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ABSTRACT : The current status of reverse osmosis and
ultrafiltration membranes are reviewed with the view for
the future. In the case of reverse osmosis (RO)
membranes, as examples, new crosslinked aromatic
polyamide membranes exhibited the superior separation
performance with the sufficient water permeability, the
high tolerance for oxidizing agents and chemicals.

Ultrafiltration (UF) membrane based on
poly(phenylene sulfide sulfone) (PPSS) also exibited the
superior separation performance with.the high solvent,
heat and fouling resistance.
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Reverse osmosis and ultrafiltration membranes have gotten a
major position in the industrial separation technology. Despite
of the progress and the increasing adoption of these membranes,
there remain significant limitation to broder utilization.

In the case of reverse osmosis, new membranes were required
to have superior performance, which are presented as 1) high
selectivity 2) high water permeability 3) tolerance for
oxidizing agents. High selectivity is the strong demand in an
ultrapure water production and a saline water desalination. High
water permeability is necessary for low pressure and low running
cost operation. And tolerance for oxidizing agents allows to
operate the system dependably without biological fouling.

In the case of ultrafiltration, membranes which are made of
polysulfone, polyacrylonitrile, cellulose acetate derivatives,
polyimides have been used in such a processes for the recovery
of electrocoat painting and cheese whey and the production of
pyrogen free water and ultrapure water. New membranes are
required to have superior performance, which are represented as
1) sharpness of molecure weight cutoff 2) solvent and high
temperature resistance 3) fouling resistance (low nonspecific
solute adsorption).

Reverse Osmosis (RO) membranes

Numerouse researches have been done for membrane materials,
structure and fabrication technology to exceed asymmetric

513



M. KURIHARA and Y. HIMESHIMA

cellulose acetate and aromatic polyamide membranes. In-situ
interfacial polycondensation method was developed to obtain the
high performance composite membrane. Crosslinked polyamide
composite membranes, which overcome these problems have been
commercialized and become one of the major reverse osmosis
membrane today.

Membrane Materials in the Market

Dr. Petersen of FilmTec Table | Classitication of Commercial Ruur:u Osmosis Nembranes
/Dow has classified membrane by General Chemical Type

Membrane Material/Maker l Trade Name Element Configuration

. . e !
materlals in the marKet ° Crosslinked Fully Aromatic Polxvlmide

Table 1 shows = his ) e A [
classification together with oo T e, | Ll
additional remarks by Toray. Nitto Donko Su-gi0ss wirel
LOOking at the membrane Linear Fully Aromatic Polyamide
materials/membrane morphology BuPont Permasep B-9, B-10 hollow fine fiber

DuPont Parmasep B-15 spiral

/element conflguratlon, all Aryl-Alkyl Polyamide/Polyurea
the low pressure membrane A o AT IEEN e 100 (and PA-200)8 | spiral

Hydranautics CPAs spiral

belong to  spiral wound Dopont Permasep A1gr | i
elements with crosslinked Polypiperazineamides
polyamide/polyurea composite | [iwe | i st MR 1o | Spir
membrane . AS table. I ShOWS , Toray :3:;33:: SU-600%+ spira
crosslinked polyamide /poly= | . .. soue - .
. Yoray -1000, spira
urea composite membrane Toray RooAA 15D soiral
. ra - !
materials are roughly ey 054 wiral
separated into crosslinked DuPant o spural

fUIly aromatlc pOlyamide CG‘”%W Hollosep hollow fiber
(I), crosslinked aryl-alkyl

- UJ!;M‘M. _
polyamlde/polyurea(ll) s and oray PEC-1000% spiral
crosslinked polypiperazine- | felgeverue Sof rox wbular, spirs
amlde ( I I I ) * Polybenzimidazolone

“H;Trn—— PBIL tubular, spiral
Crosslinked Fully Aromatic | Sufeted Polysuifons basal Pluss -
Polyamide(l) Nillipore PSRO% spiral

Nitto Denko NTR-7410, 7450% spiral

DuPont's B-9 and B-10 jgmeiemmie oo e serios mosbrams.
are well known as membranes

with linear fully aromatic polyamideg. Their hollow fine fiber
membrane module is particularly and widely employed for seawater
desalination mainly in Middle East. DuPont has launched B-15, a
spiral wound element with asymmetric membrane. These membrane
materials are all linear aromatic polyamide, and sulfonate
groups linked with the side chain makes them different from the
materials of the below mentioned composite membranes. FilmTec's

