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Abstract

An intercomparison was conducted between 14 different cross-flow filtration (CFF) systems. Each CFF membrane had a
1000 nominal molecular weight cut-off, and five different manufacturers’ membranes were tested. The goal of this exercise
was to examine whether the different CFF systems were behaving in a well-defined and operationally reproducible manner
in marine applications. Surface seawater from Woods Hole and mid-depth waters from Hawaii were prefiltered (< 0.2 wm)
and subsamples were processed according to individual protocols. The main criterion for this intercomparison was the
agreement of bulk organic carbon (OC) content of the permeate and colloidal fractions. OC blanks ranged from < 10 to
> 100 wM. The variation in OC blanks between CFF systems, even of a single type, suggested that cleaning and handling
protocols were critical. One of the primary features of this intercomparison was the large range in apparent retention
characteristics of the different CFF systems when used on natural seawater samples. In both settings, the quantity of
colloidal material retained by the CFF systems followed the order: Amicon > Filtron > Osmonics > Membrex. For example,
in the Hawaii sample, the Amicon CFF system retained on average 43% colloidal OC, while the Filtron, Osmonics and
Membrex retained < 4%. Variations within a factor of 2—5 were found within a single membrane type. Other results from
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this intercomparison suggested that these same relative retention characteristics hold for Fe and Al, organic nitrogen and
organic phosphorus, optical properties, and colloid standards. Time-series samples of permeate showed a generally
increasing OC concentration with time or concentration factor which must be taken into account when interpreting CFF data.
We recommend that considerable care be taken in quantifying CFF blanks and in assessing the CFF cut-off for each system
prior to use in marine applications. Time-series sampling and the use of standard molecules in controlled experiments are
encouraged in order to further our understanding of the behavior of natural compound assemblages during CFF processing.

Keywords: colloidal materials; filtration: interlaboratory comparison

1. Introduction

The number of studies of marine colloids has
dramatically increased over the past 5 years. These
studies have shown that sub-pm sized colloids are
abundant in seawater (10°—~10® per ml; Koike et al.,
1990; Wells and Goldberg, 1991, 1994), and that the
colloidal phase can comprise a significant fraction of
dissolved organic matter (DOM) in seawater (Moran
and Moore, 1989; Benner et al., 1992; Guo et al.,
1994). Because the marine DOM reservoir is compa-
rable in size to the atmospheric carbon pool and
since at least some fractions may have high turnover
rates, processes which influence marine DOM cy-
cling may have significant ramifications to global
carbon studies. In addition to bulk organic carbon,
there is evidence that bioactive metals and specific
organic compounds are associated with marine col-
loids (Brownawell and Farrington, 1986; Moran and
Moore, 1989; Chin and Gschwend, 1992; Benoit et
al., 1994; Dai et al., 1995; Stordal et al., 1996).
Thus, identifying and characterizing the marine col-
loidal phase is important for understanding the bio-
geochemical cycling of both organic carbon and
trace metals.

Part of the recent interest in colloidal organic
matter (COM) stems from improvements in marine
organic carbon analyses (e.g., Sharp, 1993). New
studies show large horizontal and vertical gradients
in dissolved organic carbon suggestive of rapid pro-
duction and consumption (Peltzer and Hayward,
1996; C.A. Carlson et al., 1994). This is consistent
with the rapid uptake and release of DOM from
microbial and planktonic food webs (Johnson and
Kepkay, 1992; Amon and Benner, 1994). The evi-
dence for a reactive DOM pool is difficult to recon-
cile with the old apparent “c ages of bulk DOM
(> 1 kyr; Williams and Druffel, 1987; Druffel and
Williams, 1990; Bauer et al, 1992) unless some

fraction of the DOM pool is labile. Attention has
recently focused on the chemical characteristics and
“c ages of the colloidal size classes. Benner et al.
(1992) report that up to one-third of the DOM pool
is colloidal, consisting primarily of reactive poly-
saccharides which may support much of the hetero-
trophic activity in the surface ocean. The “C age of
colloids appears to be a function of molecular weight
and location, with new reports of contemporary e
ages for at least a small fraction of the total COM
pool (Santschi et al., 1995), and old "“C ages for
COM from benthic nepheloid layers (Guo et al.,
1996).

Studies of the reactivity and turnover of colloids
in seawater using the radionuclide 24Th (half-life =
24 days) suggest that colloidal turnover rates are
rapid, on the order of days to weeks (Baskaran et al.,
1992; Moran and Buesseler, 1992, 1993). As with
thorium, particle-reactive trace metals and organic
compounds are likely to be sorbed to colloidal sur-
faces. Examples in marine systems include the asso-
ciation of PCBs with colloids in sediment pore wa-
ters (Brownawell and Farrington, 1986), and the
association of trace metals with COM (Stordal et al.,
1996: Dai et al., 1995; Moran et al., 1996). The
extent of these colloid interactions depends upon the
surface reactivity of the colloids and the geochem-
istry of the specific trace constituent. Indeed, ‘‘dis-
solved’’ trace-metal chemistry of some bioactive
metals in seawater is controlled not by the free ion in
solution, but rather by abundant natural organic
metal-complexing ligands (Bruland et al., 1991; Rue
and Bruland, 1995; van den Berg, 1993), some of
which are likely to be in the colloidal size range.
Colloids may therefore have a significant role in
regulating the bioavailability of toxic and nutrient
metals to the plankton.

The tools used to identify or isolate material in
the sub-pm to nm size classes include particle coun-
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ters (Koike et al., 1990; Longhurst et al., 1992),
ultracentrifugation (Wells and Goldberg, 1991, 1994),
dialysis (de Mora and Harrison, 1983), gel-permea-
tion chromatography, field-flow fractionation (Gid-
dings, 1988), selective adsorption to XAD resin, and
cross-flow filtration (also called tangential-flow fil-
tration, and more generically, ultrafiitration; D.J.
Carlson et al., 1985; Whitehouse et al., 1986; White-
house et al., 1990; Moran, 1991). Of these methods,
cross-flow filtration (CFF) is the only practical tech-
nique for processing the large volume samples (10—
1000 1) required for the analysis of trace-level con-
stituents associated with natural colloids. Because of
this, CFF has become increasingly popular among
the many groups undertaking studies of marine col-
loids.

With the application of an ever increasing variety
of CFF system designs and reports of spatial and
seasonal differences in the abundance and composi-
tion of marine colloids (e.g., Baskaran et al., 1992;
Moran and Buesseler, 1993; Niven et al., 1995), it
became clear that a careful evaluation of the perfor-
mance of currently available CFF technologies was
needed. To begin this assessment, thirteen different
groups gathered first at the Woods Hole Oceano-
graphic Institution and later at the National Energy
Laboratory of Hawaii to process simultaneously
common seawater samples with their CFF systems.
The goal of this study was to assess quantitatively
whether ultrafiltration systems from different manu-
facturers used under different operating conditions
provided results which were consistent in both
nearshore and offshore environments.

