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Viruses must be removed from the ultrapure water environment, as they have the potential to deposit on microelec-

tronic devices and generate killer defects. Controlled and well-defined challenges by MS-2 and PRD-1 bacterio-
phages were treated in a pilot-scale ultrapure water system using ultraviolet radiation (UV), ozone, mixed bed ion
exchange adsorption, and reverse osmosis filtration technologies typical of those used in industrial systems. Apply-

ing a first order kinetic model to the data generated rate constants for MS-2 removal by UV-185, 50 mg L -1 ozone,
mixed bed ion exchange or reverse osmosis filtration of 15.5, 12.9, 3.9, and 10.4 min -1, respectively, and PRD-1
removal of 13.8, 15.5, 8.2, and 11.9 min !, respectively. In all cases, removal of viruses by oxidative mechanisms
such as ozone and UV were far superior to adsorption and filtration mechanisms. A theoretical viral population
balance was generated to model the removal of the bacteriophages by these unit operations. This model relates the

inlet time-dependent profile of viruses to the output, destruction, and accumulation profiles; it also relates these

profiles to the unit operation’s treatment mechanisms including oxidation, adsorption, and filtration. This model is

the first step in generating a site-independent theoretical model to project the persistence of viruses in ultrapure

water systems.
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Introduction characterization and removal of bacteriophages in and from
ultrapure water system.

In addition to the physical comparisons of the data gener-

ed through direct graphing and simple first order kinetic

As computer chip technology advances, the contaminart"
requirements for water continue to decrease from the partgt

- o ;
per million (mg L) concentration, through the parts per modelling, a second and more comprehensive theoretical

billion (ng L™), and beyond. Although previous work has : ; . NI
shown(egam;gles of thg contaminangt r(l_oquirements for baCrpodel is being developed to describe the effect of individ-

teria, for particles in the 50-nm range, and for organics anc!iJal unit operations in removing bacteriophages. Although
dissolved elemental contaminants [1,2], current ultrapuréSUCh a model has been put forward to describe the removal

water treatment systems have yet to specify concentratio ]:ag'[r%]aerxfscosr:te?nmslrEZ?tfnoagchr)warrr?gldeesl ggig]tsu:cg?f:r;eo\\'/v;tg;
limits for viruses. Since the current microchip technology y '

. ; : . . .7 viral challenges.
has the potential to fail when virus-sized particles are inad- By linking equations for the individual unit operations,

vertently deposited during the manufacturing process [8] theoretical model can be developed to describe bacterio-

the continued trend to make the circuits smaller and mor hage removal from ultrapure water systems. A complete

complicated [8] may drive contamination limits beyond . : o .
. Lo .theoretical model based on this and additional experimen-
current measurement technologies. Contamination speuf{éﬁon is the subject of future work.

cations may one day specify viruses as well as viral break-
down products within these systems.

Previous work has shown the effect of ultrapure water )
environments on virus inactivation [5] as well as the actionMaterials and methods
of accepted unit operations on removal of non-viral CON-\ /o tor

:g?;nggio;cgldu%R% (t:%tr?tla%hd;i?sb Izn%aé?ssno|§£ggl{s§§(fi ource water from the Martin Street well, located at the
A formal study to determine the effect of these unit oper- niversity of Arizona, Tucson, AZ, was transported to a

ations on removing indicator bacteriophages such as MS- g?telslgﬁ?%rzr\:\éaiir aplloér?gsltgr?e?lz r(ieesgsltrfgsit;y S g\t/:r;
and PRD-1 have not been performed in an ultrapur P Y

. Protec, Carpinteria, CA, USA). Chemical and physical
water environment. ! ’ ’ -
. . roperties of water samples (Table 1) were determined
; e;—:ilrserf]tgr?é V\g;;s tﬂgslgr]nniﬁ?oé?e?t?grrn?s; ?rzgﬁgtnrs afnc;jr f?#é%ccord!ng toStand_ard Methods .for Water and Wastewater
Analysis[4]. One-liter high density polyethylene containers
were used to collect water samples. The containers were
Correspondence: Dr RA Governal, International Innovative Technologies,rmsed with L.“trapure water [7]’ and sterilized by autoclav-
5761 West Creda St, Tucson, AZ 85735, USA ing them prior to use. Water was stored atQ1Ifor the

Received 19 October 1998; accepted 29 May 1999 duration of the experiment.