TW/BW/SW/HR—BOg, DDS's and PCI's membranes are all in composite
membrane morphology, which consist of crosslinked aromatic
polyamide with carboxylate groups. Toray's UTC-70 membrane (SU-
series elements are made of UTC- series membranes) based on

1,3,5-triaminobenzene also belongs to the same group4. Fig.1
shows a typical chemical structure of the ultra thin film layer

of the crosslinked fully aromatic polyamide composite membranes.

Crosslinked Aryl-Alkyl Polyamide/Polyurea (II)

In the market, the reverse osmosis membranes belonging to
this category are all composite membranes in spiral wound
configuration. Compared with the crosslinked fully aromatic
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polyamide, basic membrane . NHg g " NHg g
erformance are almost same, - ‘7'“( B
Ehile resistance to oxidizing -(- I:j T:j X T:j T:j'jn—
agents is rather low. “ cOoH
DuPont introduced poly-
amide membrane consisting of
m-phenylenediamine/cyclohexane NH
tricarboxylic acid condensate, H
which is said to have high
flux and may be related to E;&F | struct .
3 _ emica ructure o e
their A-15 membrane. Crosslinked Fully Aromatic Polyamide5

Crosslinked Polypiperazineamide (III)

Polypiperazineamide

was first introduced by 8{.
Montedison as a linear —
polypiperadineamide  mem- HN_NH + ii:L
brane with chlorine CF& g{l

tolerant property (not
listed in Table 1I), but
was finally not commer-
cialized since it did not

0 0 0 0

I\ i I I i

show plear pqrformapce (N N} (C L L B
merit in comparison with /)y v %

0=C -OH

CA membrane. However, L
Toray's UTC-60 membrane, H-N~ i

which was commerciarized

several years ago belongs Fig.2

to this kind of category. Chemical Structure of Crosslinked Polypiperadineamide
The membranes in Table I

are all composite membranes which consist of crosslinked
polypiperazineamide. This kind of membrane is categorized as a
loose RO, which has feature of 1) high water flux and 2)
chlorine tolerance. A typical chemical structure of the

1

crosslinked polypiperazineamide is shown in Fig.21.

New Reverse Osmosis Membranes

In ICOM'90, membrane makers introduced various new
membranes. Toray's new UTC-70&UTC-80 series and UTC-90 belong to
the aforementioned crosslinked fully aromatic polyamide membrane
group. Nitto/Hydranautics introduced NTR-759UP, which focus on
the high total organic contamination (TOC) rejection. TOYOBO
have also presented the new aromatic linear polyamide membrane,
which was designed and developed for the increase of chlorine
resistance. This membrane has an electron withdrawing group
(—802—), which is effective to suppress chlorine adsorption.

Performance of Reverse Osmosis Membranes

Categolized the reverse osmosis membranes by their
operating pressure, they were divided into high pressure

membrane (more than 40 kg/cmz), middle pressure membrane (20-40
kg/cmz), low pressure membrane (10-20 kg/cmz) and very low

pressure membrane (less than 10 kg/cmz). Lineup of Toray's
reverse osmosis membranes and separation performance were shown
in Fig.3. It can been seen that Toray's membranes showed the
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superior separation performance.

Low Pressure Reverse Osmosis
Membranes

Reverse osmosis membrane can
practically reject not only
suspended solids such as paticulates
or colloids but also almost all
dissolved compounds such as ions or
organic substances except gases.
Reverse osmosis membrane process
has been already widely accepted ‘as
one of indispensable fundamental
techniques because it is the most
suitable separation techniques for
ultrapure water production from raw
water such as municipal water or
well water, which requires theoret-
ical pure water without limit.

Accumulation of Large Scale
Integration(LSI) has been rapidly
progressed, which lead strict

requirements to ultrapure water.