Since the bulk of the mass of colloidal material in
seawater is thought to be organic in nature (Benner
et al., 1992), the primary criterion for this intercom-
parison was agreement between analyses of the bulk
organic properties of the dissolved and colloidal
fractions, and these data are presented in this paper.
Colloids are proposed to be important intermediaries
in the cycling of many particle-reactive trace metals;
therefore, the behavior of two trace metals, Al and
Fe, was also examined as part of the intercomparison
(Reitmeyer et al., 1996-this issue). Cd, Cu and Ni
were also examined on a selected set of samples
(Greenamoyer and Moran, 1996-this issue) and in-
ductively coupled plasma mass spectrometric (ICP—
MS) trace-metal analyses were conducted on a col-

loid fraction from a single CFF system (Bertine and
VernonClark, 1996-this issue). Other analyses of the
intercomparison samples included absorbance and
fluorescence spectra (Mopper et al., 1996-this issue),
nutrients, organic nitrogen and organic phosphorus
(Bauer et al., 1996-this issue), as well as one tracer
experiment conducted with a standard macro-
molecule of known size which was added to seawa-
ter and processed similarly to the samples (Gustafs-
son et al., 1996-this issue). Some of these results will
be highlighted here, with reference to detailed dis-
cussions elsewhere in this volume on specific aspects
of the intercalibration study and independent CFF
integrity studies.

2. Cross-flow filtration: background

In CFF, a prefiltered sample solution flows paral-
lel to the CFF membrane, and hydrostatic pressure
drives solutes, with an effective molecular size less
than the cut-off of the membrane, through the mem-
brane (permeate). The remaining solution (retentate),
containing both smaller solutes and larger colloids, is
swept along the membrane surface and recycled
through the retentate reservoir. Compounds which
are rejected by the membrane are thus increasingly
concentrated in the retentate over time. In any filtra-
tion procedure, compounds larger than the pore size
are rejected at the membrane surface and a concen-
tration gradient forms between the membrane surface
and the bulk solution. In CFF, these ‘‘concentration
polarization’” effects decrease the flow of water and
small molecules through the membrane. The degree
of concentration polarization is determined by the
concentration of retentate molecules, the transmem-
brane pressure drop (i.e. the pressure difference be-
tween the retentate and permeate), and the recircula-
tion hydrodynamics. Total flow of permeate through
the membrane is controlled by the transmembrane
pressure and the hydraulic resistance of both the
membrane and the concentration polarization layer.

CFF membranes are rated by their ability to retain
standard molecules of a known nominal molecular
weight (1000 nominal molecular weight = 1 kilodal-
ton = 1 kD). The retention coefficient, RC, is de-
fined by:

RC =1 — ([X]perm/[X]set) (1)
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where [ X ], and [ X],, are the concentrations of a
given colloid standard in the permeate and retentate,
respectively. The major applications of CFF have
typically been industrial or biomedical, and thus the
RC ratings are based primarily upon testing of stan-
dard molecules such as globular proteins and poly-
saccharides at high concentrations (mg/l-g/1) and
at high pressures (50—100 psi or 345-690 kPa). The
retention properties of natural compounds in dilute
solutions have not been characterized by the manu-
facturers. Since CFF membranes act as depth filters
with a range of operational pore sizes, some com-
pounds smaller than the rated cut-off will be retained
while some fraction of compounds larger than the
cut-off will pass through the membrane. For exam-
ple, a 1-kD membrane may be designed to retain
90% of a standard 1-kD molecule (i.e. RC =0.9)
under the specific manufacturer’s test conditions, but
these retention characteristics will almost certainly
change under a different set of operating conditions.
Moreover, tertiary shape, electrostatic attraction or
repulsion and other physicochemical interactions of
the compounds in solution with the membrane also
will affect the cut-off characteristics of the mem-
brane, so that molecule retention is not simply a
function of molecular weight (for recent review, see
Buffle et al., 1992).

In most CFF applications, the prefiltered sample
is concentrated from a single sample reservoir. In
this case, the concentration factor, ¢f can be calcu-
lated from:

cf = (initial sample volume)
/(final retentate volume) (2)

In other systems (systems O1, 02, O3, A5 in Table
1), the retentate reservoir is considerably smaller
than the sample volume and the retentate is continu-
ally, or periodically, supplied with fresh sample as
the permeate flow progresses. In effect, this results
in a shorter overall residence time of the sample
within the recirculation loop of the CFF system and
the elimination of a secondary sample container. In
these cases:

¢f = [(permeate volume)

+ (retentate volume)] /(retentate volume)

(3)

In CFF, colloidal abundances are defined by their
retention relative to a given CFF membrane. It is
useful to define the colloidal concentration of a
given compound, [ X]_,,, as calculated from:

[X]coll = ([ X]rct - [X]Perm)/Cf (4)

The retentate and permeate concentrations are mea-
sured quantities, and Eq. (4) simply corrects for the
presence of smaller solutes in the retentate sample
and the degree of sample concentration. Generally,
the retentate concentration of a given high-molecu-
lar-weight (HMW) compound will increase with in-
creasing c¢f. If the low-molecular-weight (LMW)
fraction passes through the CFF membrane without
interaction (i.e. RC =0) and the HMW fraction is
completely retained (i.e. RC = 1) then the permeate
concentration should be constant. Since RC is never
exactly equal to zero or one for any single compound
and CFF membrane, the permeate concentrations can
also be expected to increase with increasing cf due
to so-called breakthrough or permeation effects
(Logan and Jiang, 1990; Kilduff and Weber, 1992).
Some of our CFI* data exhibit an increasing perme-
ate concentration with increasing ¢f, and we discuss
this issue later in this manuscript.

CFF systems are available in a variety of configu-
rations using different engineering designs and com-
ponents. These include flat-sheet configurations,
where ultrafiltration membranes are stacked in a
frame which is separated by fine screens; spiral-
wound CFF membranes, where the feed enters one
end of the ultrafilter module, and the permeate and
retentate leave the other end of the unit; and hollow
fiber units (the latter were not tested here). Several
membrane compositions are available, ranging from
regenerated cellulose to a variety of synthetic poly-
mers. Polysulfone membranes were used for this
intercomparison (with the exception of system Z1,
Table 1), both to minimize inter-system variables
and because polysulfone has been commonly used in
marine studies. In this intercomparison, each CFF
system was used according to the individual operat-
ing protocols of the participating labs. Because of
time constraints, no attempt was made to determine
the response of any given ultrafiltration system to
variations in specific operating conditions; however,
individual groups have made further progress in
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characterizing their own CFF systems (Guo and
Santschi, 1996-this issue; Gustafsson et al., 1996-this
issue; Wen et al., 1996-this issue).

