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Introduction

Ultra pure water(UPW) is essential to properly
fabricate today’s LSI/LCD products. It is the primary
cleaning solvent used to rinse all contaminants and
remnants of silicon etched away during the pro-
duction process. The geometry of today's integrated
circuits is so minute and complex that even the
smallest contaminant can prevent a circuit from
functioning properly. These contaminants decrease
the production yield of usable circuits. UPW qual-
ity requirements have steadily become more and
more stringent. The following additional require-
ments have emerged recently in UPW production
and its process from the standpoint of overall cost
reduction and environmental protection [1].

<> Reduction of initial (i.c., capital) costs

< Reduction of operating and O&A costs

<> Reduction of space of footprint

<& Reduction of waste and wastewater reuse

To address these issues, original equipment
manufacturers (OEMs) and end use customers in
the semiconductor industry have been continuously
developing innovative water treatment technologies
that include low energy and/or less fouling reverse
osmosis chelating membrane filters [2]. Within the
entire UPW process, RO has been playing an im-
portant role. In this symposium, the roles of RO
and some advancements are reviewed in more detail.

*Paper presented at the 10th membrane symposium,
“Production Technology and Applications of Indus-
trial Ultra-pure Water”, Chonan, April 7, 2000.

Producing Ultra Pure Water

As the degree of integration becomes increas-
ingly more complex, the semiconductor industry
requires higher levels of water purity. Last year
the standard guide for UPW used in the electronics
and semiconductor industry (ASTM D 5127-99)
was revised in which the water qualities are
classified according to the line width of semiconductor
devices. As can be seen in Table 1, the most
stringent UPW, designated as E-1.2 corresponding
to a line width of 0.25-0.18 um, requires a
resistivity of 182 M& - cm (0.055 pS/em) at 25T
0.055 ppb of dissolved silica, and 1 ppb of TOC.
The amount of ions and metals is approaching ppt
levels. These water quality guidelines are consistent
with target values in Japan as shown in Table 2
[3). Japanesc targets, however, look more challeng-
ing in terms of TOC and particles. To meet thosc
very strict UPW quality requirements, complicated
and highly integrated water trcatment systems are
imperative. Furthermore, UPW treatment systems
vary depending on the source of the water to be
processed and the ultimate purity influenced by the
complexity of the semiconductor device.

A UPW system generally consists of three parts:
primary deionization (D.I.) system, polishing sys-
tem and reccovery system (Figure 1) [4]. For the
primary D.I. system, a variety of system configu-
rations have been proposed as shown in Figure 2.
In the D.L system, RO plays key roles in No.l and
No.2 positions. A main role of No.l position RO
further remove a trace amount of TOC and particles.
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Tabie 1. ASTM Standard Guide for UPW Used in the Electronics and Semiconductor Industry

Type
Parameter
E-1 E-1.1 E-12 E-2 -3 E-4
Linewidth #m 1.0-05 05-025 025-0.18 50-10 >5.0 -
Resistivity, 25T MQ - em 182 182 182 17.5 12 05
Endotoxin EU/m! 0.03 0.03 0.03 0.25 - -
TOC ppb 5 2 1 50 300 1000
Dissolved oxygen ppb 1 1 1 - -
Residue after evapo. ppb 1 0.5 0.1 - -
SEM particles
0.1-02 um counts/L 1000 1000 200 - -
02-05 #m counts/L 500 500 100 3000 -
05-10 #m counts/L 50 50 [ - 10000 -
10 #m counts/L - - - - 100000
Bacteria
100 mL Sample 1 1 1 - - -
1L Sample 1 1 0.1 10 10000 100000
Silica-total pbb 3 05 0.5 10 50 1000
Silica-dissolved ppb 1 0.05 0.05 - - -
Table 2. Ultrapure Water Quality Target Values for Semiconductor Manufacturing in Japan
Integration Scale | oes Kbit | 1 Mbit | 4 Mbit | 16 Mbit | 64 Mbit | 256 Mbit
Items
Line width sm 0.8 0.5 0.35 0.25
Resistivity m& - cm 17-18 175-18 >18 >18.1 . >18.2 >18.2
Particle 01 #m | 50-150 10-20 <5
005 gm <10 <5 <1
(number/ml) 003 #m <10 <5
Bacteria numy/L 50-200 10-50 <10 <1 <0.1 <0.1
TOC ppb 50-100 30-50 <10 <2 <1 <05
O ppb 50-100 30-50 <50 <10 <5 <1
Si0, ppb 10 5 <1 <1 <05 <0.1
Metal.lon ppb -1000 100-500 <100 10-50 <5 <1
System 1
Systom -
Frmary 0.1, System URre Pura Polshing ysiem e o= [ Foe HE
B (LT L Hr Hosfowlo [ ] WEce oo e
Rocornry sysinm
i e
Fig. 1. Advanced ultra pure water system.

