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Biofouling of reverse-osmosis membranes was investigated at an advanced
wastewater treatment facility. Cellulose diacetate membranes operated for ap-
proximately 4,000 h became uniformly coated with a mucilaginous fouling layer.
The fouling material was approximately 93% water by weight, and nearly 90% of
the dehydrated residue was organic in composition. Calcium, phosphorous,
sulfur, and chlorine were the major inorganic constituents detected. Protein and
carbohydrate represented as much as 30 and 17%, respectively, of the dry welght
of the biofilm. Bacteriological plate counts indicated up to 5.6 x 10° CFU/cm? of
membrane surface. Accumulation of [*Hl]glucose in the biofilm and measurement
of ATP indicated that the fouling bacteria were metabolically active in situ. The
genus Acinetobacter and the Flavobacterium-Moraxella group were the major
generic groups associated with the feedwater surface of the membrane, whereas
species of the generic groups Acinetobacter, Pseudomonas-Alcaligenes, and
Bacillus-Lactobacillus predominated on the permeate water surface. Electron
microscopy revealed that the biofilm on the feedwater surface of the membrane
was 10 to 20 um thick and was composed of several layers of compacted bacterial
cells, many of which were partially or completely autolyzed. The bacteria were
firmly attached to the membrane surface by an extensive network of extracellular
polymeric fibrils. Polyester (Texlon) support fibers located on the permeate
surface of the reverse osmosis membranes were sparsely colonized, suggesting

bacterial regrowth in the product water collection system.

As present and anticipated shortages of pota-
ble water supplies become more acute, especial-
ly in the arid southwestern region of the United
States, treatment facilities for the large-scale
reclamation of contaminated wastewaters are
receiving increasing attention. In recent years,
there has been extensive research into advanced
wastewater treatment technologies such as gran-
ular activated carbon adsorption for the removal
of organochlorine derivatives (28) and reverse
osmosis (RO) for demineralizing brackish waters
(2, 3, 13, 22, 27-31, 34).

Recent technological advances in the design
and manufacture of polyamide, cellulose ace-
tate, and composite-polymer semipermeable
membranes for a variety of commercial pur-
poses have made RO the preferred method for
the efficient recovery of high-purity water di-
rectly from raw, chemically contaminated, or
brackish water resources receiving a minimum
of pretreatment. In the RO process utilized at

+ Current address: Orange County Water District, Fountain
Valley, CA 92708-0300.

Water Factory 21, a 0.66-m>/s advanced waste-
water treatment facility in Southern California,
pretreated wastewater is forced under high pres-
sure (about 500 Ib/in%; 35 kg/cm?) through a
three-pass series of spiral-wound cellulose dia-
cetate semipermeable membranes. These aniso-
tropic membranes function like molecular sieves
to remove nearly all suspended colloidal sub-
stances (including bacteria and viruses) and 90
to 98% of the dissolved inorganic and organic
constituents present in the water supply.

The economic feasibility of the RO process
depends critically on maintaining a constant
permeate (product) water flux across the mem-
brane. The water flux (F,,) and salt flux (F,) of
semipermeable RO membranes can be ex-
pressed mathematically by the general equations
2,29,30,35 F, = —A (AP — Aw)and F; = —B
(ACs;), where A and B represent the membrane
and solute permeation constants, respectively;
AP and A are the differences in the applied and
osmotic pressures, respectively, across the RO
membrane; and AC, is the difference in the
concentrations of dissolved salts on the two
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FIG. 1. Schematic flow diagram of RO facility at Water Factory 21.

sides of the membrane. Whereas F,, is a pres-
sure-dependent diffusional process, F; is essen-
tially independent of the applied pressure.
Hence, the desalination factor (the quotient of
solute concentration in the feedwater divided by
solute concentration in the permeate water) may
be significantly increased at the elevated baro-
metric pressures which are characteristically
employed in the RO process.

The net water flux can be dramatically influ-
enced not only by the permeation design charac-
teristics of the semipermeable membrane itself
but also by membrane compaction occurring
when the membrane is initially exposed to in-
creased pressure and by the gradual accumula-
tion of substances on the membrane surface
which can reduce turbulent mixing and impede
the molecular diffusion of water. Because RO is
a highly energy-dependent process, the gradual
increase in membrane flux decline which results
from fouling can significantly increase plant op-
erating expenditures. Although the RO mem-
branes can be periodically cleaned with certain
chelating agents and detergent compounds
which may partially restore flux (29, 35), the
accumulation of fouling material eventually ne-
cessitates the premature replacement of the
membranes.

Membrane fouling substances may include
hydrated metallic oxides, calcium, barium and
strontium precipitates, simple and complex col-
loids, organic slimes, and aluminum and silica
deposits (2, 29, 30). In addition, numerous inves-
tigators have shown that a variety of microorga-
nisms is present on the surfaces of RO mem-
branes after prolonged operation (2, 29, 30). It is

widely believed that the development of a micro-
bial biofilm may contribute significantly to a
decline in water flux and a deterioration of
overall membrane performance (e.g., loss of
mineral rejection). However, the precise rela-
tionship between flux decline and microbial foul-
ing is not completely understood, and few de-
tailed descriptions of the specific chemical and
microbiological properties of the biofilm have
appeared in the literature (29).