3. Details of colloid intercomparison
3.1. Cross-flow filtration system descriptions

Most recent studies of marine colloids use ultrafil-
tration membranes with cut-offs in the 1-10-kD size
range, and we chose the smaller 1-kD cut-off as a
starting point for this experiment. New 1-kD mem-
brane cartridges were provided to each group for this
experiment; and the same membrane was used
throughout both the Woods Hole and Hawaii exer-
cises. The membrane surface areas ranged from 0.5
to > 90 ft* (0.05 to > 8.4 m?), and permeate flows
ranged from a few ml/min to 680 ml/min (Table
1). CFF systems in this intercomparison had been
designed to examine different aspects of the marine
colloidal phase. Hence, there were differences in the
plumbing materials, transmembrane pressures, sam-
ple volumes and the pre-sample and between-sample
cleaning steps. CFF system designs ranged from a
mostly stainless-steel configuration, optimized for
hydrophobic organic compounds (O1), to Teflon and
plastic designs (A3, Fl, F3 and Z1) used in trace-
metal studies. Four of the CFF systems (A3, F1, F3,
X1) were operated within a high-efficiency particu-
late air (HEPA) filtered ‘‘clean’’ room, to minimize
particulate contamination, while the rest were oper-
ated without cover in the laboratory. Only the Ami-
con DC-10L systems (Al, A2, A4, AS) were pur-
chased as a single package that included the mem-
brane, pump, and sample reservoir, although A5
used a modified glass reservoir.

Prior to using each membrane and between sam-
ples, the CFF membranes were leached or cleaned
using a variety of solutions. Some of these cleaning
protocols changed as our intercomparison progressed
and these are summarized in Table 1. The solution
contact time, temperature, and whether or not the
leach solutions were recirculated or ultrafiltered may
also have influenced membrane performance. In ad-
dition to cleaning, most of the participants ** precon-
ditioned”’ their CFF system. During preconditioning,
the prefiltered sample was allowed to run through

the permeate line (volumes listed in Table 1), and
then both the permeate and retentate solutions were
discarded, just prior to processing and collecting the
real sample. Such procedures are thought by some to
minimize contamination and reduce sorptive losses.

3.2. Site and sampling details

3.2.1. Prefiltration

One prefiltration system provided < 0.2-pm fil-
tered seawater to all participants during both the
Woods Hole and Hawaii intercomparison exercises.
The filtration rig consisted of three pairs of 10- and
I-pm filter cartridges, followed by two 0.2-pm filter
cartridges, all connected via polyvinylchloride (PVC)
tubing and fittings. The 10- and 1-pm cartridges
were 100% polypropylene depth filters [HY TREX 1I,
10-in (25.4 cm) length; Osmonics Inc.] in a polycar-
bonate housing. The final 0.2-pm filters were either
polycarbonate (MEMTREX-PC at Woods Hole) or
polysulfone (MEMTREX-PS at Hawaii) pleated
membrane filter cartridges [10-in (25.4 c¢m) car-
tridges with double Viton O-ring seal; Osmonics
Inc.] in a polypropylene housing. All filters were
presoaked in dilute HCI and rinsed with fresh water.
More than 20 | of sample water were filtered through
the system prior to collection. Filter sets were re-
placed between each seawater sample at Woods Hole.
A single set was used at Hawaii. Sample water was
filtered directly from the local seawater source lines
and no appreciable change in flow was noted during
filtration (~ 1 1/min at Woods Hole and ~ 2 1/min
at Hawaii).

3.2.2. Source waters

The source waters for the Woods Hole intercom-
parison experiment in August 1994 were obtained
via a PVC seawater line in the Coastal Research
Laboratory at the Woods Hole Oceanographic Insti-
tution (WHOI). The inlet for these source waters lies
~ 1 m off the bottom in 3 m of water in Vineyard
Sound, Massachusetts. Some alteration of the seawa-
ter characteristics can be expected both as a result of
the seawater handling system and tidal fluctuations.
However, the organic carbon and particulate concen-
trations are generally representative of the local
coastal waters. To eliminate the effects of any short-
term variations in the source waters, 1300 | of seawa-
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ter were prefiltered into a polyethylene bag that was
supported in a large tank. The bag was precleaned
with 0.5 M HCI and rinsed with Q-water and some
of the prefiltered sample. Within 12 h of filling,
sub-samples for the intercomparison exercise were
distributed within an 8-h period from the bag via a
Teflon feed line, a polyethylene diaphragm pump,
and a polypropylene valve and manifold system.
The source waters for the Hawaii experiment in
January 1995 were obtained from the deep-water
pipeline at the Natural Energy Laboratory of Hawaii
(NELH). The intake for the 1-m-diameter high-den-
sity polyethylene pipe is situated 1700 m offshore of
Keahole Point, ~25 m above the sea floor at a
depth of ~ 600 m. The pipe and large volume
pumping system (0.5 m®/s) were designed for an
ocean thermal energy conversion research project.
Regular analyses have shown that the composition of
these waters is representative of the regional mean
water composition at these depths (Sansone et al.,
1988). Given the stability in composition of this
source water, the prefiltered water was provided
directly to each participant within a 4-h period,
without using any intermediate storage container.

3.2.3. Sampling and analyses

All participants were asked to collect samples at
selected times during their ultrafiltration procedures.
In general, the permeate line was sampled at a
concentration factor of 2 (¢f=2) and just prior to
completion of a given ultrafiltration experiment (cf
= final). On one sample at Hawaii, a sub-set of the
participants collected the entire permeate stream or
sub-sampled the permeate line in order to collect a
sample that better represented the mean permeate
concentration (cf = integrated). The retentate solu-
tion was collected and subsampled at the end of each
experiment only. Unless otherwise specified, [ X1,
was calculated from Eq. (4) using the average of the
two permeate concentrations. At both sites, the inter-
calibration began with the ultrafiltration of a com-
mon sample of ultra-pure water (Q1 at Woods Hole,
Q2 at Hawaii). This sample was tap water that had
been processed via reverse osmosis, followed by
in-line UV irradiation and a standard Milli-Q type
polishing unit. The polishing unit was equipped with
an activated charcoal bed and mix-bed resin car-

tridges which can produce 18-M{} water with 2-5
pwM OC (known as Type 1 water and termed Q-water
throughout this paper). This Q-water was used by all
participants for cleaning and other operations. At the
Hawaii site, there was some degradation in the qual-
ity of this water with time, and after the Q2 sample,
a Q-water system belonging to NELH that had simi-
lar characteristics was used. Following the Q-water
sample, the intercalibration was conducted on two
replicate seawater samples (SW1 and SW2 at Woods
Hole; SW3 and SW4 at Hawaii).