Removal of MS-2 and PRD-1 bacteriophages o
RA Governal and CP Gerba .

Table 1 Physical and chemical properties of city water used in this study[5]: upstream and downstream from the ultraviolet sterilizer
(Aquafine, Valencia, CA, USA) as shown in Figure 1a,
Property Value upstream and downstream from the 50 ppb ozone injection
system (Ozone Research and Equipment Corporation, Pho-

'FI)'Zmperature"C) ;'16 enix, AZ, USA) as shown in Figure 1b, upstream and
Hardness (mg t* CaCQ) 130 downstream from_ the mi>_<ed bed ion exchange system
Total dissolved solids (mg ) 280 (Nuclear Grade Mixed Resin, lonpure, Bedford, MA, USA)
Turbidity (NTU) <1 as shown in Figure 1c. (2) Samples from the portable
ﬁa'c'um_ (mg L) o 277 reverse osmosis system included: inlet (Feed), downstream
Sggﬂ;s't‘%"g([ﬂ? ) 38 of the RO membrane (Permeate), and the waste stream
Potassium (mg 1) 20 (Concentrate) as shown in Figure 1d (Protec, Carpinteria,
Manganese (mg 1) <0.05 CA, USA).
Chloride (mgilL‘l) 16 Experiments were performed in duplicate at room tem-
Eﬂgﬁge@(“ngg'-&) gi perature (23 2°C). Purified stock viruses were added to
Nitrate (mg L) 20 the respective sample points at time zero. At predetermined
Trihalomethanes (mg ) <0.005 time intervals, 1.0-ml samples from the sample points indi-
Conductivity (micromhos) 390 cated were assayed for bacteriophage.
Lead (mg %) <0.005
Iron (mg L? <0.1
Copp(erg(mg)tl) <0.1 Data analyses o
Zinc (mg L) <0.03 Linear regression analyses were used to calculate inacti-
MS-2 Bacteriophages (pfu ) <1 vation rates for each experimental system. The inactivation
PRD-1 Bacteriophages (pfu ¥} <1 rate k) can be expressed by the equation:

k = —(log1o(N/No))/7
Preparation and assay of purified coliphages MS-2 whereN, andN, are the final and initial viral concentrations
and PRD-1 in plaque-forming units per liter (pfu ), respectively,

Cultures ofEscherichia col(ATCC 15597) andSalmonella  and 7 represents residence time in the unit operation in

typhimurium(ATCC 19585), grown for 18 h in tryptic SOy minutes. All residence times have been fixed at 24.4 s or
broth (TSB; Difco, Detroit, MI, USA) at 37C with no  0.4067 min, respectively. Studentsgest [9] was used for
shaking, were used to inoculate fresh TSB. These inoculanalysis of variance to determine significant differences in
were incubated for 3-6 h at 3Z with continuous shaking jnactivation rates among various water environments; con-
to obtain fresh cultures. Stock MS-2 (ATCC 15597B) andfidence limits were set at 90% unless stated otherwise.
PRD-1 were serially diluted in Tris-buffered saline, pH 7.3

(Trizma base; Sigma, St Louis, MO, USA) to approximate General viral population balance

concentrations of Tpfu mI%. One-tenth ml MS-2 phage A general viral population balance, adapted from a general
dilution gnc_j 1 mlE. coli cultur_e as well as 0.1 ml PRD-1 population balance [12] may be performed on each of the
phage dilution and 1 n. typhimuriunculture were added it operations as displayed in Figure 1 to determine their

to tubes of molten overlay agar (TSB with 1% agar) andgpjjities to remove viruses from a water treatment system:
mixed. The mixtures were poured into petri dishes contain-