As mentioned before, the semiconductor industry

is seeking UPW systems that are more friendly to

the environment and conserve water. To address

Raw Water Ll : Revarss Osmosis L : Mixed Polisher
PT Pratreatmant H  Cution Exchanger e : Ura Violet Oxigation
T Tank o : Anion Exchenger aD Anion Poliaher
WE  : Hest Exchanger vo Vacoum Oegesifier  UF Unrmaen
€01 :Bwctrodeicnization WD Membrans Deaerator  WAC  : Wesk Acid Crlion

Fig. 2. Various primary D.I. systems.

these issues, the following two processes have

been implemented:

continuous deionizat

electrodeionization (EDI) or

ion (CDD-System-IV [5,6] and e
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the high efficiency RO-System-V {7-9]. EDI is an

lectrically driven demineralization process com-
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Table 3. High surface area low-energy 8 inch BW elements

. _ | BW30-365FR1 ) .
MODEI. NUMBER BW30-365 BWI0-365FR2 BW30-400 | BW30LE-440 { SG30LE-430
Product Water Flow Rate  m’/D 36 3 40 44 38
Min. Salt Rejection % 9B 93 98 -
Typical Field Salt Rejection % €5 95 95 9.0 -
Test Conditions at 25C
Feed Concentration mg/l. 2,000(NaCl) 2 000(NaCl) 2,000(NaCl) 2,000(NaCl) Pure Water
Feed Pressure bar 155 155 155 10.3 74
Recovery % 15 15 15 15 15
Operating Limits
Max. Operating Pressure  bar 41 41 4] _ 41 41
Max. Oper. Temperature T 45 45 45 45 45
Max. Feed Turbidity NTU 1 1 1 1 1
Max. Feed SDI SDI 5 SDI 5 SDI 5 SDI 5 SDI 5
Free Chloring Tolerance mg/l. <0.1 <0.1 1 <0.1 <0.1 <0.1
pH range, Continuous Operation 2-11 2-11 2-11 2-11 2-11
Maximum Feed Flow I./min 265 265 321 321 321
bining ion exchange resin and ion exchange mem - 0 ‘ mmhm
branes. Recently, the EDI process has gained
FrMTRC i mTet

attention due to continuous operation and the
elimination of hazardous regeneration chemicals. A
newspaper reported recently that one of the largest
semiconductor manufacturers in Japan had decided
to adopt the EDI process [10],

One of the major obstacles of RO is that recovery
cannot be increased where feed silica concentration
is high (e.g., more than 20-30 mg/L). In the System-V,
hardness and residual alkalinity is completely
removed by weak acid cation (WAC) resin and a
degasifier. After this pretrcatment, feed pH can be
increased up to 10-11 where silica solubility is
dramatically increased. A recent paper reported that
RO can recover 90-95% of feed water containing
80 mg/L of silica (9]. In both cases, high rejection
and high pH tolerance RO clements are critical.

RO Elements for UPW Production

FilmTec, a wholly owned subsidiary of the Dow
Chemical Company, has continued to extend its
high precision manufacturing technology to a wide
variety of RO and nanofiltration (NF) products. A
product range of RO/NF and brackish water (BW)
RO  element relevant to UPW
production are illustrated in Figure 3 and Table 3.
The BW30-365FR (fouling resistant) and SG30LE-430

specifications

RO/NF Eloments

Wigh Flow
2.8, 4Inch
Elarmarts

&=

Municipal NF

Fig. 3. Filmtec® RO/MF Elements.
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Primary Pure A
1 Water System

Regen. M8

BWI0-365FR2
Multimadgla  BW30-400
Finter HWIULE 440 MONOSPHERE g53y MONOSPHERE MONOSRHERE
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BGIOLE 430
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! uv uF oro
1 Use Points
. e
HOMR 1968 } St
MONOSPHERE
Subsystem O UP [ Recovery System

Fig. 4. Typical UPW System.