A single laboratory took responsibility for clean-
ing all of the sample bottles of a given type accord-
ing to accepted methods. The bottles, pre-labeled
with a single ID number, were distributed to each
participant. At both intercalibration sites, sample bot-
tles for organic carbon and fluorescence analyses
were stored at low temperature, either in a refrigera-
tor or on ice, and analyzed as soon as possible after
collection, typically within 12-24 h. We will use the
term OC to describe organic carbon results from any
size fractionated sample or the source waters. Our
prefiltration operationally determines the source wa-
ter cut-off (<0.2 wm), and the 1-kD CFF mem-
branes are used to delineate the permeate (< 1 kD)
and the retentate (1 kD < x < 0.2 wm) fractions.

Additional analyses on the common samples in-
cluded Al, Fe, nutrients, absorbance and fluores-
cence. Selected samples were also analyzed for or-
ganic P and specific organic compounds. In this
paper we present the OC and bulk fluorescence data
only. Other manuscripts in this special issue focus on
Al and Fe (Reitmeyer et al., 1996), organic nitrogen
and organic phosphorus (Bauer et al., 1996), and
absorbance and fluorescence spectra (Mopper et al.,
1996) from these same samples.

Organic carbon was measured using high-temper-
ature catalytic (HTC) techniques summarized in
Williams et al. (1993). A single analyst measured all
HTC-OC samples, except those collected during a
time-series sampling of SW4 permeate (measured
using an automated HTC-OC technique described in
Qian and Mopper, 1996). For HTC-OC analyses,
discrete amounts (50—100 pl) of acid-sparged sam-
ple were injected onto a 3% Pt on alumina catalyst
(Rosemount-Dohrmann Instruments) at 680°C. The
CO, produced from the oxidation of organic matter
was detected using a Li-Cor detector (model 7120)
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and signal peak area was integrated using Maclnte-
grator Software. Daily calibration curves were run
using glucose standard solutions in Q-water. System
blanks were determined daily from the peak area
produced by injections of UV-oxidized Q-water,
where it was assumed that the UV-oxidized Q-water
was carbon-free. All HTC-OC data have been cor-
rected for an instrument blank of 22 wM, and each
determination represents the mean of up to 3 sample
injections.

Fluorescence measurements were made with a

SLM AB-2 spectrofluorometer with a 1-cm’® fused
silica cell. Full emission spectra (350-650 nm) were
recorded for excitation = 337 nm. Data from WHOI
are reported as integrated values (350-650 nm) mi-
nus Q-water blank levels normalized to quinine sul-
fate. One wg/l quinine sulfate is equivalent to 10
fluorescence units. The Hawaii fluorescence results
are reported only at 337-nm excitation, 420-nm
emission, rather than as integrated values. More
detailed fluorescence spectra results can be found in
Mopper et al. (1996-this issue).

Concentration factors

13 16 16 16 150 11 11 20 15 4 4 50 26

1200 1 | 1 1 |

|

] 1 1 I ! | I |

(a)

1000
800
600
400

polvsas e e aa by

200

150

Organic Carbon (UM)

—_
=
(=

|

Na

2222227270
l"llllllllll

(93]
o

Lo v ol o by b by g aN

[

i

| L ML B

A4 A5 F1 F2 F4 O1 O2 03 X1 Z1

CFF System ID

XY permeate ¢f=2

B colloidal

(1 permeate cf=final
sum

Fig. 1. Intercomparison of seawater organic carbon results for different cross-flow filter systems grouped by CFF ID (see Table 1) according
to manufacturer: {(a) Woods Hole sample SW1: (b) Woods Hole sample SW2; (c) Hawaii sample SW3; and (d) Hawaii sample SW4. CFF
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of the two permeate values and Eq. 4, and for the sum of the average permeate and colloidal concentrations ( gray fill). The <0.2-um
prefiltered source water concentration range is shown by the two horizontal lines
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4. Results

4.1. Seawater organic carbon results

Concentrations of OC for the ultrafiltered seawa-
ter samples collected in Woods Hole (SW1 and
SW2) and Hawaii (SW3 and SW4) are shown in Fig.
la—d and data are provided in Tables 2 and 3. The
CFF systems are grouped according to the membrane
manufacturer (see Table 1 for details). Data are
shown for the concentration of OC in the permeate
collected at ¢f=2 and c¢f = final. In addition, for
each system the colloidal OC concentration (calcu-
lated from Eq. (4)) and the sum of the average
permeate and colloidal OC concentrations are shown.
Neither the individual permeate concentrations nor

the calculated sum should exceed the source OC
concentration. Organic carbon concentrations in the
prefiltered source water were analyzed four to six
times during each experiment and the range in values
is shown by the horizontal dashed lines in each
figure. Concentration factors ranging from 4 to 200
were used by the different groups, and these are
shown for each experiment along the top horizontal
axis in Fig. la—d. The wide range in ¢f reflects the
wide range in sample volumes that the participants
typically process (Table 1).

The Woods Hole data indicate that the prefiltered
source water had a mean OC concentration of 106
and 104 wM for SW1 and SW2, respectively (ex-
cluding a single outlier of 174 wM OC for SW2,
Table 2). Variations between injections were much
smaller than the sample to sample variability and no

Concentration factors

13 6

18 16 165 14 20 20 17 4 4

13 25
(I TR T N N B

1200 1 | L L |
(b)

Losas

1000
800

600
400

' RN RN FEWN R

Vo]
(]
o

150

Organic Carbon (UM)

100

W
(=]

Poow o b by v by g a by gy

3 i §

AU R R RN RN

I |

"

|||IIII|II|TI‘II]III|||ITI

.

o

I

Al A2 A3 A4 AS F1 F2 F4 O1 02 03 X1 Z1
CFF System ID

XN permeate ¢f=2

B colloidal

Fig. 1 (continued).

permeate cf=final

L1

i sum



K.O. Buesseler et al. / Marine Chemistry 55 (1996) 1-31 11

temporal trend in the OC source water data was
found. The reason for any source water OC variabil-
ity may be attributed in part to sampling or storage
artifacts not uncommon in HTC-OC analyses (Hedges
et al., 1993; Sharp, 1993); but even with this vari-
ability, the major features in the data set are clear.
In Woods Hole, many of the CFF systems had
OC concentrations in the permeate and retentate that
were 50-1000 p. M higher than the prefiltered source
waters, indicative of severe contamination. Further-
more, contamination was evident in at least one CFF
system of each membrane type. Between SW1 and
SW2, there was generally a decrease in apparent OC
contamination; however, this does not hold in all
cases. A second feature of the Woods Hole OC data
was that some of the CFF systems exhibited an

increase in permeate OC concentration between cf =
2 and ¢f = final (compare 1st and 2nd bars in Fig. la
and b). This change in permeate OC concentration
with ¢f led us to attempt time-series permeate sam-
pling of SW4 (results to follow).