In an effort to obtain more precise and com-
prehensive knowledge of the chemical constitu-
tion, microbial ecology, and ultrastructure of the
membrane fouling layer, the surfaces of cellu-
lose diacetate RO membranes installed at Water
Factory 21 were investigated by scanning and
transmission electron microscopy, energy dis-
persive X-ray (EDX) microanalysis, and a varie-
ty of biochemical and microbiological tech-
niques. The results of these investigations are
discussed in this report.

MATERIALS AND METHODS

Description of RO facility. A schematic flow diagram
of the 0.22-m>*s RO facility at Water Factory 21 is
depicted in Fig. 1. The feedwater for the RO assembly
consists of secondary (activated sludge) treated mu-
nicipal effluent from the Orange County Sanitation
District. This water is pretreated by a variety of
chemical and biological processes, including lime clar-
ification, ammonia air stripping, recarbonation, mixed
media filtration, and granular activated carbon adsorp-
tion. Immediately before RO, the wastewater is fur-
ther treated by adding sodium hexametaphosphate as
an inorganic scale-precipitation inhibitor and 0.5 mg of
chlorine per liter for partial control of microbial
growth within the RO membrane modules. The water
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FIG. 2. Schematic illustration depicting construction details of a spirally wound RO module (type HR-8150).
The module measures 8 in. in diameter by 36 in. in length (about 20 by 91 cm).

is then passed through a series of 25-wm cartridge
filters for removal of suspended particulate matter and
is pressurized by two vertical turbine feed pumps to a
dynamic head of approximately 480 Ib/in? (33.8
kg/cm?). Sulfuric acid is injected into the high-pressure
feed header to adjust the pH to approximately 5.5
before the water is applied to the RO membranes. The
demineralized water receives posttreatment in two
packed-tower decarbonators which air strip dissolved
carbon dioxide resulting from the pH adjustment to
S5.5. The decarbonators also remove volatile trace
organic compounds.

The individual RO membrane elements measure
approximately 8 in. in diameter by 36 in. in length (20
by 91 cm) and are of the spiral-wound configuration
(Fluid Systems, UOP, Inc., Des Plaines, Ill.). A sche-
matic illustration showing the construction details of a
single spiral-wound element (Fluid Systems type HR-
8150) is presented in Fig. 2. The pretreated wastewater
is fed longitudinally across a series of 18 cellulose
diacetate membrane envelopes rolled concentrically

about a polyvinyl chloride permeate water collection
tube. A diagrammatic cross section of a single mem-
brane envelope is shown in Fig. 3. The feedwater flow
is vectorial, having both horizontal and perpendicular
flow components with respect to the RO membrane
surface. Each membrane envelope in an element is
separated from adjacent envelopes by a plastic mesh
feedwater channel spacer (Vexar spacer). The semi-
permeable portion of the cellulose diacetate mem-
brane, which is approximately 0.2 pm thick, is sup-
ported by a layer of straight woven polyester Texlon
fibers on the permeate surface of the membrane. A
total of 1,500 spiral-wound elements are assembled in
a three-pass series in which the brine water (or con-
centrate) generated by the initial bank of elements
(first-pass membranes) is fed into a second bank of
elements (second-pass membranes) and the concen-
trate from the second-pass elements is fed into a third
and final bank of elements (third-pass membranes).
The RO plant is designed to provide 90% salt removal
while achieving 85% water recovery.

FEED WATER
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FIG. 3. Cross section of a single membrane envelope showing accumulation of fouling material.
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Sampling procedures. First-pass, second-pass, and
third-pass elements which had been in more or less
continuous operation for approximately 4,000 h were
removed from the RO assembly on 27 January 1981.
The elements were dismantled and returned to the
laboratory, where the mucilaginous fouling material
which had accumulated on the feedwater surfaces of
the membranes was scraped off asceptically for chemi-
cal and bacteriological analysis. In addition, small
sections of membranes were excised for electron mi-
croscopy as described below.

Bacterial enumeration and taxonomic identification.
Fresh biofilm scrapings were dispersed aseptically into
0.3 mM potassium phosphate buffer containing 1.0
mM MgSO, (1). Serial dilutions were prepared, and
appropriate samples were filtered in duplicate through
mixed-ester cellulose membrane filters (pore size, 0.2
wm; type GN6; Gelman Sciences, Inc., Ann Arbor,
Mich.). The filters were placed on m-SPC (28a) and R-
2A (D. J. Reasoner and E. E. Geldreich, Abstr. Annu.
Meet. Am. Soc. Microbiol. 1979, N7, p. 180) media
and were incubated for 96 h at 28°C. Colonies were
counted and transferred to slants of the same medium
for taxonomic identification.