ing tryptic soy agar (TSA; Difco). After 18-24 h of incu-
bation at 37C, 6—7 ml Tris was added to plates with con-
fluent plaques; the plates were allowed to sit for a + Accumulation (1)
maximum of 1 h to allow the phage to diffuse through the
agar surface. The liquid fraction was recovered from the The input rate is defined as the number of viruses
plates and centrifuged (15360y for 10 min at 10C), and  injected into the system in plague-forming units per minute
the resulting supernatant was centrifuged agair(pfu min). The generation rate is defined as the number
(100000x g for 3 h at 16C). The pellet was resuspended of viruses released from infected bacteria within the
in sterile Tris buffer and stored af@. Phage stocks were component (pfu mirt) and is assumed to be negligible for
titered prior to use. this experiment. The output rate is defined as the number
Serial dilutions were made in Tris buffer, added to testof viruses leaving the system in plaque-forming units per
tubes containing 3 ml of molten overlay agar and 1 ml ofminute (pfu min?). Note that for the reverse osmosis unit,
3- to 6-h cultures oE. colior S. typhimuriumThe mixture the rates are divided into concentrate flow and permeate
was poured onto TSA plates. The plates were incubated fdtow; all other unit operations shown have only one out-
18-24 h at 37C, after which the plaques were enumeratedput rate.
and the log reduction and inactivation rates of MS-2 and Using the term ‘i’ to denote the rate of viruses entering

Input + Generatiore 3, Output+ Destruction

PRD-1 calculated. the unit operation (pfu mt), and assigning similar desig-
nations to the remaining terms in the above equation, the
Experimental design system can be shown as:

Water for this study was collected from two sources.
(1) Samples from the ultrapure water pilot system included Pin + Pgen= Pout + Pdest+ Paccum (2)
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Figure 1 Schematics for virus reactors.

This general viral population balance can be further simreduced further based on specific knowledge of the individ-
plified by assuming that a negligible number of viruses will ual unit operations.
be generated during the experiment compared to the
amount present in the system due to injection. In this case,
the generation term geri vanishes towards zero and the Simplification of general viral balance for ultraviolet

equation simplifies to: radiation and ozone reactors
The UV and ozone reactors as shown in Figures 1a and b,
Pin = Pout + Pdest+ Paccum 3) based on their high turbulence [2] and their relatively low

dispersion values [10], are modeled as axial flow reactors
Equation three is the fundamental description of viralwith no filtration or particle retention characteristics. As
behavior within an ultrapure water system and can besuch, the rate of viral accumulation is negligible and the
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accumulation term vanishes. Equation three therefore 7 T T T T T T T T
reduces to:

Pin = Pout + Pdest 4)

Simplification of general viral balance for mixed resin 5
bed reactor \
The mixed bed resin reactor consists of a vertical tank filled _ \
with positively and negatively charged resin beads in ag 4 | \ -
packed bed (Nuclear Grade Mixed Resin, lonpure, Bedford,> \

MA, USA). In this unit operation, as shown in Figure 1c, et \

viruses are removed from the water through charge adsorp-"‘D 3 .
tion from the bulk fluid to the resin beads; this form of g5~
removal is inert and non-destructive in nature. Since theS
viruses are not destroyed in the process, the destruction
term in Eqnthree is vanishingly small. Equation three /V ‘_

therefore reduces to: 1k \ A |

[AV]
T
T
!

Pin = Pout + Paccum (5) vV Sy
0 .

Simplification of general viral balance for reverse —-10-5 0 5 10 15 20 25 30 35
osmosis unit
The reverse osmosis system removes viruses through the
mechanisms of filtration and path diversion. As shown infigure 2 Removal of MS-2 by reverse osmosis, pH.0, T=21°C.
Figure 1d, the unit has two exit streams; the first is the(®---®) Feed water; Y—V) permeate; ¥—VY) concentrate.
product water ompermeatestream and the second is the
waste stream oconcentratestream. The permeate stream :
results from the passing of the feed stream through the
reverse osmosis membrane and is expected to be relatively Y
low in viral concentration. To reduce the amount of buildup 7 1
on the reverse osmosis membrane, the concentrate stream 1
allows a low-pressure exit route for the contaminants. Since 6 | ¢
the goal of the unit is to produce pure water at high flow
rates, the permeate flow is set much greater than the con-
centrate flow; in this case, the permeate stream flows at=
75% of the feed rate, and the concentrate stream flows ﬁ
25% of the feed rate. 5 4+ .