A major feature of the Woods Hole results is that
the Amicon systems and system Z1 recovered higher
apparent colloidal OC than any of the other CFF
systems. For the Amicon CFF systems, calculated
colloidal OC concentrations ranged from 14 to 54
wM, with a mean %COC of 33% [%COC =
(colloidal OC)/(source OC); calculated here for
those Amicon CFFs with a sum OC within 25 pM
of the source OC concentration — Table 4]. The
Amicon system with the highest ¢f (A5) had the
lowest colloidal OC concentrations in general; how-
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Concentration factors
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ever, colloidal OC varied from 24 to 51 pwM in three
Amicon systems, each with a ¢f of 16 (A2, A3, A4
for SW1). The sum OC concentrations (average per-
meate plus colloidal OC concentrations) were > 10
to 25 wM higher than the source waters for SW1
and SW2 in half of the Amicon samples, and > 25
pM higher in the rest, suggesting that at least some
of these were highly contaminated with organic com-
pounds.

The Filtron CFF systems had such high OC con-
tamination levels that the permeate was even larger
than the retentate samples and hence the calculated
colloidal concentrations were negative (Table 4). For
the two Osmonics systems with a reasonable mass
balance for organic carbon (sum within 20 pM of
source for Ol and 03), colloidal OC represented
5-28% of the source OC (mean = 8% for SWI;
Table 4). System X1 (Membrex) retained 4% COC

Notes to Table 2:
n.a. = not analyzed.

* CFF ID = CFF ID as listed in Table 1 (CFF 0 = prefiltered source waters).

b ¢f = concentration factor (or time of collection for CFF ID 0).
¢ OC = organic carbon (LM).
4 FLU = fluorescence (arbitrary units — see text for details).
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Table 2
Woods Hole organic carbon and fluorescence data
CFFID * Type Ql SWi Sw2
of ® ocC ¢ FLU ¢ of oC © FLU ¢ of ° oC ¢ FLU ¢
0 <02 pm (0h) 6 1.1 Oh) 118 53.9 Oh) 86 533
<02 um (1h) 5 0.7 (1h) 98 54.6 (1h) 105 53,7
<02 pm 2h) 6 0.0 Qn 120 54.7 (€3] 174 53.9
<02 pm (4 h) 8 0.3 (4 h) 86 54.5 4hn 122 54.2
Al permeate 2 9 33 2 84 29.1 2 38 29.7
permeate final 32 6.3 13 88 519 13 123 69.1
retentate 98 12.4 13 618 199.9 13 535 191.9
A2 permeate 2 15 4.1 2 81 51.1 2 n.a. 47.1
permeate final 39 2.8 16 234 105.9 5.5 135 63.2
retentate 19 2.4 16 540 188.4 5.5 333 104.1
A3 permeate 2 23 0.7 2 53 37.6 2 72 38.0
permeate final 22 0.2 16 100 60.7 18 192 68.8
retentate 25 2.3 16 807 227.1 18 786 215.9
A4 permeate 2 12 4.1 2 35 35.1 2 33 40.7
permeate final 26 6.0 16 126 70.6 16 110 75.1
retentate 38 9.9 16 876 261.3 16 913 253.0
AS permeate 2 79 59 2 64 344 2 3] 320
permeate final 135 5.1 150 397 118.1 165 705 71.9
retentate 373 11.3 150 2272 839.8 165 2951 937.8
F1 permeate 2 778 14.0 2 573 56.2 2 446 57.5
permeate final 793 23.1 1.1 1118 73.5 14 381 63.2
retentate 412 4.2 11.1 404 64.1 14 287 65.1
F2 permeate 2 1161 19.5 2 486 50.9 2 412 48.0
permeate final 786 28.6 11 559 54.4 20 527 55.3
retentate 1028 19.4 11 288 58.1 20 131 61.2
F4 permeate 2 n.a. n.a. 2 349 511 2 318 52.7
permeate final 776 6.1 20 311 54.9 12 420 53.7
retentate 374 7.7 20 276 65.2 12 457 59.5
01 permeate 2 186 1.9 2 111 50.1 2 122 50.1
permeate final 4] 0.4 15 92 511 17 104 50.1
retentate 41 1.5 15 189 53.9 17 192 52.0
02 permeate 2 378 1.8 2 183 52.0 2 134 537
permeate final 283 7.2 35 165 51.0 4.3 781 519
retentate 210 6.0 35 163 55.1 4.3 185 56.7
03 permeate 2 115 0.3 2 93 51.6 2 26 50.6
permeate final 116 0.8 3.8 95 522 3.9 83 51.0
retentate 63 0.7 3.8 136 54.4 3.9 169 52.2
X1 permeate 2 6 1.1 2 118 493 2 84 51.2
permeate final 30 1.0 50 144 447 13 115 49.7
retentate 38 3.2 50 120 47.6 13 154 46.6
Z1 permeate 2 9 1.2 1.2 518 26.2 2 86 311
permeate final 6 1.5 26 118 84.7 25 134 104.6

retentate 39 6.6 26 1435 471.3 25 1820 453.6
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Table 3

Hawaii organic carbon and fluorescence data

CFF ID Type Q2 SW3 Sw4

¢f ocC FLU cf ocC FLU cf ocC FLU

0 <02 (O h) 6 4.8 (] 30 95.5 On 44 99.6
<0.2 (1h) 4 4.6 (1h) 37 96.1 (1'h) 41 99.7
<02 (1 h) 21 4.9 (1 h) 38 95.7 (1h) 42 99.1
<02 (2h) 2 4.8 (2 h) 60 94.8 2h) 37 99.4
<02 (2 h) 3 4.7 (2h) 35 95.1 2h 42 99.6
<0.2 (4h) 4 4.1 (3.5h) 51 94.2 (3.2 h) 34 99.6

Al permeate 2 8 13.0 2 11 39.1 2 12 47.8
permeate final 18 14.4 20 47 70.2 20 42 109.2
permeate integrated 28 50.6
retentate 100 38.6 20 262 398.1 20 287 4278

A2 permeate 2 12 7.0 2 9 68.3 2 23 60.3
permeate final N 6.3 5.2 39 130.3 10 34 85.5
permeate integrated 37 62.1
retentate 11 9.3 52 170 387.8 10 262 429.8