Bacteria associated with the permeate surface of the
RO membranes were recovered by momentarily press-
ing square portions of the membranes (about 2 by 2
cm) onto the surfaces of m-SPC and R-2A plates.
Colonies which developed after incubation at 28°C for
96 h were assumed to have arisen from cells dislodged
from the permeate surface of the membrane. These
colonies were counted and transferred to agar slants of
the same medium for subsequent identification.

Gram-negative, rod-shaped bacteria were identified
to the genus level by a modification of the rapid three-
tube fermentation test described by Lassen (18). The
Lassen procedure was modified by substituting Kligler
iron agar (Difco Laboratories, Detroit, Mich.) for the
combined lactose-glucose-H,S medium. Additional
biochemical tests were occasionally performed with
the API-20 enteric identification system (Analytab
Products, Plainview, N.Y.). Gram-positive microorga-
nisms were identified by characteristics outlined in
Bergey’s Manual (4).

Chemical analyses. General mineral analyses of the
RO membrane fouling layers were performed accord-
ing to Standard Methods (1) by the Orange County
Water District Laboratory. The amount of protein in
the fouling layer was determined by the method of
Lowry et al. (19) with bovine serum albumin as the
standard. Total carbohydrate was quantitatively mea-
sured by the phenol-sulfuric method of Dubois et al.
(10) with a glucose standard. The concentration of
intracellular ATP was determined by the method de-
scribed by Hamilton and Holm-Hansen (14). Samples
were extracted by boiling for 4.5 min in 5.0 ml of 20
mM Tris buffer (pH 7.6), transferred to a water bath at
23°C, and frozen at —70°C until analysis. The ATP in
the extracts was measured by the luciferin-luciferase
assay of Holm-Hansen and Booth (15) with a Packard
Picolite Luminometer.

Scanning electron microscopy. Upon dismantling the
spiral-wound RO modules, square portions of mem-
brane approximately 1 by 1 cm were immersed in an
ice-cold solution of 2.5% (vol/vol) glutaraldehyde in 10
mM monobasic potassium phosphate buffer, pH 7.0.
The membrane samples were removed from areas
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immediately adjacent to where samples were obtained
for bacteriological and chemical analyses. After over-
night fixation at 4°C, the membrane fragments were
consecutively washed three times in distilled water,
dehydrated in an increasing ethanol concentration
series and a Freon 113-ethanol concentration series,
and critical point dried by the method of Cohen et al.
(9) with absolute Freon 13 as the intermediate transi-
tional fluid. The dried membranes were sliced into
short strips 1 or 2 mm wide. The strips were mounted
on aluminum stubs with conducting silver paint, coat-
ed with gold-palladium (60:40), and examined in a
Hitachi model S 500 scanning electron microscope
(SEM) operated at 15 keV with a working distance of
10 mm and a stage tilt angle of 0°. Black and white
photographs were made on Polaroid type P/NS5S5 film.

SEM-EDX microanalysis. Square sections of mem-
brane measuring approximately 1 cm on a side were air
dried without prior fixation and were mounted on
aluminum stubs with a colloidal graphite suspension.
The Texlon support matrix was stripped from the
permeate surface of the membrane before drying and
mounting to reduce specimen curling. The mounted
membrane samples were coated with a layer of evapo-
rated carbon and examined in a Cambridge model S4
SEM operated at 30 keV and equipped with an EDX
unit (EG&G Ortec, Oak Ridge, Tenn.). A continuous
X-ray energy spectrum from 0 to 10 keV was integrat-
ed over a minimum of 200 s for each elemental scan.
The K, L, and M X-ray energy lines were utilized for
identifying the elements present in the samples. Con-
trol elemental scans were performed on both the naked
aluminum stub surface and on stubs coated with the
colloidal graphite suspension. Specimens were quanti-
fied by normalizing the corrected areas under the
peaks for the elements of interest with the Ortec in-
board computer system and standard software sup-
plied by the manufacturer.

Transmission electron microscopy. Small fragments
of fouled RO membrane were immersed overnight in
ice-cold 2.5% (vol/vol) glutaraldehyde prepared in 10
mM monobasic potassium phosphate buffer, pH 7.0.
The membranes were then washed in two changes of
phosphate buffer, suspended in 1.0% (wt/vol) osmium
tetroxide in phosphate buffer, and fixed at 0 to 2°C for
2 h. The osmium-fixed membranes were washed twice
in distilled water and dehydrated at room temperature
(23°C) in graded ethanol and propylene oxide concen-
tration series. The cellulose diacetate membranes dis-
solved in the propylene oxide solutions, leaving the
intact biofilm apparently undisturbed. The dehydrated
biofilms were infiltrated, embedded in Lufts Epon,
and polymerized at 60°C for 2 days. Thin sections were
prepared on a Sorvall MT-2B ultramicrotome, mount-
ed on Formvar-carbon-coated, open-mesh, copper
grids, and poststained with 2.0% (wt/vol) aqueous
uranyl acetate followed by Reynolds lead citrate (24).
Specimens were examined in a Zeiss model EM-9S
transmission electron microscope operated at an ac-
celerating voltage of 60 keV.