Since the reverse osmosis membrane typically remove&s,
ions from the water (desalination applications), a concen- < | i
tration polarization layer can build up [11]; this charge 2° Y-V
effect layer has the potential to trap viruses on the mem-—= v
brane surface much in the same way as the viruses are
trapped on the ion exchange resin beads, without oxidation. v D v
For these reasons, the accumulation term is retained in the 1k v W( v v 4
equation, the destruction term is minimized and the output v ~
terms are split into the permeate and concentrate terms. The . \

viral population balance simplifies to: —10-5 0 5 10 15 20 25 30 35
Pin = Pout, + Pout, + Paccum (6) Time (min)

Time (min)

[9)]
T
|

Y

[aS)
T
/
1

. . Figure 3 Removal of PRD-1 by reverse osmosis, pH.0, T=21°C.
where the designationsandc represent the permeate and o__.g) reed water: Y—v) permeate: Y—V) concentrate.

concentrate streams, respectively. The only unknown in the
equation is the accumulation term.

For the purposes of this initial trial, only the total number water system as determined by the sum of the individual
of phages observed (typically determined as the total areanit operations.
under the curves shows in Figures 2 and 3) is considered.
Future work will include the generation of a theoretical it
model that solves the differential equations based on thgesu S
residence time distributions [13], initial injection con- The ultrapure water system is designed to produce water
ditions, temporal variations in bacteriophage concenwith contaminant levels less than five parts per billion total
trations, and loop recycle effects for the entire ultrapureorganic carbon, less than one part per trillion total dissolved
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Table 2 Effect of water treatment unit operations on virus concentrations

Unit operatiofi MS2,° MS2,. PRD-1, PRD-1,
uv-185 24+1.1x10° <1 4.0£1.9% 1P <1
Ozoné 2.0+£1.0x10° <1 2.6+ 1.5x10° <1
Mixed bed ion exchange 120.5x 1(° 2.9+1.0x 10 3.1+1.0x10C° 8.0+ 0.4x 1(?
Reverse osmosis 221.3x 1P 1.2+ 0.6x 10" 15+09x1C° 22+1.4x10

2All experiments performed in duplicate.

PAll unit operations display a residence time of 24.4 s.

All viral concentrations are in pfu mi.

dUltraviolet radiation (UV-185 nm) exposure of 400Q® cm?
eOzone concentration of 50g L™

metals, and less than ten viable bacteria as colony formin§0 min. During the same injection period, an average of
units per liter of product water [4]. The pH of the water was 12 pfu mi* was observed in the permeate or product stream
maintained at 7.0 throughout the ultrapure water system. Atinverted triangles) while an average value of
no time did injection of bacteriophage into the environment5.00x 1®° pfu mI™* was observed in the concentrate or
significantly alter the composition of ultrapure water to thewaste stream (filled triangles). This indicated better than
point of detection by on-line instrumentation. a four-log removal of the 50-nm bacteriophage using this

Table 2 shows the effect of the single outlet stream oxid-unit operation.
izing unit operations on the removal of bacteriophages from Figure 3 shows the action of the reverse osmosis unit
the water system including the UV oxidizer and the ozoneoperation on removal of bacteriophage PRD-1. Based on an
injection. For MS-2 and PRD-1 injections, the oxidative average injection of 1.48 10° pfu mI%, the product stream
technologies including UV disinfection and dissolved showed an average of 22 pfutlwhile the concentrate
ozone treatment consistently displayed better than five-logr waste stream showed an average level of
removal of the bacteriophages. The filtration-based revers2.40x 107 pfu mI™,
osmosis system removed four logs of MS-2 and PRD-1, Starting with the fundamental equation to describe viral
respectively. The charge-adsorption based mixed bed iobehavior within an ultrapure water system (Eqn 3), we can
exchange system and the reverse osmosis systems, hodescribe and quantify the effects of the individual unit oper-
ever, retained approximately 97% of the MS-2 challengeations with the application of the unit operation’s physi-
and 99.97% of the PRD-1 challenge. cal abilities.