UTC-70 series membranes are
now widely employed as the pretreat-
ment of ion exchnge process. UTC-TO0R
membrane can be used in the water
recovery from waste water treatment
system. In this case, the rejection
of low molecular weight total
organic contamination (TOC) is very
impotant. Table II shows that UTC-
70R membrane gives remarkably high
rejection to all of neutral, acidic
or alkalic organics, and especially
to isopropyl alcohol, which is
considered as a standard substance
to measure TOC removal property.

Another NaQH
application of Tap water
UTC-70 series is

the substitution 15 kg/cm?

of the ion
exchange process, 8

99.9
l PEC-1000
. QOuTC-70R
3971 utc-s0 ()
995¢ utcro Qure-oL
99.0E
I U uTC-70C
c 98r
9
T 97 Qurc-s0
v 96
‘s 95
3 F
90F
80 @ sshgam?, 35,000ppm NaCl, 28°C UTC-GO
70: QO 15xgrem?, 1,500ppm NaC1, 25°C UTC’.onF
50F
[ 7.5 kglem?, 500ppm NoCl, 25°C
201
0.0 05 1.0 15 20
Fig. 3 Flux(m3/m2d)

Desalination Performance of RO Membarnes
at Various Operating Pressures

Table Il. Organic Rejection ofUTC-T0R Membrane
?olutes MY Rejection(X)
Methano! 32. 04 13.1
Ethanol 46. 07 60.9
Isopropanol 60. 10 98.1
Urea 60. 06 68.8
Acetic Acid 60. 05 58. 1
Ethylene Glycol | 64,09 84.7
t-Caprolactam 113. 16 >99.2

Feed Conc, 1000ppm, Press,

10 kg/cm?

SU-910

15kg/cm? |, Temp. 25°C

Resistivity
Na* conc

so-called "two
stage RO process",
which omits ion
exchngetowers
using regenera-
tion type resins.
As shown in

Fig.4, UTC-90
membrane, which
had an excellent

L @:su-910
6L O:8U-T10C

Resistivity [M2-cm]

| S S |

120

100 -

80 -

(ppb]

Na*

40

20

5 6 1 8

9

pH of 2nd stage inlet

10 05

pH of 2nd stage inlet

Fig. 4 pH Dependence of Resistivity in Two Stage RO Process
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resistivity and rejection of sodium
ion in an alkali region is expected
to applied for "two stage RO
process".
Another
series
of ion exchange
cartridge

application

polisher. UTC-T0C
membrane, which has high rejection
in the lower range of solute
concentration, are expected in
posttreatment of ion  exchange
process. Fig.5 shows the rejection
performance for trimethylamine,

ion exchange resins. UTC-70C has the good rejection,

of UTC-_
is also the posttreatment”
resins so-callede

100
ol
601
40.'
20+

0

a—"
SuU-T10C

___/D/ 4
o /O/o ]

O
SU-T10 .
Oparating cond.

-20+

-40F
sl

Temp. 24~25 U

prec,
o conc, :30ppb

Prass. 10 Kg/em2 |

Recov. 30~40 X 1

" 1 ki 1
10 50 100 500 1000
Feed Conc. [ppb)

Fig. 5 Rejection of Trimethylamine
which is considered to be one of the eluted components from the

thus it can

be used in the posttreatment of the ion exchange resins.

Tolerance for Oxidizing Agents of UTC-70 Membrane

The dura.bility Qf Table 111. Chlorine Tolerance of UTC-70 Membrane
membrane against oxi- —— 77
dizing agents such as Metal lon Rejection (X)  Flux (m3/m&/day)
chlorine and hydrogen None 99. 52 1.20
peroxide is an impotant Folt 99, 10 1,25
p01nt in an actual wnlt 99. 70 0. 55
application. Table III n " m
shows the chlorine C%+ " 88.30
tolerance of UTC-70 Mn©"/ Cu 70. 00 2.25
membrane. After exposure 1) 1.5HPa, 1500ppm NaCl, 25°C. pHE. 5
to 100ppm chlorine for 2) 100ppmClg, Metal lon Conc. 1ppm, pHB. 5, 25°C, 50hrs.
50 hours, the decline of 3) UTC-70:Rej. =99. 63%, Flux=0. 98m3/m2/day
sodium chloride rejec-
tion was within the

allowable range. However,

Table IV.