RESULTS

Visual inspection of fouled membranes. The
feedwater surfaces of the first-, second-, and
third-pass membranes were uniformly coated
with a gray-black mucilaginous substance (Fig.
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membrane. Bar, 1.0 cm.

4). The fouling layers on all three membrane
passages appeared similar, each exhibiting a
regular criss-cross pattern which was congruent
with the pattern of the overlying plastic feed-
water channel spacer (Vexar) which separates
adjacent membrane envelopes in the intact RO
element (see Fig. 2). The fouling substance,

FIG. 4. Close-up photograph showing criss-cross pattern of biofilm on feedwater surface of second-pass RO

APPL. ENVIRON. MICROBIOL.
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which had a slippery, gel-like texture, could be
readily scraped or washed from the cellulose
diacetate membrane surfaces. Visual inspection
of the permeate water surfaces of these mem-
branes (i.e., the surfaces of the Texlon support
fibers) revealed little or no evidence of inorganic
scale formation or microbiological fouling.
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Chemical analysis of fouling material. Al-

though visually there appeared to be somewhat S%m

less foulant associated with the third-pass mem- soaw|582| §
brane, gravimetric analysis indicated that the ge=g E-B Y
actual amount of fouling material (expressed as S § ~ § Bé g
the wet weight of crude foulant scrapings per 508 | 4 ¢
unit of membrane surface area) increased notice- & o

ably from the first-pass to the third-pass mem- 2 305 E) 1
brane (Table 1). Approximately 93% of the bio- § QI 878
film weight consisted of water, and nearly 90% S Slaen|2te
(wt/wt) of the dehydrated residue (60°C, 24 h) 8 N
was found to be volatile upon incineration at &g -
550°C. This volatile fraction was regarded as a Sz
primarily organic. Nonvolatile inorganic sub- 21888 £2
stances represented approximately 10% (wt/wt) 5’ vow o 5
of the dehydrated residue. Calcium, chlorine, £ e
sulfur, and phosphorous (in decreasing order of e o
concentration) were the major inorganic constit- T 388 |®
uents present in the biofilm from all three mem- g|wee 5; E
brane passages. Trace quantities of potassium, 3 =
aluminum, iron, chromium, copper, and silicon o | 8
were also detected. Most of the elements detect- TR eon 3 §
ed increased from the first-pass to the third-pass PR
membrane. These observed increases in the 3 i
amounts of the individual inorganic species may 2

reflect their increasing concentrations in the s |ERG 3
feedwater as it progresses from the first-pass to Fl==2 £
the third-pass membrane. Chromium was the

only element which exhibited a decline in con- S
centration from the first-pass to the third-pass b g §-

membrane. It is possible that chromium may be
selectively removed from the feedwater by bind-
ing to the first-pass membrane or to organic or
inorganic substances which accumulate on the
membrane surface.

Because of the high organic content of the
biofouling material, it was of interest to deter-
mine the amounts of protein and carbohydrate
substances present in the samples. The first-,
second-, and third-pass membranes were found
to contain approximately 15, 24, and 30% (dry
weight) protein, respectively (Table 1). The total
carbohydrate accounted for approximately 13 to
17% of the dry weight. These data indicate that
large quantities of biologically synthesized mac-
romolecules constitute a major proportion of the
biofilm layers.

SEM-EDX analysis of fouled membranes. The
above inorganic chemical analyses were corrob-
orated and extended by the SEM-EDX tech-
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nique. A continuous X-ray energy spectrum for ~=ol =
a second-pass RO membrane is shown in Fig. 5, &888| %
and the quantitative analytical data for all the

membrane passages are presented in Table 2. In coo| 3%
addition to most of the elements detected by 22| «
conventional chemical analysis, trace quantities =
of sodium, magnesium, titanium, and iodine AAA "
were also detected by the SEM-EDX procedure. ceg| @

===

A discrepancy existed between the percentage
composition of the inorganic fraction as deter-
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FIG. 5. (A) Portion of second-pass RO membrane: (B) continuous SEM-EDX spectrum of biofilm from the
same. Peak identifications are indicated. Spectra for the first- and third-pass RO membranes appeared similar.
The relatively high aluminum content may represent an artifact owing to extraneous X-ray emission from

aluminum specimen preparation stub. Bar, 100 pm.

mined by conventional analytical methods and
as determined by the SEM-EDX technique (Ta-
ble 2). This difference may be ascribed in part to
the relatively small area of biofilm analyzed by

the SEM-EDX procedure (approximately 1 mm?
or less) compared with the much larger areas
(several square centimeters) analyzed by con-
ventional chemical techniques. Furthermore,
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TABLE 2. Comparison of elemental composition of biofilms as determined by SEM-EDX and chemical
analysis

Amt in membrane:

Element First-pass Second-pass Third-pass

EDX“ Other” EDX Other EDX Other
Ca 29.0 40.1¢ 31.5 35.8¢ 33.6 29.7¢
K NA“ 0.65 0.28 0.73 0.98 0.68
Al 13.4 1.70 6.41 1.42 6.78 0.88
Fe 3.17 4.44 3.10 5.74 3.51 3.93
Cr NA 2.53 NA 1.54 NA 0.53
Cu 0.62 0.06 0.69 0.05 ND 0.03
Cl 10.3 12.7 7.64 19.7 7.69 26.9
N 17.9 18.4 17.9 16.7 19.0 21.3
P 25.2 19.0/ 28.2 17.9/ 24.0 15.7/
N NA 2.11% NA 0.18¢ NA 0.11¢
Si ND¢ 2.11* 1.65 0.18" 2.84 0.11"
I NA NA 1.41 NA 1.19 NA
Na 0.41 NA 0.62 NA 1.09 NA
Mg NA NA 0.55 NA ND NA

“ Amount of element expressed as percentage of X-ray counts from all elements combined. See text for details

of SEM-EDX procedure.

® Amount of element or compound expressed as percentage of total elements combined. Chemical analyses

done according to Standard Methods (1).
“ NA, Not analyzed.
4 ND, Not detected.
¢ Expressed as CaO.
f Expressed as PO,-P.
# Expressed as NO;-N.
" Expressed as SiO,.

the 30-keV electron beam employed in the SEM-
EDX procedure may not completely penetrate
the biofilm, which can be up to 20 wm thick (see
below). Thus, the SEM-EDX technique may be
incapable of detecting those elements which are
present several micrometers beneath the surface
of the biofilm.

Microbiology of fouled RO membranes. (i) Bac-
terial enumeration. The total numbers of CFU
detected in the biofouling material scraped from
the first-, second-, and third-pass membranes
are shown in Table 3. The number of viable
bacteria per gram (wet weight) of fouling materi-
al varied from approximately 5 X 10’ for the
first-pass membrane to approximately 5 x 108
for the third-pass membrane. These values cor-
respond to about 4.2 x 10° and 5.6 x 10°
CFU/cm? of membrane surface area, respective-
ly. In addition, relatively high concentrations of
ATP were detected in the fouling material from
the second- and third-pass membranes, further
indicating the presence of large numbers of
viable microorganisms (the first-pass membrane
was not analyzed for this parameter). The foul-
ing bacteria were potentially metabolically ac-
tive in situ since intact fragments of the biofilm
actively accumulated tritium-labeled glucose, a
process which was inhibited by the addition of
5.0% (vol/vol) formaldehyde (data not shown).

The viable bacteria associated with the sur-

faces of the Texlon support fibers on the perme-
ate water side of the RO membrane were esti-
mated since it was not technically feasible to
scrape this side of the membrane. Instead, the
number of attached cells was estimated by mo-
mentarily pressing an RO membrane section
firmly onto an agar surface. Presumably, cells
adhering between Texlon fibers or otherwise
physically prevented from coming into direct
contact with the agar surface would not be
detected by this technique. Nevertheless, be-
tween 20 and 100 CFU/cm? of membrane surface
were routinely recovered by this technique.
First-, second-, and third-pass membranes gave
similar results. However, these results were
frequently further complicated by extensive and
rapid spreading (swarming) of certain colonial

TABLE 3. Bacteriological properties of biofilm
scrapings from RO membranes

CFU/cm?® detected with

ATP -
Membrane (ng/g) medium:
ldry wth) m-SPC R-2A
First-pass NA¢ 4.8 x 10° 4.2 x 10°
Second-pass 337 4.2 x 10° 5.3 x 10°
Third-pass 69.5 3.5 x 10° 5.6 x 10°

4 NA, Not analyzed.
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FIG. 6. Percentage of bacterial isolates (by generic group) recovered from RO membranes on low-nutrient R-
2A medium () and m-SPC medium (). Numbers above bars show membrane passage.

types which developed upon incubation at 28°C.
Based on these observations, it was estimated
that comparatively low numbers of bacteria (on
the order of 100 cells per cm? of surface area)
were associated with the permeate surface of the
RO membranes. This number of cells is three to
four orders of magnitude less than that found on
the feedwater surfaces of the RO membranes.
Subsequent examination of the permeate sur-
faces of the membranes in the SEM (see below)
tended to substantiate this estimate, although a
precise quantitative relationship between the
SEM counts and the plate counts on m-SPC and
R-2A media was not established in this study.
(ii) Bacterial identification. A total of 259 bac-
terial isolates recovered from m-SPC or R-2A
media were identified from the feedwater and
permeate water surfaces of the first-, second-,
and third-pass RO membranes (Fig. 6). A total of
six generic groups were identified: Acineto-
bacter, Bacillus-Lactobacillus, Flavobacterium-
Moraxella, Pseudomonas-Alcaligenes, Serratia,
and Micrococcus. The major bacterial genera
associated with the feedwater surfaces of the
membranes were Acinetobacter and the Flavo-
bacterium-Moraxella group. Other minor genera

isolated from this surface were the Bacillus-
Lactobacillus and Pseudomonas-Alcaligenes
groups and the genus Serratia. The genus Acine-
tobacter was likewise the predominant genus
recovered from the permeate water (Texlon fi-
ber) surfaces of the RO membranes. The Bacil-
lus-Lactobacillus and Pseudomonas-Alcali-
genes groups were also present in relatively high
numbers. However, the Flavobacterium-Morax-
ella group and the genus Micrococcus were
found only in comparatively low numbers on the
permeate side of the RO membranes.