(semiconductor grade) are newly developed 8 inch
diameter RO elements. To better understand the
applicability of these elements, those best suited to
the UPW process are illustrated in Figure 4 which

Korean Membrane J. Vol. 2, No. 1, 2000



FILMTEC® BW30-365R Element

represents one of the typical UPW systems des-
ignated as System-I in Figure 2. In the following
sections, the features and benefits of these RO
elements will be reviewed briefly.

No.1 (roughing stage) RO Elements

For No.l RO (roughing stage), BW30-400 and
BW30LE-440 can be considered as standard ele-
ments due to their reliable and robust performance.
The FILMTEC" BW30LE-440 clement has a nom-~
inal active membrane area of 440 ft° (409 m” and
an average permeate flow of 11,500 gpd (44 m*/d)
at 150 psi (10.3 bar) under standard conditions.
Optimizing membrane chemistry results in a lower
pressure operation than when the FILMTEC BW30
-400 element is used, which means system oper-
ating cconomy is enhanced. The high surface area
of the FILMTEC BW30LE-440 element permits
designs of new RO systems that meet productivity
targets with fewer elements than standard 8 inch
elements resulting in lower installed system
cost by reducing the number of system compo-
nents.

One of the problems associated with a steady
state UPW RO operation can be attributed to
biofouling, especially for surface water supply and
warm, highly bacteriaactive water. To improve the
performance of RO elements operating under those
conditions, Dow has developed a series of fouling
resistant (FR) RO elements using proprietary sur-
face modifications of the FT30 membrane chem-
istry. The FILMTEC BW30-365 FR1 element is

Korean Membrane J. Vol. 2, No. 1, 2000
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Fig. 5. Historical startup data, standard RO elements
differential pressure.

suitable for use in potable water applications, where—
as the FILMTEC BW30-365 FR2 element is rec-
ommended for use in non-potable water applica—
tions. Both RO elements use FilmTec’s unigue
element efficiency not only in productivity but also
in cleanability. The FILMTEC BW30-365 FR1 and
FILMTEC BW30-365 FR2 elements have a nominal
active membrane area of 365 ft° (339 m®) and an
average permeate flow of 9500 gpd (36 mY/d) under
standard test conditions. The high surface area of
these FR elements permits designs of new RO
systems that meet productivity targets with fewer
elements. This, in turn, means more compact
systems resulting in significantly less system com-
ponents and lower installation expenses. The pro—
ductivity advantages of the FR elements can also
be employed in the design of new systems that
can produce the desired flow while operating at
lower feed pressures. Also, since the FILMTEC
BW30-365 FR1 and FILMTEC BW30-365 FR2
elements have the same high flow and high
rejection properties as the FILMETC BW30-365
element, they can easily be used in retrofit appli-
cations to obtain lower membrane fouling, reduce
average system operating pressure, and extended
membrane service life.

In the following figures, actual performance data
1s reviewed for a water treatment system with
conventional pretreatment at a large oil refinery
consisting of multiple RO trains which experienced
biofouling that necessitated in situ chemical
cleaning once every 4 weeks. Cleaning was done
when the differential pressure reached 60 psig per
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Fig. 6. Performance of fouling resistant RO elements,
differential pressure.

stage. A useful life of 3 years was projected for
the RO elements under this operating discipline.
Figure 5 shows the differential pressure over 41
days of operation with conventional RO clements
and a chemical cleaning done after 34 days.
FILMTEC BW30-365 FR1 elements were installed
in Apnl, 1997 and have been in service since,
having being cleaned only twice through early
August, 1998. Figure 6 shows the differential
pressure in the first stage of one of the trains in
this field trial. Other trains show similar perfor-
mance. This large oil refinery has chosen to install
FILMTEC BW30-365 FR1 elements in all the RO
trains of this greater than 1500 gpm(340 m’/hr)
water treatment system. To maximize time between
chemical cleanings, the RO system is sanitized
periodically with a nonoxidizing biocide (DBNPA).

