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SUMMARY 

Presently, tryptic soy agar (TSA) medium is used in the semiconductor industry to determine the concentration of viable oligotrophic bacteria in 
ultra-pure water systems. Deionized water from an ultra-pure water pilot plant was evaluated for bacterial growth at specific locations, using a non-selective 
medium (R2A) designed to detect injured heterotrophic as well as oligotrophic bacteria. Results were compared to those obtained using Tryptic Soy Agar. 
Statistically greater numbers of bacteria were observed when R2A was used as the growth medium. Total viable bacterial numbers were compared both 
before and after each treatment step of the recirculating loop to determine their effectiveness in removing bacteria. The reduction in bacterial numbers 
for the reverse osmosis unit, the ion exchange bed, and the ultraviolet sterilizer were 97.4~, 31.3%, and 72.8%, respectively, using TSA medium, and 
98.4%, 78.4~, and 35.8% using R2A medium. The number of viable bacteria increased by 60.7% based on TSA medium and 15.7% based on R2A medium 
after passage of the water through an in-line 0.2-/~m pore size nylon filter, probably because of the growth of bacteria on the filter. Our results suggest 
that R2A medium may give a better representation of the microbial water quality in ultra-pure water systems and therefore a better idea of the effectiveness 
of the various treatment processes in the control of bacteria. 

INTRODUCTION 

In recent years, guidelines for ultra-pure water for 
industrial applications (e.g. semiconductor industry, 
pharmaceutical industry, etc.) have become increasingly 
more stringent. These guidelines include maximum 
acceptable levels of bacteria (Table 1). When viable or 
inactivated bacteria are present in water used in various 
manufacturing processes, they can interfere with the 
function of the final product. For example, in a semi- 
conductor device, one bacterium can have enough phos- 
phorus to cause a defect in a 64-kilobyte (64KB) 
DRRAM (Dynamic Random Access Memory) device 
[12]. Viruses are capable of causing critical defects 
through irregular doping of the water substrate on a 
4-megabyte (4MB) DRAM device [12]. 

The maximum acceptable levels for microorganisms 
require the water quality engineer to re-evaluate funda- 
mental testing procedures involved in quantifying viable 
bacteria. Variables such as water temperature, sampling 
technique and media selection can be critical in obtaining 
accurate and reproducible results [7]. 
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TABLE 1 

Recommended water quality limits for circuit devices ~ 

Integration scale 64KB 2 5 6 K B  IMB 4MB 

Resistivity (Mf~/cm) 15- 16 17- 18 17.5-18 18 
Particles (counts/ml) 50-150 30- 50 0 -20 5-10 
Critical particle size (#m) 0.2 0.2 0.1 0.1 
Bacteria (cfu/100ml) 50-100 5- 20 1 - 5 1 
Total organic carbon (#g/l) 50-200 50-100 30- 50 20-30 
Silicon dioxide (#g/l) 20- 30 10 5 5 
Dissolved oxygen (/~g/l) 100 100 50-100 50 

aAdapted from Yabe et al. (1989). 

Present procedures include sampling a known volume 
of water from the point of use and filtration through a 
0.2-#m pore size microporous membrane (Nuclepore, 
Cambridge, MA). The filter is then placed on tryptic soy 
agar (TSA) and incubated for 72 h at 35 ~ Recom- 
mended incubation times and temperatures have ranged 
from 24 h to 1 week, and 25 to 35 ~ [10]. These condi- 
tions do not take into account the nutrient-poor environ- 
ment which exists in a high-quality water recirculating 
loop (or polishing loop) of a semiconductor fabrication 
device's water; the environment may place stress on bac- 
teria which inhabit these environments [1]. In addition, 



224 

many of the organisms may be damaged by the various 
water treatment processes (e.g. disinfection). The use of 
TSA medium, and incubation under conditions other 
than the environment found in an ultra-pure water line 
(e.g. increased temperature) may cause an inaccurate 
count of viable bacterial numbers [1]. Bacteria found in 
ultra-pure water systems such as Pseudomonas spp. [7], 
display unique survival characteristics in an ultra-pure 
water environment compared to a waste water treatment 
system, and may require a non-selective medium such as 
R2A for optimal recovery of viable organisms [10]. 

The purpose of this study was to determine the need 
for using non-selective media with respect to numbers of 
injured and viable cells, and to consider the interactions 
between system components within the ultra-pure water 
polishing loop with respect to removing or recovering 
bacteria. 