Some differences in the composition of the
microbial flora were observed among the first-,
second-, and third-pass membranes. For exam-
ple, the Pseudomonas-Alcaligenes group of
microorganisms was readily detected on the
permeate water surfaces of the first-pass and
third-pass membranes but not the second-pass
membranes.

A comparison of the low-nutrient R-2A medi-
um and the m-SPC medium, indicated some
selectivity in the kinds of microorganisms recov-
ered. For example, Acinetobacter spp. were
only recovered from the permeate water sur-
faces of the RO membranes with the R-2A
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28U

FIG. 7. Low-magnification SEM micrograph showing construction of second-pass RO membrane. Symbols:
fl, fouling layer on feedwater side of membrane; rom, surface of cellulose diacetate membrane; tex, polyester
. Texlon support fibers on permeate side of membrane. Bar, 50 pum.

medium. However, roughly equal numbers of
Acinetobacter spp. were recovered from the
feedwater surfaces of the membranes with both
types of growth media. Moreover, the R-2A
medium appeared to be superior for the recov-
ery of the Flavobacterium-Moraxella group and

inferior for the recovery of the Pseudomonas-
Alcaligenes group. These data should be inter-
preted cautiously, however, since the total num-
ber of bacteria isolated in each case was low (30
to 50) and not amenable to rigorous statistical
evaluation.
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FIG. 8. Scanning electron micrographs of feedwater surface of second-pass RO membrane showing biofilm at

Progres;ively higher magnifications. Note extracellular fibrillar material associated with individual bacterial cells
in C. First- and third-pass membranes appeared similar. Bars, 10 (A) and 1 (B, C) pm.

Ultrastructure of fouled RO membranes. (i)
SEM analysis of fouled membranes. Figure 7
shows a low-magnification scanning electron
micrograph of the fouled first-pass RO mem-
brane. Owing to a drying artifact, the fouling

layer (fl in the figure) separated from the actual
feedwater surface of the RO membrane (rom).
The straight woven polyester Texlon support
fibrils (tex) can be readily observed adhering to
the permeate water surface of the RO mem-
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brane. The microtopography of the fouling layer
generally exhibited a rough-appearing surface
texture at low magnification. However, at in-
creasingly higher magnifications (Fig. 8), the
outermost aspect of the biofilm on the feedwater
surface was found to consist of a complex net-
work of fissures and cavities which invariably
harbored large numbers of rod-shaped, filamen-
tous, or coccoid microorganisms. The rod-
shaped bacterial cells generally measured 0.3 to
0.5 pm in diameter and about 0.7 to 0.9 pm in
length. The bacteria occupying a single micro-
colony generally looked similar, suggesting that
cellular proliferation from a single parental bac-
terium had occurred in situ. The individual bac-
teria appeared to be firmly attached by extracel-
lular polymeric fibrils which extended outward
from the cell surfaces.

Occasionally, the biofilm was observed in a
pseudosagittal (or edgewise) orientation (Fig. 9).
In such an orientation, the overall biofilm thick-
ness was readily determined to be from 10 to 20
pm. The biofilm also exhibited a distinct laminar
construction in the edgewise orientation. Sever-
al individual lamellae composed of bacterial
cells compressed to various degrees by the in-
creased hydrostatic pressure were layered upon
one another, collectively constituting the bio-
film. Usually, three to five such layers were
evident within the biofilm, and each layer was
on the order of 3 to S pm thick. The outermost
such layer (on the feedwater surface of the
membrane) corresponded to the most recently
deposited fouling material and appeared to be
the least compacted of the individual lamellae.
Organisms of various morphological types were
scattered throughout the entire biofouling layer.
These bacteria were evidently firmly secured
within the biofilm matrix by extracellular fibril-
lar secretions. It is possible for the observed
layering effect of the biofilm to have resulted
from the repeated compaction and expansion
that occur when the RO facility is shut down and
restarted for scheduled maintenance or cleaning.
The multilayered construction of the biofilm
may also reflect the physico-chemical and mi-
crobiological properties of the feedwater enter-
ing the RO assembly at different times.

The permeate water surface of the RO mem-
branes was also examined by SEM after removal
of the overlying Texlon support fibrils. Howev-
er, despite an extensive search of this surface,
no evidence of microbial colonization was ob-
served. Examination of the outermost exposed
surfaces of the polyester Texlon support fibers,
on the other hand, did reveal sparse microbial
colonization by coccoid, rod-shaped, and fila-
mentous microorganisms (Fig. 10 and 11). The
bacteria which were attached to this surface
were frequently associated with superficial de-
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pressions in the Texlon fiber. The individual
cells were attached to the Texlon surface by an
extensive network of extracellular fibrillar mate-
rial. Many of the attached bacteria appeared to
have undergone cell division by a transverse
fission process, indicating that they were appar-
ently able to proliferate in situ on the Texlon
fiber surface (Fig. 11).