A3 permeate 2 4 5.5 2 17 57.9 2 18 67.4
permeate final 18 4.1 8.3 6l 85.8 6.1 28 88.0
permeate integrated 39 70.1
retentate 12 6.0 8.3 216 338.8 6.1 168 295.3

A4 permeate 2 25 27.5 2 37 68.0 2 43 74.7
permeate final 61 42.6 20 116 146.8 22 112 164.0
permeate integrated 36 78.1
retentate 116 161.0 20 505 748.0 22 438 730.2

A5 permeate 2 17 14.2 2 18 55.2 2 22 47.8
permeate final 22 19.5 204 79 123.6 94 58 125.8
permeate integrated 40 84.0
retentate 58 26.3 204 1310 1635.0 94 1264 1383.0

F1 permeate 2 2 5.8 2 50 94.4 2 63 98.1
permeate final 8 6.6 9.2 101 103.8 9.2 76 108.4
permeate integrated 62 100.5
retentate 14 12.5 9.2 69 113.5 9.2 66 119.3

F2 permeate 2 166 159 2 126 92.6 2 2 98.6
permeate final 515 18.5 16 111 95.8 6.0 113 103.9
permeate integrated 81 971.7
retentate 171 34.1 16 62 97.9 6.0 73 1132

F3 permeate 2 31 244 2 43 105.4 2 49 103.0
permeate final 32 28.9 13 55 117.8 7.8 47 110.8
permeate integrated n.a. n.a.
retentate 21 24.7 13 72 136.5 7.8 n.a. 132.6

F4 permeate 2 63 7.5 2 n.a. n.a. 2 n.a. n.a.
permeate final 4.0 114 103.1 8.0 119 108.8
permeate integrated 127 104.7
retentate 31 10.8 4.0 89 111.6 8.0 120 117.7

01 permeate 2 20 3.8 2 48 89.6 2 46 91.8
permeate final 25 29 16 77 89.9 17 60 93.2
permeate integrated n.a. n.a.
retentate 22 5.6 16 56 90.2 17 38 96.2
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Table 3 (continued)

CFF ID Type Q2 SwW3 SW4
cf oC FLU cf oC FLU of ocC FLU
02 permeate 2 35 4.4 2 55 97.7 2 59 98.0
permeate final 29 3.9 6.8 96 93.4 10 55 98.4
permeate integrated n.a. n.a.
retentate 152 305 6.8 33 95.1 10 56 100.3
03 permeate 2 15 53 2 40 958 2 45 98.8
permeate final 13 4.1 6.3 65 92.9 10 69 98.2
permeate integrated 43 99.2
retentate 15 7.0 6.3 32 96.0 10 58 101.6
X1 permeate 2 62 9.2 2 43 77.1 2 36 82.6
permeate final 57 9.2 20 43 728 13 43 77.4
permeate 13 61 86.6
retentate 35 9.9 20 51 722 integrated 42 77.0

See notes to Table 2.

for SW2, where the sum OC and source data agreed
(Table 4). System Z1 (Desal) had high colloidal OC
retention, but the sum OC data suggests significant
contamination for both SW1 and SW2.

In contrast to the surface waters near Woods
Hole, the Hawaii prefiltered OC source water con-
centrations averaged only 41 wM, which is charac-
teristic of deep waters from this region (Druffel et
al., 1992; Peltzer and Hayward, 1996). Overall, there
was less apparent OC contamination in Hawaii than
at Woods Hole (Fig. lc and d, note change in
y-axis), and at least one of the Filtron systems
achieved a reasonable mass balance for OC (F3). An
increase in the permeate OC concentration between
¢f=2 and cf = final was evident in many of these
systems. In addition, it is even clearer in these
Hawaii results that the Amicon CFF systems pro-
duced a higher colloidal OC concentration. Colloidal
OC concentrations ranged from 6 to 28 wM for the
Amicon systems for SW3 and SW4 (Table 4). The
sum OC concentrations were within 18 pM of the
source for all Amicons, except A4. Excluding A4,
%COC ranged by more than a factor of 4, from 15%
to 67% for SW3 and closer to a factor of 2, or 32%
to 58% COC for SW4 (Table 4). Given the observed
variations in permeate OC concentration with cf,
many of the groups also sampled the permeate as a
volume-integrated sample for SW4 as well. These
integrated-permeate samples for the Amicon CFF
had calculated colloidal OC concentrations of 13 to

22 wM, which were identical within 1-3 wM in any
individual case to the colloidal OC concentrations
determined using the average of the two permeate
samples at ¢f=2 and c¢f= final. Using the inte-
grated permeate data, the sum OC concentrations
ranged from 41 to 60 pwM, relative to the 41 pM
source waters (Table 4).

An even sharper contrast exists in Hawaii relative
to Woods Hole in the retention characteristics be-
tween the Amicon and the non-Amicon CFF sys-
tems. Many of the non-Amicon systems had either
negative colloidal concentrations (indicative of con-
tamination), or values of only 0-2 pM. Filtron
system F3 was used for the first time in Hawail and
had 4% COC for SW3, but no significant colloidal
OC for SW4. A single Osmonics system, O3, also
had 4% COC for SW4, using the integrated permeate
data. The rest of the Osmonics, Filtrons and Mem-
brex systems did not show any elevation of OC in
the retentate above the permeate concentrations.

4.2. Fluorescence results for seawater

Bulk fluorescence was determined on all of the
CFF systems similar to the OC results outlined above
Fig. 2. As presented, the absolute magnitude of these
fluorescence units cannot be compared between the
Woods Hole or Hawaii site, but are relative within
each setting. Unlike the OC data, the prefiltered
source waters exhibited much smaller variability in
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their fluorescent properties, indicating that contami-
nation by fluorescence material was low and that
analytical reproducibility was quite good. The bulk
fluorescence results contrasted with the OC measure-
ments, in that many systems with elevated OC
achieved a much closer mass balance. This is partic-
ularly striking for the Filtron systems, where total
OC levels were quite high, but the fluorescence mass
balance looked reasonable. The Amicon systems in
general had a small excess fluorescence signal rela-
tive to the source. A few systems showed an appar-
ent loss of fluorescence (system Al for SW3; system
O1 for SW3 and SW4; system X1 for SW1, SW3
and SW4). As with the OC results, the Amicon
systems plus system Z1 had the highest colloidal
signal. In all of the Amicon systems there was also a
strong increase in fluorescence in the permeate be-
tween ¢f =2 and ¢f = final, in contrast to the other
systems. Also similar to the OC data, system Z1
exhibited a higher sum fluorescence signal than the
source waters.