MATERIALS AND METHODS 

Purification apparatus 
The water purification system used in this study 

contained a primary feed; and  a polishing loop (Fig. 1) 
[11]. The primary feed of the pilot plant used in this study 
consists of initial water conditioning by a water softener 
(replaces calcium ions in water with sodium ions), and a 
carbon bed filtration unit which removes chlorine from 
the water and acts a filter (5 #m nominal pore size). The 
water is then pumped through a reverse osmosis unit to 
reduce bacterial numbers in the permeate. The water then 
enters the polishing loop to remove organic matter and 
ions. Due to the stringent requirements of parts per billion 

(#g/l) organic contamination required for ultra-pure 
water, the polishing loop consists of 316 L electropolished 
stainless steel or PVDF (polyvinylidene fluoride) piping 
and housings [7]. The reverse osmosis (RO-15, Millipore, 
Bedford, MA) permeate enters the polishing loop via the 
PVDF storage tank and PVDF pump. The water is then 
passed through a mixed bed ion exchange tank (0.45-cubic 
foot tank, Millipore, Bedford, MA), a 0.04-#m pore-size 
nylon filter (Pall Posidyne N66, White Plains, NY), and an 
ultraviolet light sterilizer (S L-1-TOC, Aquafine, Valencia, 
CA) that produces both the germicidal 254-nm wave- 
length and a 185-nm wavelength capable of oxidizing 
carbon compounds. The water then circulates back into 
the 37.8-1 storage tank. The water from this pilot plant is 
characterized as follows: resistivity is 18 Mf~-cm (25 ~ C), 
no greater than 1 particle per ml greater than 0.1 #m in 
size, less than 30 viable bacteria per liter, total oxidizable 
carbon less than 2.5 #g/l, and total silica less than 1 #g/1. 
During the second month of this study, ozone was added 
to the ultra-pure water to determine its effectiveness in 
inactivating bacteria [13]. 

Sample collection 
Two 1-1 samples were obtained from the pilot plant at 

specific locations over a 2-month period. Samples were 
collected in 1-1 sterile high-density polyethylene sample 
bottles (Cole-Parmer, Chicago, IL). The locations were 
municipal water feed, post-reverse osmosis unit, post- 
mixed-bed deionization tank, post-ultraviolet light steri- 
lizer, and post-sub-micron final filter. Samples obtained in 
the second month were taken at the post ion exchange bed 
location both with and without injection of ozonated 
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Fig. 1. Schematic diagram of the ultra-pure water system. 1A, water softener; 1B, brine tank; 2, carbon bed; 3, reverse osmosis unit; 
4, PVDF storage tank; 5, PVDF circulation pump; 6, PVDF diaphragm valve; 7, PVDF flow meter; 8, mixed bed ion exchange tank; 

9, final filter; 10, UV sterilizer; 11, Ozone metering pump. 



water (Ozone generator manufactured by OREC, 
Phoenix, AZ, model O3V5-O) upstream of the sampling 
point. Samples were also taken from the line leading from 
the ozone contact tank to the pilot plant. Each sample was 
then filtered through a 0.2-#m pore-size membrane 
(Gelman Scientific, Ann Arbor, MI). The filters were then 
transferred to the agar where they were incubated for 72 h 
at room temperature (23 ~ Sample volumes ranged 
from 10 ml to 1 1 based on suspected bacterial levels. 
Equal sample volumes were assayed on both R2A or 
Tryptic Soy Agar (TSA) (Difco, Detroit, MI). 

Calculation of total plate counts and statistical analyses 
All data were converted to counts per liter for ease of 

comparison. The Student's t-test [3,4] was used to deter- 
mine statistical variation and confidence limits of plate 
coun t s .  

RESULTS AND DISCUSSION 

The average bacterial numbers per liter obtained at 
various sample points throughout the system are shown 
in Fig. 2. Confidence levels for the data were 90% or 
better at the city water, post-reverse osmosis, post-ultra- 
violet sterilizer, and at the ozonated post-ion exchange 
locations. Confidence levels of 85% were obtained at the 
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Fig. 2. Bacterial counts in the outlet of system components. 
r-7l, TSA medium; [%7, R2A medium. 
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post-ion exchange and post-filter locations. Bacterial 
numbers in the system decreased as a function of treat- 
ment steps. The order of decreasing total plate counts can 
be listed as tap water, post-RO, post-ion exchange bed, 
post-filter, post-UV, post-ion exchange bed (+  50 ppb 
ozone at outlet of bed), and ozonation tank. Direct count 
methods such as acridine orange direct count (AODC) 
cannot be employed on a routine basis because of the low 
numbers of bacteria found [12]. In this system, the mecha- 
nisms of viable cell removal by adsorption through surface 
charge interactions are dominant for the ion-exchange 
bed [7]. Size exclusion is probably the dominant mecha- 
nism for bacterial removal for the reverse osmosis unit. 