(ii) Transmission electron microscopy of fouled
membranes. The internal fine structure of the
biofilm was examined by transmission electron
microscopy of thin-sectioned specimens (Fig. 12
and 13). As in the scanning electron micrographs
discussed above, a definite laminar construction
for the biofilm is evident in the transmission
pictures. The individual biofilm layers were
composed primarily of closely packed bacterial
cells, many of which appeared to have under-
gone partial or complete autolytic degeneration.
Many of the autolyzed cells were either severely
distorted or entirely collapsed, and they had
little or no cytoplasmic contents. Large amounts
of cytoplasmic membrane material and other
envelope debris from completely autolyzed bac-
teria were observed throughout the biofilm. Em-
bedded within this complex matrix of cellular
debris were numerous apparently intact bacteri-
al cells measuring approximately 0.4 to 1.0 pm
in diameter. Many of these intact cells were
enclosed within a loose network of extracellular
polymeric fibrils (Fig. 13) which were presum-
ably used for adhesion or nutrient concentration
within the biofilm. Such extracellular fibrils fre-
quently extended outward 0.5 um or more from
the cell surface.

DISCUSSION

Bacteria belonging to the generic groups Aci-
netobacter, Flavobacterium-Moraxella, Pseu-
domonas-Alcaligenes, Bacillus-Lactobacillus,
Micrococcus, and Serratia all appear to be in-
volved in biofouling the cellulose diacetate RO
membranes used in advanced wastewater treat-
ment at Water Factory 21. However, the eco-
logical role and the extent of involvement of
each of these groups in initiating and developing
the biofilm are unknown since it is possible that
different microbial populations develop on the
RO membrane surfaces successively or that
seasonal variations occur. Indeed, it is conceiv-
able that one or more of the numerically less
significant generic groups detected might pre-
dominate at some earlier (or later) stage of
biofilm maturation. This possibility is currently
being investigated.

The extent to which the findings presented in
this paper may be extrapolated to other RO
membrane systems has not been ascertained,
and there have been few other detailed micro-
biological investigations of RO biofouling. How-
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FIG. 9. Scanning electron micrographs of third-pass RO membrane at increasingly higher magnifications

ApPL. ENVIRON. MICROBIOL.

showing biofilm in profile orientation. Symbols: fl, feedwater surface of fouling layer; rom, surface of RO
membrane; OL, outermost layer of biofilm. Note extracellular fibrillar material and laminar construction of

biofilm. Bars, 100 (A), 10 (B), and S (C) pm.

ever, it has been demonstrated that many related
slime-producing bacteria, including Pseudomo-
nas spp. and Aerobacter spp., are associated
with biofilms which develop on the surfaces of
other kinds of RO membranes (2, 3, 22, 29) and

recirculating cooling water systems (6, 7, 17, 23,
25, 26). Under laboratory growth conditions,
many of the microorganisms isolated from the
RO membranes display a readiness to attach to
the sides of the culture vessel or to other sur-
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FIG. 10. Scanning electron micrographs at increasingly higher magnifications showing microbial colonization
of Texlon support fibers on permeate surface of first-pass RO membrane. Cells appear to be attached to Texlon
surface via extracellular fibrillar secretions or stalk-like appendages. Bars, 50 (A) and S (B through D) pm.

faces which may be present (unpublished obser-
vations). It is tempting to speculate that the
adhesive properties of these bacteria may be
related to the widespread involvement of such
microorganisms in various biofouling processes.

Many of the attached bacterial cells appeared
under the electron microscope to be in various
stages of cell division by a transverse fission

process. This observation, coupled with the
presence of ATP and active glucose uptake,
strongly suggests that these fouling bacteria
were metabolically active on the membrane sur-
faces. These metabolically active cells have the
potential to grow and multiply rapidly under in
situ temperature and pressure conditions, utiliz-
ing as nutrients other dead bacterial cells associ-



1080 RIDGWAY ET AL. ApPL. ENVIRON. MICROBIOL..

FIG. 11. Scanning electron micrograph showing microbial colonization of Texlon support fiber on permeate
surface of third-pass RO membrane. Transverse cross walls are evident in some cells. Note shallow depression
on surface of Texlon fiber. Bar, 0.5 p.
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FIG. 12. Transmission electron micrograph of biofilm from second-pass RO membrane. Internal laminar
construction of biofilm is evident, as are numerous intact and autolyzed (arrows) bacterial cells. Bar, 1 pm.

ated with the fouling layers or soluble organic
nutrients concentrated at the RO membrane
surface. Hence, at least two processes appear to
be involved in biofilm formation: (i) attachment
of microorganisms to the cellulose diacetate
membrane surfaces, which may in latter stages
of biofilm development be enhanced by physical

entrainment, and (ii) cellular growth and prolif-
eration within the biofilm.