Ho0p Tolerance of UTC-T0

10000

in the presence of heavy H207 (%)-Expos. hest Rej. (X)) Flux(nd/nZ/day)*?
metal ion, oxidative ‘ Y 597 10
membrane degradation was ’ ’
accerated. Especially, H 2 - 40 99.1 11
manganese (1I) ion can I 2 - 40 0.30 35.0

react with sodium (without EDTA)

hypochlorite in the *  2kg/cm?, 25°C, pH6. 5, EDTA 100ppm

presence of copper and #+ 15kg/cnl, 1500ppm NaCl, 25°C, pHE. 5

generate permanganate ion,
which is a strong oxidant™.

In this systenm,

membrane performance

was fallen to the low level during a short time.
Table IV shows the durability against hydrogen peroxide.

UTC-70 membrane has the high tolerance for hygrogen peroxide.
EDTA is dosed to prevent hydroxy radical formation.
is a strong oxidizing agent,

this test,
Hydroxy radical
the presence of ferric ion.

In

which emerges in

Very Low Pressure Reverse Osmosis Membrane

This kind of membranes are called

less than 10 kg/cm®.
membranes are divided
aromatic polyamide (NF-50,

(UTC-20HF, UTC-60, NTR-7250,

Polym. J., Vol. 23, No. 5, 1991

From view point of membrane material,
into two categories,
NF-70),

NF-40,

"loose RO" and operated

the
crosslinked fully
and polypiperazineamide

NF-40HF) . Separation
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performance of these membranes T~
at 7.5 kg/cm2 were shown in H U;ﬁ% ;gégkmz
Fig.6. 93F
L 500ppm NaCl
Hereafter the features of L PP
UTC-60 and UTC-20HF will be 90 "
. TR-729HF
introduced as examples. [
As reverse osmosis 85} Q)NFJO
membrane, these membranes did EBO
not give a high rejection of = F UTC-60
low molecular weight orgamics. & 1 NTR7250
However, UTC-60 when the @ ~J N
objective organics was acidic, S 60 NEZ0 UTC-20HF
or UTC-20HF when the objective 25
organics was Dbasic, worked 40 SQFV )
rather better. Moreover, 3 NF-4OHF NF-50
organics lager than cane sugar " :
(Mw 342.3) were almost . . .
perfectly rejected which 0 05 ;? - 20
. . ux(m*/m&d)
opened the way to application
in food industries. Fig.6
Comparison of Desalination Performance
Tolerance for Oxidizing Agents of Commercially Available Ultra Low
Pressure Membranes
of UTC-60 Membrane
Table V gives the test
results of UTC-60 under Table V. Chlorine Tolerance of UTC-60 Membrane
continuous dosing of 10-100ppm Chlorine Expos. Rejection(X)
of chlorine. The  membrane Cl, Conc. (ppm-hrs) election
performance after about 13,000 | 0 - 24 82,0
ppm hr. exposure declined from 1 10 - 100 85.0
82% initial rejection down to I 50 - 115 89.5
v 100 - 130 80.0

80% and 1.4 mo/m® day initial
flux down to 1.13 m3/m2 day
with 500ppm level of

performance change suggested that the chlorine tolerance of
UTC-60 was at the level of CA membrane.

Press. 7. 5kg/cm? , NaCl1500ppm, pH6. 5, 256°C

Ultrafiltration (UF) Membranes

Since A.S.Michaels sucessed to make an artificial
ultrafiltration membrane, various kinds of membranes has been
investigated and developed.

Recentry, there is an increasing need for separation of
proteins and peptide drugs from biological broths due to the
development of biotechnology. However, many ultrafiltration
membranes have been troubled with membrane fouling, which
changes membrane performance during operation. In the
pharmaceutical and the food industry, ultrafiltration membrane
is required to have a high temperature resistance and a solvent
resistance, which can allow to use in nonaqueous system.

Membrane Materials of UF Membrane

In order to satisfy these requirements, many types of UF
membranes were tested in the aforementioned fields.

Cellulose acetate (CA) membrane has high water permeability
and easy manufacturing as an advantage. However, a fairly narrow
temperature range, a rather narrow pH range, compaction and
biodegradation limit to expand its applied field.
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Polyacrylonitrile (PAN) membranes are widely used. However, this
membrane sometimes  trouble with fouling by nonspecific
adsorption.