No.2 (secondary stage) RO Element

The SG30LE-430 RO element was specifically
developed to meet the requirements for the No.2
RO having higher rejection of lower molecular weight
organic compounds and silica, and an accelerated
total organic carbon(TOC) rinse down profile. Other
distinguishing features/benefits of this product are:

a) TOC and salt rejections of the SG30LE mem-

brane have been improved while maintaining
high flow. Permeate flow rates of the
SG30LE-430 element are shown in Figure 7
and compared with standard 8 inch elements.
At the same time, the SG30LE-430 element
has higher NaCl rejection at 150 psi and

- we
€
< " e
. SGIOLE-430
b ”»
12111 ] —]
svee | $GI0-418FF

oo |

Permoata Flawh {Q P

" 1 . . “ LY T O L L T 1Y
Prassure (p8))

Fig. 7. Pure water premeate flow and IPA rejection of
the SG30Le~430.

Side View of BW30-400 and SG30LE-430

A A _4

SGIOLE-440

BW30-400

Table 4. Typical Organic Compounds Rejection

Organic Compound MW Rejection (%)
Methanol 32 23
Ethanol 46 40
Acetone a8 48
Isopropanol 60 92

Test conditions! feed concentration 10 ppm, 0.74
MPa (107 psi}, 25, pH 7, and 15% recovery

2,000 ppm than the BW30LE-440 high flow
element; thus, UPW systems can run with
lower operating pressure while maintaining
high TOC rejection.
b) FilmTec's advanced eclement fabrication
process enables production of cleaner elements
resulting in faster TOC and resistivity rinse
times.
Completely automated element fabrication

o

results in consistently high quality elements.

Korean Membrane J. Vol. 2, No. 1, 2000
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Table 5. Typical Inorganic Compounds Rejection

Feedwater Composition SG30LE-430 PERCENT REJECTION
Inorganic Concentration 049 MPa‘) 0.1 MPaq 0.98 MPa’
Compound (ppm) (5.0 Kg/em™) (7.5 Kg/cm™) (10 Kg/em™)

(72 psi) (107 psi) (145 psi)
Silica 1 976 979 97.9
10 98.3 98.7 98.9
NaCl 100
as Na’ 99.5 99.6 99.7
as CI’ 99.7 99.8 99,9
MgCly 100
as Mg” 99.8 99.9 99.9
as Ci 99.3 %94 99.4

SG30LE-43C TOC Rinse-Down Paxbm ance

[
" t Inwln;l,,l;':tuw lul:v)-w
70 *A 10 (1
‘3 LU =8 14 (4
§ LI ] c 10 "
'3 LA o *D 14 [
& I rg, . E “ ”
| &
"
N Y rmas "

ALX 1) 1.0
Eapsed Time (Nowrs]

Permaste

Fig. 8. Rinse down performance of SG30LE-430.

This capability allows optimization of leaf

length and number of leaves plus precise

placement of spacer materials and glue lines.

In higher flux or lower applied pressure
applications, this clement has an improved
permeate carrier cfficiency that results in a
higher net driving pressure.

d

=

To further reduce permeate pressure loss and
to ensure high flow operation in UPW appli-
cations, the product water tube internal diam—
eter (ID.) was increased from 1.125 to 15
inches. This is especially beneficial with the
higher flow SG30LE-430 element, having 430
square feet of active membrane area.

Rejection data for inorganic and organic species
are tabulated below.

Figure 8 shown above illustrated the TOC rinse
down properties over the first 24 hours for the

Korean Membrane J. Vol. 2, No. 1, 2000

UPW System in Japan, Double-Pass RO
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Fig. 9. Double pass RO system.
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Fig. 10. FilmTec UPW Elements Performance Sum-—
mary

SG30LE-430 element. The feedwater rinse condi-
tions were permeate flow of 20 m/hr(12,680 gpd),
temperature 25C, 2-3 ppb TOC and 17-18 MQ -ecm
resistivity. The actual performance of the SG30LE-
430 element is demonstrated in the following
case studies. Firstly, the SG30LE-430 was adopted
in the second position of the double-pass RO system
(Figure 9). In this system, to take advantage of
the lower operating pressure and electric consumption,
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UPW System in U.S.A,, Case 2
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Fig. 11. UPW system in the U.S.
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Fig. 13. TOC profiles.