Using the first order kinetic models shown previously, For the oxidative technologies (UV and/or ozone), we
removal rate constantg yalues) were significantly greater have shown the only unknown term in Eqn 4 is the viral
(t-test, confidence level of 90%) using oxidative techno-destruction rate, dest Since the UV and ozone reactors
logies (UV and ozone) over the adsorption and filtrationhave been determined previously from flow characteristics
technologies, as shown in Table 3. UV- and ozone rate conto be ideal plug flow reactors of residence timedf 24.4 s
stants were found to display greater than three times thpt], the phage-containing volume of ultrapure water
mixed bed ion exchange rate constant, and greater than lehtering the reactor can be directly measured at the outlet
times the average rate constant displayed when usingxactly 24.4 s later. By applying a simple delay term to the
reverse osmosis. equation, the rate of viral inactivation is easily determined

The actual sampling profiles from the reverse osmosigs the difference in the inlet and outlet rates. For MS-2 and
experiments are shown for the MS-2 bacteriophage in FigPRD-1, the outlet concentration was so vanishingly small
ure 2. The filled circles indicate the temporal profile for thethat the initial viral inactivation rate in plaque-forming units
injection of the bacteriophage into the reverse osmosis unifer minute (pfu mint) is calculated as being equal to the
Up until time zero, bacteriophage MS-2 remained undeinjection rate multiplied by the overall system flow rate.
tected in the background (less than 1.0 pftjLto insure  For MS-2 and PRD-1, these minimum destruction rates are
the interference due to any potential background level ofpproximately 2.7 10 pfu min? and 2.98x 10 pfu
bacteriophages, a level of 2.¥6L0° pfu mI™* MS-2 bac-  min, respectively.
teriophage was injected into the system over a period of For the adsorption technology, the mixed bed ion

exchange tank, previous work has shown this unit operation

Table 3 Observed rate constants for virus removal to be effectively characterized through the use of a first
order continuous stirred tank theoretical model of residence

Virus Uv-18%  Ozoné Mixed bed ion Reverse time ‘7 of 24.4 s [4]. From Eqgn 5, we can determine the
exchange osmosis only unknown in the equation, the accumulation term

.2 15505 129506 0801 10401 ‘Paccum as the difference between the outlet and inlet
PRD.1 13904 154108 82108 11901 terms multiplied by the overall system flow rate. For MS-

2 and PRD-1, the accumulation rates using this unit oper-
H 0 il 0 il
*First order reaction rate constant min ation are 1.2% 10*° pfu min? and 3.51x 10*° pfu min™?,