4.3. Q-water organic carbon and fluorescence re-
sults

In an attempt to establish contamination levels for
the CFF systems, Q-water was processed as a sam-
ple, although many of the participants processed
smaller volumes or concluded the experiment at a
lower concentration factor than was typical of their
seawater samples. The Hawaii Q-water results are
shown in Fig. 3a and b. The permeate data are
plotted as before, with separate results at ¢f= 2 and
¢f = final; however, the colloidal concentrations were
not expressly calculated, but rather the total retentate
concentration is shown. In this manner it is easy to
demonstrate the absolute magnitude of the net blank,
and whether or not the contaminant is retained by the
membrane. The Woods Hole Q-water results (Table
2) had similar features; however, some of the abso-
lute values were significantly higher.

The Hawaii Q-water OC results should be com-
pared to a source water OC blank of 3—-5 wM (Fig.
3a). Almost every fraction for every system was
elevated by at least a few wM, and approximately
half of the CFF systems had at least one sample
> 20 wM above the blank. Some systems displayed
elevated OC blanks in the retentate loop (Al, A4,

A5, and 02), indicative of HMW contaminants
and/or this could be partially due to some concen-
tration of colloidal OC from the Q-water (2-5 wM
OC). In contrast, other systems had elevated OC
levels in the permeate (F2, F3, F4 and X1). The
Q-water blank was not directly reflected in the Hawaii
seawater OC results (compare Fig. 3a with Fig. Ic
and d). For example, system Al had an elevated OC
blank in Q-water but showed no apparent bulk con-
tamination in the two Hawaii seawater samples. Con-
versely, system F1 had no appreciable OC blank in
Q-water but apparently contaminated the seawater
samples.

The Hawaii Q-water fluorescence blanks were
relatively small and tightly constrained for many of
the CFF systems (within 5 fluorescence units, FU, of
source waters for A2, A3, Ol, 03, X1). The fluores-
cence blank was highest in system A4, which also
had one of the higher OC Q-water blanks. The
Q-water fluorescence blank was > 10 FU (compared
to the Hawaii seawater total fluorescence signal of
100 FU) in at least one sample for 6 of the CFF
systems (Al, A4, A5, F2, F3, O2). With the excep-
tion of system F3, the blanks were elevated in the
retentate relative to the permeate, indicating that the
blank compounds were not able to freely pass through
the membrane.

4.4. Time-series organic carbon measurements in the
permeate

In almost all cases at Woods Hole and Hawaii
when significant colloidal OC was observed, OC
concentrations in the permeate increased between
¢f =2 and ¢f = final. Assuming the retention charac-
teristics of the CFF membrane are constant and there
are no sorptive losses or contamination, one can
predict for single compounds the variation in the
permeate concentration with increasing concentration
factor (Logan and Jiang, 1990; Kilduff and Weber,
1992). We measured the temporal pattern of OC
concentration in the permeate during one standard
seawater ultrafiltration experiment in Hawaii (SW4,
Fig. 4a—m).

At least two of the systems (A4 and F1) showed a
sharp initial drop-off in OC concentration just after
the first time collection point. This trend is likely
indicative of OC contamination which decreases
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Table 4

Colloidal and sum organic carbon results

CFF ID oC (uM) %COC * oC (pM) %COC ¢
colloidal * sum ® colloidal sum °
SW1 SW2

Source 106 ¢ 104 4

Al 41 127 39 35 115 34

A2 24 182 23 36 171 35

A3 46 122 43 36 168 35

Ad 51 131 48 54 125 51

AS 14 244 13 16 384 15

Fl1 —40 -9

F2 -2l —14

F3 n.c. n.c.

F4 -3 7 376 7

01 6 107 5 5 118 4

02 -3 —63

03 11 105 10 29 84 28

X1 0 131 0 4 104 4

Zl1 43 361 41 68 178 66

CFF ID oC (pM) %COC ¢ oC (uM) %COC ¢ oC (pM) %COC ¢
colloidal * sum ® colloidal * sum ? colloidakim '
SW3 Sw4 SW4

Source 424 414 414

Al 12 41 28 13 40 32 13 41 31

A2 28 52 67 23 52 56 22 59 54

A3 21 60 51 24 47 58 21 60 51

A4 21 98 51 17 94 41 19 55 45

AS 6 55 15 13 53 32 13 53 32

Fl -1 0 70 0 0 62 0

F2 -4 4 —1

F3 2 51 4 -6 n.c.

F4 -6 0 119 0 -1

01 0 63 0 -1 n.c.

02 -3 0 57 0 n.c.

03 -3 0 57 0 1 44 4

X1 0 43 0 0 40 0 -1

Z1 n.c. n.c. n.c.

n.c. = not collected. Sum and %COC values are not given if calculated colloidal OC < 0.

* Colloidal OC concentration calculated from average permeate OC and Eq. 4. All data can be found in Tables 2 and 3.
® Sum of colloidal OC and average permeate OC concentrations.

© Colloidal OC /source OC.

d Average source OC concentration as appropriate for SW1, SW2, SW3, and SW4.

& As for ™ ™ ©, respectively, except the “‘integrated’” permeate sample OC concentration is used in the calculations.
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Fig. 3. Intercomparison of Q-water blanks for the different cross-flow filters systems grouped by CFF ID (see Table 1) and according to
manufacturer: (a) Hawaii sample Q2 results for organic carbon; and (b) Hawaii sample Q2 results for fluorescence. CFF ID’s are shown on

lower x-axis. Data are shown for each system for the permeate concentration at ¢f = 2 (diagonal fill), permeate at cf = final (open fill), and
for the total retentate concentration ( solid fill).
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rapidly as a sample is processed. An alternative
explanation is that the decrease represents early sorp-
tive losses of OC onto the CFF. A smaller and
slower decrease in OC was seen in two of the
systems that had elevated OC concentration relative
to the source waters (F4, O2).

The Amicon CFF systems had both the highest
overall retention of colloidal OC and exhibited the
strongest trend of increasing OC concentration with
increasing c¢f. This trend was seen starting at a cf as
low as 1.5-3 (prior OC levels were decreasing or
relatively constant) and in many cases OC concentra-
tions increased thereafter in a quasi-linear fashion.
The slopes of these curves differed substantially, for
example, system Al showed a three-fold increase in
permeate OC at a ¢f = 10, and a similar increase was
not reached until ¢f= 200 for system AS.

The non-Amicon systems generally had a very
flat, or non-changing permeate concentration with
time. CFF systems F3, O1, O3 and X1 all had a
mean permeate OC concentration of 45 wM which
was, on average, a few pwM less than the source
water OC concentration as measured by this second
HTC-OC instrument. This is consistent with the very
low retention of colloidal OC in these CFF systems,
but slightly at odds with the previous OC concentra-
tion results for SW4 (Fig. 1d), where a trend of
higher OC concentration was found for some of
these same systems between the permeate at ¢f = 2
and ¢f = final. Both OC sample sets were collected,
stored and analyzed in slightly different manners on
different HTC-OC instruments. There appears to be
close to a +8 wM offset in the time-series OC
results from the standard OC concentration data that
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cannot be resolved within this intercomparison exer-
cise. The effect of the changing permeate OC con-
centration on the calculated colloidal OC percentages
will be discussed below, and is addressed specifi-
cally in Guo and Santschi (1996-this issue), Gustafs-
son et al. (1996-this issue), and Wen et al. (1996-this
issue).