The specific physico-chemical and microbio-
logical conditions which prevail on each side of
the RO membranes appear to influence the phys-
jological types of microorganisms which eventu-
ally become established at each interface.
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FIG. 13. Transmission electron micrographs of biofilm from second-pass RO membrane. Internal laminar
construction of biofilm can be seen in A and B. C and D are enlargements of selected cells showing extruded
glycocalyxes consisting of a multitude of extracellular polymeric fibrils. Bars, 1 (A, B) and 0.5 (C, D) um.
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Chemical analyses indicate that the RO feed-
water contains approximately 10-fold more total
dissolved solids than the permeate water (30,
31). Moreover, because mixing of the feedwater
in close proximity to the membrane surface is
not absolutely uniform owing partly to the for-
mation of a microbial biofilm and partly to a
boundary layer effect (7), inorganic and organic
constituents present in the feedwater become
even more highly concentrated at the membrane
surface (2, 29, 30). Therefore, bacteria attached
to the feedwater surfaces of the RO membranes
are continually exposed to much greater concen-
trations of nutrients and dissolved solids than
are bacteria on the permeate surfaces. These
disparate chemical microenvironments, which
are maintained by the innate solute rejection
characteristics of the cellulose diacetate semi-
permeable membranes and the vectorial flow of
water through the membranes, may explain the
observed differences in microflora on the two
sides of the membrane. Hence, the relative
increase observed in the Pseudomonas-Alcali-
genes group of microorganisms on the Texlon
fiber surfaces of the RO membranes (compared
with the feedwater surfaces) may be related in
part to the documented ability of these particular
bacteria to survive and proliferate under espe-
cially low-nutrient conditions (11).

Bacteria are theoretically physically incapable
of passage from the feedwater surface of the RO
membrane to the permeate surface. Therefore,
microbial colonization of the Texlon support
fibers may result from bacterial regrowth within
the product water recovery system. In actual
practice, however, microorganisms can gain ac-
cess to the permeate water collection system via
small leaks in the rubber O-ring seals which
connect adjacent membrane modules or via mi-
croscopic holes or other imperfections in the
membranes. The adhesion of such waterborne
microorganisms to the Texlon fiber surfaces
may be prompted by the superficial depressions
which were observed in many of the fibers.
Attachment of microorganisms in the vicinity of
these depressions may be enhanced if local
turbulent mixing in such areas is reduced. Local-
ized areas of reduced mixing would effectively
increase the duration of contact between a bac-
terial cell and the Texlon fiber surface, thus
allowing more time for irreversible attachment
to occur (20, 21).

Although the extracellular fibrils secreted by
the attached bacterial cells, as visualized by
both SEM and transmission electron microscope
analysis, were not chemically analyzed in this
investigation, it is reasonable to speculate that
these structures consist of acidic mucopolysac-
charide or glycoprotein polymers. It has been
demonstrated that such biopolymers function in
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concentrating organic and inorganic trace nutri-
ents at the cell surface (8, 20), as a matrix for the
immobilization and activity of specific surface-
active extracellular enzymes such as agarase (8,
32) and glucosyltransferase (12), and as extracel-
lular appendages mediating irreversible cellular
adhesion to a wide variety of naturally occurring
and artificial solid surfaces (5, 8, 15, 20). The
extracellular fibrils secreted by the RO fouling
microorganisms presumably function similarly
to those of bacteria involved in biofouling other
kinds of surfaces. Additional studies of the bio-
chemistry, physiology, and molecular genetics
of microbial biopolymer synthesis and structure,
and of the interaction of these polymers with
various solid substrates, may provide the key to
improved techniques for controlling microbial
adhesion to the RO membranes and other types
of industrially important surfaces.

Although bacteria clearly play a central role in
the development and maturation of the biofilm,
it is unresolved whether a microbial film per se
can result in the kind of progressive membrane
flux decline that is observed under actual plant
operating conditions. Some workers have sug-
gested that membrane water flux decline may
instead result from the precipitation of insoluble
inorganic (22, 29) or organic (2, 29, 34) sub-
stances at the RO membrane surface and that
bacteria may be involved only indirectly in a
saprophytic capacity. As water is forced through
the RO membrane, a wide variety of soluble
organic and inorganic compounds normally pre-
sent in sewage become highly concentrated at
the membrane surface, where precipitation may
occur. That such chemical precipitation does, in
fact, occur to a limited extent at Water Factory
21 is inferred from the increase in inorganic
fouling as the feedwater progresses from the
first-pass to the third-pass membrane (30, 31).
This gradual accumulation of chemical foulants
on the membrane surfaces could eventually im-
pede water flux and provide a suitable microen-
vironment for the adhesion and proliferation of
microorganisms. Inorganic fouling of RO mem-
brane surfaces at Water Factory 21, however,
does not appear to be a major contributing factor
in biofilm genesis or membrane flux decline,
although additional experiments will be neces-
sary to define more precisely the roles of various
inorganic constituents in the biofouling process.
This point should be clarified by experiments
currently in progress in this laboratory compar-
ing the temporal Kinetics of membrane perform-
ance decline with the rate of accumulation of
microbial biomass and inorganic substances on
the RO membrane surfaces.
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