bFirst order adsorption rate constant ndin reSpeCti_V9|Y_- _ )
°First order filtration rate constant min The filtration technology, the reverse osmosis system, is
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somewhat more complicated than the other systems. Asepresent examples of RNA and DNA viruses that could
shown in Eqn 6, four terms consisting of three streams aneéxist in an ultrapure water system, and show their fates
an accumulation must be addressed to adequately charaghen exposed to typical unit operations in the ultrapure
terize this unit operation. Since the inleirR the permeate water environment.
‘Pout,’ and concentrate stream oBt;’ can be physically Based on the theoretical first order rate constants
monitored, the only unknown in the equation is the accumuebserved, the oxidation technologies including UV and
lation term ‘Raccum. Multiplying the inlet and outlet bac- o0zone consistently displayed greater effectiveness in inacti-
teriophage concentrations by their respective flow ratesyating the selected bacteriophages when compared to the
then subtracting the bacteriophage levels in the outletypically non-destructive adsorption and filtration techno-
streams from the level in the inlet stream, generates thigies of mixed bed ion exchange and reverse osmosis,
accumulation term in plaque-forming units per minute (pfurespectively. At no time were any of the test bacteriophages
min~1) over the 10-min injection level. For MS-2 and PRD- consistently detected at the outlet of the reactors (sensitivity
1 bacteriophages, the accumulation rate was determined to 1.0 pfu mt?). From the standpoint of keeping the point
be 3.56x 10" pfu min™t and 2.80x 10° pfu min™ respect- of use as free from contamination as possible, this suggests
ively. that some form of oxidative technology, such as the trace
injection of dissolved ozone, then destruction by a UV unit
before reaching the point of use, may aid in removal of
contaminants such as viruses and bacteria. It is standard
Although previous work has shown the effect of the ultra-practice to use filtration technologies such as reverse
pure water environment on bacteriophage inactivation [6]osmosis and ultrafiltration as the last line of defense for the
the amount of information currently available on viral inac- point of use [3]. Should a significant humber of bacteria
tivation by standardized ultrapure water generating uni@nd/or viruses enter this last unit operation, the data indi-
operations operating in ultrapure water environments icate such contaminants have the potential to survive treat-
minimal. ment and exit from the unit operation to potentially con-
The effect of traditional environmental factors of potabletaminate the microelectronic, pharmaceutical, or power
water including temperature, pH, total dissolved solidsgeneration point of use.
(TDS), and chlorine concentration on virus inactivation can Since the study of viruses in ultrapure water systems is
be considered to be negligible in the polishing loop of thea relatively new field, the types and concentrations of
ultrapure water system, as these factors are generally heldruses can vary from one system to another. The gener-
to within tightly controlled limits (temperature and pH), ation of a site-independent theoretical model can aid in the
while contaminant levels are near zero (TDS and free chlorprediction of viral numbers at any point in an ultrapure
ine concentration) [6]. Discussion is therefore focused orwater system. As mentioned above, the oxidative unit oper-
the abilities of the solvent-like nature of ultrapure waterations including UV and ozone can be modelled with a
[6] and the effect of ultrapure water unit operations on thefirst order plug flow model, where the only unknown in the
disruption of cellular structure and resulting loss of infec-equation is the intrinsic rate constant.
tivity. A list of factors that can influence viral infectivity Since the adsorptive and filtration unit operations, includ-
in an ultrapure water system may therefore includeing mixed bed ion exchange and reverse osmosis, may be
exposure time to ultrapure water (solvation, turbulencemodelled with combinations of continuous stirred tank
shear), ultraviolet radiation dose, ozone dose, physical filtereactors as well as ideal plug flow reactors, the outlet or
characteristics (including pore size and surface chargeroduct flow streams are far more complicated in terms of
potential), ion exchange bed adsorption efficiency, angredicting the outlet virus levels. It can be seen from Fig-
exposure to low pressure environments (vacuunures 2 and 3 that the outlet profiles for the reverse osmosis
degasification). This list has been generated based osystem are shaped differently than the basic step-function
experience, and is by no means inclusive. displayed by the inlet function. This washing out of the
In the case of the ultrapure water system, should the uniinit operation can result in the detection of bacteriophages
operations fail to remove the bacteriophages and theiin the outlet stream of the unit operation long after the
breakdown products (tail fibers, genetic materials, etc) fromnjection of viruses into the unit operation has been termin-
the environment, the solvent (ultrapure water) can transpoted.
these contaminants to the point of use and potentially gen- Future work will determine the amount of dispersion in
erate an electrical defect on the microelectronics device. the reactor and will further characterize the flow patterns
Since the types and concentrations of viruses in the ultrain the unit operation; this will aid in the accurate prediction
pure water systems have not been studied in detail, it i®f bacteriophage numbers out of the non-ideal reactors.
difficult to quantify the interactions between these unit
operations in removing these bacteriophages in this unique€onclusions
environment, and even more difficult to determine the num-
bers of phages and breakdown products that would confl) All tests showed that the oxidative technologies such
taminate the point of use. Characterization and quantifi- as UV irradiation and injections of dissolved ozone
cation of bacteriophages in the ultrapure water systems were not only significantly more effective in removing
used in industry is the focus of future work. bacteriophages from the ultrapure water environment,
MS-2, an RNA-containings. coli phage, and PRD-1, a but were also capable of removing far greater numbers
DNA-containing S. typhimuriumphage, were selected to than originally estimated.

Discussion
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