At the present day, polysulfone is one of the most popular
membrane material because of its high durability. Advantages of
this membrane are wide temperature limit, wide pH tolerance,
fairly good chlorine resistance and availability of wide range
pore size. However, this membrane also could not avoid a
membrane fouling. Numerous investigations have been done to
overcome this problem. In general, it is practically said that a
hydrophilic material 1is preferable as a fouling resistance
membrane material.

First approach of hydrophilic polysulfone membrane is

coating of hydrophilic material on the membrane surface7 and
next one is introduction of hydrophilic group, such as

sulfonate, carboxylate, 8 amino and hydroxyl group, to a
polysulfone's main chain . As an another approach, blend or
graft of polyvinylpyrrolidone (PVP) derivertive was
investigated®. In spite of these reserchs, wultrafiltration

membrane, which has a fouling resistance with a high durability
has not yet developed.

UF Membranes based on PPSS

PPSS is an amorphous super 4%(3}502«(3}5}—'
n

engineering plastics, which has a

high glass transition temperature Fig.7 Chemical Structure of

(215 °C) , more hydrophilic than Poly(phenylene sulfide sulfone)

polysulfone and solvent resistance.

Chemical structure is shown in 100 . . .

Fig.7. We have found that asymmetric °

PPSS UF membrane could be fabricated 3 ®®, o

by using a phase inversion method. o9

Fig.8 shows the separation perform- 90| ﬁ _

ance of PPSS flat membrane (PPSS-I).

Separation performance can be easily

controlled by fabrication condition.

Molecular weight cutoff level was

among 40,000 - 100,000 with the high

water permiability comparison with L ?

polysulfone membranes. PEG100, 000(1000ppm), 1kg/cm
We have also found another 1 L 1

incredible phenomenon. Oxidative 05 10 15 20 25

treatment of PPSS-1 UF membrane Flux(m3/m2/day)

could give the more heat and solvent

resistance, and the more hydro- Fig. 8

philicity without change of membrane Separation Performance of PPSS

separation performance. These UF Membranes

phenomena is presumed results of

improving the crystallinity of the polymer and increasing the

amount of hydrophilic —802— linkage.

80 -

Rejection(%)

Fig.9 shows the retention rate of separation performance
after immersed in organic solvents for 50 hours. It is clear
that the PPSS-I and the oxidized PPSS membrane (designated as
PPSS-1I) has an excellent solvent resistance. Fig.10 shows the
retention rate of separation performance after autoclave
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treatment at 121°C. Although, Retention Rate of
heat resistance of PPSS Membrane Performance (%)
membrane was the same as reotic Aai T TR MR o
' cetic Acid DR —
polysulfone membrane's one, Hoxans , —— ”
the PPSO membrane was very Trichloroethylens AN ; - : ST
high. Fig.11 shows prellml— Tolusne NN
nary  results of fouling Ethyl Acstate YN SUUUTRRRC NN ]
resistance by using bovine Methyl Ethyl Ketons S SSYITNIITTLTNT ]
serum albumin (BSA) as a Dioxane TSNSy ]
fouling material. PPSS & THE —]
PPSO membrane have an Methylene Chloride
excellent fouling resistance. NP ]
DMF ]
Pyridine |
PPSS 1 ppso I Folysulfone
,_\100 T T T Lo
£ Fig.9
© Solvent Resistance of PPSS-| and PPSS-1! Membrans
- O
°§
2 E g5t PPSO i Loss of BSA(%)
o
< 2 0 10 20 30 40
g [qL) 1 1 AL 1 ] 1 1 J
2 PPSS ] Polysulfone
c o L i
gg 90 Polysul fone : PPSS
o E Surface Treatment
= 121°C Autoclave Treatment :[ Polysulfone(Millipore)
85 — 1 ppsoO
0 2 4 6 8 10
Exposure Time (hrs) ] Hydrophilized PAN(Membrex)IO)
Fig. 10 . Fig. 11 Fouling Resistance of UF Membrane
Heat Resistance of PPSS ' .
and PPSQ Membrane 20 fold diluted BSA(DH-{. 5)
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