two tvpes of low energy 8 inch RO elements
were used simultaneously {i.e., the BW30LE-440
in the first pass and the SG30LE-430 in the
second pass). Figure 10 shows the several perfor-
mance indicators of the system. Silca concentra-
tion was lineally (logarithmically) decreased from
35 ppm to 16 ppb and the conductivity dropped
to 1 pS/cm. Secondly, the SG30LE-430 was placed

The Chandiar indusirisl Pracess Water
Traatment Faciiity PWTP). A2

Chandler [PWTF

at the No2 position as shown in System-1. A
schematic flow diagram is shown in Figure 11.
Figure 12 shows the normalized -single element
flow over 400 days of operation. Permeate flow is
constant and maintained its initial performance.
No prominent membrane fouling or performance
deterioration was observed. Figure 13 shows the
TOC profiles of feed and permeate. SG30LE-430
kept the permeate TOC level at 1.5 ppb even
during some TOC spikes.

RO Elements for the Recovery System

Due to environmental concerns (ISO 14000 se-
ries), regulations, and water shortages, the
semiconductor industry has begun to recover or
reclaim wastewater streams from various wet
processes and reuse it as a source of UPW. In
general, Japanese manufacturers and OEMs have
been eager to recover the wastewater as seen in
many published papers and patents:

« Organic waste: DMSO and TMAH [11-13].

* Chemical Mechanical Polishing(CMP) Slurry [14,15]
» Inorganmc: HF

» Others: RO concentrate, end of pipe treatment {16]

Wastewater reclamation, however, has been
paid little attention until recently in the U.S. [17].
To achieve effective wastewater reclamation, a
variety of technologies such as the advanced
oxidation process(AOP), biological treatment
(membrane bioreactor and biofilter), and several
types of membranes(MF, UF, NF, RO, ED) need
to be combined. A role of RO in this application

Korean Membrane J. Vol. 2, No. 1, 2000
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Table 6. Chandler IPWTF recharge water quality comparision

Parameter Injected MW-5 MW-6 Is injected less
than or equal to MW?

Physical

Conductivity us/cm 707 743 713 Yes

TDS mg/L 323 401 413 Yes

Inorganic (

Sodium mg/L 114 110 74 Abiyt same

Potassium mg/L <2 2.3 4 Yes

Boron mg/L 0.26 0.28 0.21 Abiyt same

Calcium mg/L 18 4] Yes

Magnesium mg/L 1.3 33 83 Yes

Total Hardness mg/L 23 33 137 Yes

Alkalinity, total mg/L 78 89 101 Yes

Chloride mg/L 130 140 126 Abiyt same

Sulfate mg/L 38 47 63 Yes

Silica mg/L 35 42 12.7 Yes

Nitrate as N mg/L 0.3 1.0 1.2 Yes

Nitrite as N mg/L <01 <0.1 <0.1 Yes

Organic

TOC mg/L <0.3 0.2 <0.2 Yes(given sensitivity)

is to polish pre-treated wastewater so that the
permeate can be used as a feed source for the
UPW process. Here, two cases will be briefly
introduced. Firstly, the City of Chandler, Arizona,
built a water reuse plant to attract one of the
world’s largest semiconductor manufactures and
protect precious ground water resources [18-19].
The Chandler Industrial process Water Treatment
Facility IPWTE) recharges the local aquifer with
high~ quality reclaimed water to improve the
area’s overall water balance and, at the same
time, reduce the volume of wastewater treated at
the city’s conventional wastewater treatment
plant. The IPWTF began operating in July 1996
with nominal capacity of 8700m"/d(23x10" gpd).
The IPWTF features three membrane types. A
nanofiltration (NF) system reclaims water {rom
the semiconductor plant's RO reject streams. An
RO system equipped with the BW30-400 element
reclaims water from a mixture of process waste-
water streams. An MF system, added in January
1999, pretreats water heading to the RO unit. A
schematic flow diagram is shown in Figure 14.
The RO process equipment includes five trains,
each arranged in a two stage 9x 15 configuration

Korean Membrane J. Vol. 2, No. 1, 2000
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Fig. 14. Chandler IPWTF process flow diagram.

of six-element pressure vessels (PVs). The mem-
brane based processes consistently have produced
a high quality finished water that exceeds the
requirements of the aquifer protection permit. The
city monitors the quality of the injected treated
water (a blend of RO and NF) and water from
monitoring wells. Injected water concentrations
are less than or about equal to those from the
monitoring wells (Table 6). For a design of the
chandler IPWTF, Black & Veatch, Phoenix,
Arizona, received the Superior Achievement for
Excellence in Environmental Engineering award
from the American Academy of Environmental
Engineers in 1997 [20].

