case, obvious disparities could be detected 
at the different points of the water purification system 
(Figs. 3 and 4). The lime softening showed strong reduc-
ing effect on the bacterial cell counts. Significant decrease 
could be observed in the number of bacteria also at the 
anion-exchange resin (Fig. 3) most probably due to the 
frequent regeneration process carried out by cc. NaOH, 

Fig. 8  SEM images of mixed-bed ion-exchange resin. a, b After 25  ppm Kathon WT treatment for 8  h (a: scale bar = 100  μm), (b: scale 
bar = 20 μm)

Fig. 9  The surface of the mixed-bed ion-exchange resin beads. a, b 3 months after the treatment (scale bar = 100 μm)
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thus destroying many microbial cells as was demonstrated 
also by Seale et al. [21]. At the same time, Abdelsalam et al. 
[22] observed strong bacterial contamination on the sur-
face of anion-exchange resin beads when the fouling of 
an electric power plant was studied. In their experiments, 
most observed bacteria belonged to the genus Bacillus 
which can survive treatments with their endospores. To 
avoid microbial contamination of these waters, several 
methods exist, Husted and Rutkowski [23] stated that 
already a hot water washing is sufficient for elimination 
of microbes from the surface of the resin beads. Ozonisa-
tion can kill microorganisms, but disinfecting the water 
requires maintaining a certain dissolved ozone concentra-
tion for a given contact time; thus, its efficiency depends 
on the ozone residual concentration and also that of the 
quantity of target microorganisms [24, 25]. UV radiation 
can be used to kill microorganisms by denaturing their 
DNA [26], but even so the complete elimination of bacteria 
from a water purification system is impossible. Moreover, 
during environmental monitoring an institution’s water-
ing system Molk et al. [27] observed that the often used 
reverse-osmosis membranes had high bacterial loads in 
their automatic water system.

In our case, the most contaminated site of the studied 
water purification system was obviously the mixed-bed 
ion-exchange unit (based on the experienced CFU values 
and cell counts as well as SEM studies). The cell count of 
backwashing water of this resin showed also that microbes 
on the surface of the resin beads were strongly attached to 
it. As shown in Fig. 7, in laboratory circumstances washing 
only is not adequate to eliminate microbes and to solve 
the problem.

DGGE results also showed that microbial contamination 
has occurred at each sampling points and diverse com-
munities could be observed—though it is important to 
state that our methods indicate also the DNA of the dead 
cells. The water samples originating from the different ion-
exchange resin columns grouped together mainly based 
on the type of the resin, which indicates that each resin 
unit has different, characteristic microbial communities. 
It seems that the bacterial communities of the different 
ion-exchange resin columns are much more influenced 
by the physical and chemical characters than that of the 
run-down process of the given resin. In agreement with 
our DGGE studies, Kulakov et al. [3] observed that the 
composition of the microbial communities of the differ-
ent points of the water purification system differ strongly. 
Most probably the structure of a water purification system 
and the applied materials in its structure strongly influence 
the development of microbial communities [19, 28, 29].

In our experiments, biocides were used to decrease 
the number of bacteria in the studied purification sys-
tem. It is known that many biocides kill most algae and 

bacteria without strongly offending the environmental 
components [30]; therefore, we have selected isothia-
zolone derivatives (ProClin and Kathon WT) and Bro-
nopol. These biocides are often used as antimicrobial 
compounds in cosmetic and textile industries and in 
water supply systems [31, 32]. These chemicals quickly 
block the multiplication of microorganisms with irrevers-
ible harms causing cell death: they destroy the structure 
of many proteins by creating disulphide bonds in them. 
Moreover, when a given biocide contacts the microbe, 
free radicals may be generated which are toxic for the 
cells. In our experiments most bacteria were sensitive 
for the tested biocides already in low concentrations 
(Table 1.). Though it is well known from literature that 
microbes in biofilms can tolerate much higher biocide 
concentrations than in pure cultures [33, 34]. Therefore, 
when the aim is to eliminate microbes living in biofilms, 
higher biocide concentrations must be applied than for 
pure cultures.

Our results showed that Mycobacterium species were 
the most resistant to two applied biocides (Bronopol and 
ProClin). On the other hand, Kathon WT was the most 
effective from the studied chemicals already in low con-
centrations (1–20  ppm) against most tested bacteria; 
therefore, in later studies and industrial treatment this 
biocide was used (Table 1.). Mycobacerium species were 
exception, but it is not surprising. Already early studies 
revealed that mycobacteria were more resistant to bioc-
ides than other non-sporulating bacteria [35, 36]. Usually 
the components of the mycobacterial cell wall are respon-
sible for high biocidal resistance [37].

It is worth to mention that against antimicrobial com-
pounds (also against biocides) often resistance mecha-
nisms develop in microbes—therefore, it is impossible 
to eliminate all microbes with the same chemical com-
pound at the same time [33]. In case of the mixed-bed 
ion-exchange resin the 8-h-long treatment with 25 ppm 
biocide concentration was effective to block the regrowth 
of bacteria in spite that the resin beads surfaces were 
strongly contaminated before the treatment. The on-site 
purification of the resin beads was possible with this bio-
cide concentration though a high speed reverse flow was 
also necessary to remove the dead cells from the bead 
surfaces: physical treatment (e.g. backwash) together 
with chemical treatment was really effective to eliminate 
microbes (Fig. 8).

Just after the treatment the quality of produced 
UPW met the standards (specific electric conductivity 
was < 1.0 × 10−3 µS−1) and even the quantity of the pro-
duced water was much higher, the run-down of the mixed-
bed ion-exchange resin lasted longer than before. So it 
is obvious that biocide treatment had positive effect on 
the ion-exchange capacity and effectiveness of water 
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purification by elimination of microorganisms even if the 
ion-exchange capacity has grown only moderately.

On the other hand, after 3-month operation, recoloni-
zation by microbial cells could be observed. In general, it 
cannot be expected that a single biocide treatment can 
solve the problem finally as the applied water itself is not 
sterile. The measured ion-exchange capacity was lower 
after the treatment in case of cation-exchange resin but 
higher in case of the other resins, most probably sig-
nificant amount of contamination was removed by the 
treatment.

5  Conclusions

Our experiments showed that biocide treatment with 
Kathon WT in the water purification system in the power 
plant was successful, effective against microbial contami-
nation. Based on our results, we have suggested to wash 
the mixed-bed ion-exchange resin each month with an 
intensive, opposite flow saltless water and apply biocide 
treatment in every 3 months to avoid strong microbial 
proliferation and to keep the good quality of the supplied 
water. We are convinced that this study provides a solid 
basis for guiding the authorities and technical engineers 
to decrease the microbial contamination in industrial 
ultrapure waters.
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