An additional exposure of 50 #g per liter ozone in the 
water decreased the viable bacterial numbers in the sys- 
tem when compared with the non-ozonated water (100 
per liter reduced to < 10 per liter). Ozonation, therefore, 
may be considered as an effective killing agent in this 
system. However, it must be noted that the ozone must 
be completely destroyed by UV radiation [6,8,9,13], as 
exposure to ozone will damage downstream process 
equipment such as ion exchange beds through direct 
oxidation of the resins [13], as well as semiconductor 
devices through hydrophobic/hydrophilic interactions [2] 
and direct oxidation of the wafer surface [5]. R2A medium 
consistently showed greater bacterial counts when com- 
pared with TSA medium. 

Fig. 3 shows the effectiveness of each of the system 
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Fig. 3. Bacteria removing effectiveness of system components. 
E23, TSA medium; 12S3, R2A medium. 
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Fig. 4. DifferenceincfubetweenR2AandTSA media in various 
locations of ultra-pure water treatment system. 

components  in the removal  of bacteria  from the ultra-pure 
water pilot plant. Reverse osmosis demonstra ted better  
than 97~o removal  while effluent from the final filter 
showed an increase in numbers. This may be due to the 
concentration of bacteria  and nutrients constantly accu- 
mulating on the surface of  the filter. Bacteria can then 
regrow through the filter [7]. 

Although greater numbers of bacteria  were detected 
on R2A medium in all cases, removal  efficiencies were 
determined to be greater on TSA medium for the reverse 
osmosis and ion exchange bed treatments than on R2A 
medium. However,  greater removal efflciencies were 
detected for ultraviolet disinfection on R2A compared  
with TSA. This indicated that  some cells that  were dam- 
aged under the effects of UV-185 radiat ion and ozone 
were not recovered on the TSA medium. The use of R2A 
may therefore be a better choice of  media  to obtain a more 
accurate representat ion of  the number of viable cells after 
disinfection in the polishing loop of an ultra-pure water 

system. 
The difference in bacteria  numbers observed to grow 

on TSA vs. R2A media is shown in Fig. 4. 
This difference can be expressed as: 

P = ( N i .  - N o u t ) T s A  - ( N i t  - N o u t ) R 2 a  

where 'N' is the number of viable bac t e r i a  per liter 

observed for each type of medium. This population value 
will be greater than zero when the (Nout)R2A term is large; 
this indicated that  a process unit contains bacter ia  that  
may not be able to use TSA medium effectively for 
growth. The population value will be less than or equal to 
zero when the (Nin)R2A term is large; this indicates that  
fewer TSA-incapable  cells are generated which cannot 
grow on TSA. This population term is important  to the 
water plant  since the operators need to know which 
process units are removing bacteria,  and those in which 
bacter ia  are capable of growth. The da ta  indicates that  the 
presence of ozone or a UV unit may decrease bacteria,  
but bacter ia  can grow on the surface of a filter. If  all 
bacteria  are not des t royed,  evidence suggests that  they 
can grow and recontaminate the water. 

F rom the analysis of these data,  it can be concluded 
that  the use of a non-selective medium capable of support-  
ing oligotrophic bacteria  may be necessary in an ultra- 
pure water  system to obtain a more representat ive esti- 

mation of  viable cells; the R2A medium can be used for 
this purpose. The analysis of the system components  with 
respect to the effect on bacter ia  indicates that  the actions 
of  the reverse osmosis unit, ozone ion exchange and UV 
sterilization aids in the reduction of  bacterial  numbers. 
The mechanism of bacter ia  removal  by UV and ozone 
appears  to occur through direct injury of the cells [7]. Size 
exclusion appears to predominate  as the mechanism of  
removal  of cells by the reverse osmosis unit [7]. The 
mechanism of  bacterial  removal  by the ion exchange bed 
may be due to selective adsorpt ion of  the cells to the resin 
by cell/resin charge interactions. An increase in the num- 
bers of bacterial  cells was observed across the nylon 
membrane;  this indicates that  nutrients may concentrate 
on the surface of the filter, bacter ia  may use these 
nutrients to reproduce,  and growth of the cells through the 
filter may occur [7]. 
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