Secondly, field trial results of a FilmTec 4 inch
FR Element(TW30-4040FR) will be demonstrated.
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FllmTec FR Element Fleid Trial
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A
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Sige by side single RO element evaluation conditions
Fixed permeats flow = 167 Literhour
Fixed recovery = 20%

Fig. 15. Wastewater reclamation.

At this electronic device manufacturing site, an
organic waste stream is currently treated with
biological treatment, continuous microfiltration and
reverse osmosis as shown in Figure 15, Treated
water is reused at the site. Major contaminants
causing RO membrane fouling are bacteria and
residual organic solvents used at this specific
site. During the course of evaluating various
process, and OEM tested several types of RO
elements under the following conditions:

* Element Evaluated:

FilmTec TW30-4040FR

Company A Element A, Ultra Low Pressure Type

Company A Element B
+» Permeate flow rate was set to 167 L/min (44

gpm) for each element
* Element recovery was set to 20%

» Temperature was ambient ranging 22-25C
* Cleaning solution is NaOH. The pH of cleaning

solution was controlled at pH 11-12,

Cleaning temperature was set to about 40°C.

Alkaline cleaning was conducted 8 times during

the trial.

Feed water was taken via a branch pipe from
the existing RO unit. Consequently, the cleaning
solution came through the trial elements when
the existing RO plant required cleaning. Three
PVs were placed in parallel adjacent to the
existing RO unit. The trial started on Feb 13,
1998 and ended on Sep 29, 1998. (7 months). The
trial was carried out at fixed permeate flow and
fixed element recovery. Main parameters mea-
sured were feed pressure, differential pressure (A

Feed Pressure kgficm2
deltaP kgfiem2

E A I I B D - S oz o o
S8"8<53°3%55F5258°58%

a ElamensA Faod Prees
. TW SAFR Faed Prane
—a—EismenI B dettaP

~—A—Element B Fasd Prass
Elemant A deha P
—o—TWIOFR daitar

Fig. 16. TFeed pressure and delta P, Fed-Sep, 1998,

100

1 2

"”

Sait Rejection %

80 f—- — J—

a0 Lo v s e R
™ 0 - T W R o MmN D - NT N N
ca8aS:zs8 SZoRZIscsNica
~N N [ - - w @©° @ ~ o~ ©® @ -

| ElementA —o—Element B .o_vwaornJ

Fig. 17. Salt rejection, Fed-Sep, 1998.

P) and salt rejection. Salt rejection presented
here is based on conductivity of the feed and
permeate. Figure 16 and 17 show the profile of
feed pressure, AP and salt rejection throughout
the entire trial runs. An increase in AP was
considered to be mainly due to biological fouling.
The TW30-4040FR element showed the best
performance for minimal AP increase(ie, the AP
of the FR element stayed the lowest throughout
the trial). The AP increase rate was the lowest
for the FR element even when all three elements
experienced severe increases during March-April
timeframe. An increase in feed pressure was
attributed to biological and organic fouling. Major
organic contaminants are organic solvents and
surfactants coming from the process. The highest
feed pressure increment among the tested elements
was ohserved for the low pressure type RO
element A. In the case of biofouling, the operating
pressure of these elements was more or less the

Korean Membrane J. Vol. 2, No. 1, 2000
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same. In terms of salt rejection, there was no
significant difference observed for all the tested
elements. Salt rejection at start-up was 99.0-
99.2%, whereas at the end of the test, salt
rejection was stiil 99.1%.

Conclusion

In this paper, some advancements in RO tech-
nologies for UPW production and wastewater
reclamation have been described. It is anticipated
that membranes in general, and RO in particular,
will continue to play important roles and provide
effective and highly optimized solutions to purify
and recovery water while minimizing UPW pro—
duction costs when integrated with other ad-
vanced technologies such as AOP, membrane
bioreactor, ion exchange, EDI, and so on.
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