5. Discussion

Marine scientists use CFF with the intent to oper-
ationally separate seawater samples into dissclved
and colloidal fractions. The central assumptions are:
(1) that the CFF system is behaving in a well-defined
and operationally-reproducible and consistent man-
ner for each sampling; and (2) that the separation
process does not significantly alter the physico-
chemical nature or size distribution of natural sub-
stances in the original sample. The goal of this
intercomparison exercise was to examine the first of
these assumptions by comparing the relative perfor-
mance of different CFF systems used in marine
sciences with respect to the bulk separation of or-
ganic and inorganic colloidal matter from seawater.
The interpretation of these results is presented below,
beginning with a discussion of CFF system blanks,
followed by an analysis of mass balances and sorp-
tive losses. In addition, time-series data and the
results of one standard molecule experiment will be
addressed.

5.1. Operational blanks for CFF systems

As for all chemical analyses, it is essential that a
procedural blank be determined. In the case of CFF,
evidence of contamination can be seen either by the
detection of elevated concentrations in Q-water
blanks, or by an assessment of the chemical mass
balance. Both of these approaches were taken during
this intercomparison study. Note that both organic
and inorganic blanks can be important regardless of
the measured contaminant. For example, it is possi-
ble that bulk OC contamination of even a few uM,
may lead to an alteration of the apparent trace-metal
or specific organic compound speciation, particularly
at the low (nmol /1 to sub-pmol /1) ambient concen-
trations of common trace constituents, Likewise,

metal contamination may lead to precipitation of
colloidal oxyhydroxides during sample processing
which, in turn, could alter the natural size distribu-
tion of bulk OC or specific organic and inorganic
substances by sorption to the inorganic colloid sur-
faces. Quantification of both organic and metal con-
tamination is therefore important for all marine CFF
applications.

5.1.1. Q-water blanks for organic carbon and fluo-
rescence

Q-water blanks can be useful in identifying large
contamination problems; however, these Q-water
values cannot be applied directly to correct for pro-
cedural blanks in seawater CFF data. One reason is
that there are large pH and compositional differences
between the seawater and Q-water media such that
contamination and sorptive processes are not neces-
sarily the same. The Q-water results in Hawaii (Fig.
3a; Table 3) and Woods Hole (Table 2) indicate that
many of the CFF systems have OC blanks that are
greater than the total ambient seawater OC levels. By
comparing the Hawaii Q-water OC blank (Fig. 3a)
with the Hawaii seawater OC data (Fig. Ic and d), it
is also clear that the patterns and absolute magnitude
of the individual Q-water blanks are not simply
reflected in the seawater OC distributions. Since
these same CFF systems are regularly used for stud-
ies of colloidal OC and trace-metal and organic
compound speciation in marine samples, these OC
Q-water blanks point to the possibility of random
artifacts in such studies. Optimistically, it appears
that at least one system of every type can be treated
to obtain OC blanks as low as a few to 10 pM
relative to Q-water (in Hawaii: A2, F1, O3). In some
applications of CFF to coastal waters or estuaries,
where total OC levels are much higher (> 100 p M),
a small OC blank may not pose as significant a
problem compared to open-ocean deep waters where
total OC levels closer to 40 wM are found.

Ironically, our attempt to provide each participant
with a new CFF membrane prior to the Woods Hole
experiment brought the OC blank issue immediately
to light. It was thought that new membranes should
be used in this intercomparison to avoid complica-
tions due to membrane fouling or other artifacts
related to membrane lifetime. Many of the partici-
pants (including all the Filtron and system Z1 users)
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recetved their membranes only shortly before the
WHOI sampling and therefore could not undertake
their normal cleaning procedures. In most cases, this
cleaning entails processing > 100 | of Q-water,
acidic, basic, solvent and salt solutions through the
CFF membrane (Table 1). Some participants have
found that the use of methanol or detergents for
these cleaning steps can cause lingering OC blanks,
though in the case of Filtron membranes, an initial
rinse with 10% MeOH lowered the OC blank consid-
erably. The OC blank decreased between Woods
Hole and Hawaii, demonstrating that with continued
use, many of these systems can be rendered appre-
ciably “*cleaner’”. Nonetheless, some systems which
displayed very low OC blanks at WHOI showed
appreciable OC contamination 5 months later in
Hawaii, indicating that alterations in CFF OC blanks
can occur upon repeated use and with prolonged
storage (as documented in Gustafsson et al., 1996-this
issue).

The Q-water fluorescence blanks are relatively
smaller than the bulk OC blanks. Nevertheless, many
systems with a higher than ambient fluorescence
blank also displayed an elevated OC blank, though
this was not always the case. This result implies that
the compounds which contribute to the bulk OC
blank can at times be aromatic, perhaps associated
with the membrane materials which vary between
manufacturers. This difference between the pattern
and magnitude of the bulk OC blank and the fluores-
cence blank indicates that some fractionation of the
total organic carbon pool is possible among these
systems. A more exact determination of the organic
composition of the Q-water blanks would allow for
the identification of the specific materials and com-
ponents in these systems which contribute signifi-
cantly to the blank.

To summarize these findings, the Q-water blanks
provide a broad view of the contamination of CFF
systems but themselves are not reliable indicators of
the behavior of these systems when processing sea-
water. The variation in Q-water blanks with time
(i.e. between WHOI and Hawaii) shows that the OC
blank is not fixed. Also, the variability in the blank
between CFF systems of a given type is large,
suggesting that individual cleaning and handling pro-
tocols are critical. It is therefore important that pro-
cedural blanks be routinely evaluated and docu-

mented prior to the application of CFF to individual
seawater samples. Ultimately, Q-water OC blanks of
the magnitude found here will be a major obstacle
for getting reliable CFF results in open-ocean set-
tings, where total OC levels are only 40-70 wM.

5.1.2. Mass-balance approach

In the mass-balance approach a comparison is
made between the sum of the measured colloidal and
permeate fractions and an independent sample that
has not been ultrafiltered (ideally the pre-filtered
source waters). If the two quantities are equal, then it
is generally assumed that both contamination and
sorptive losses during CFF processing are negligible.
The advantage of this approach over the Q-water
blank lies primarily in the direct comparison of the
behavior of a realistic sample medium, i.e. seawater,
within the CFF system. In addition to testing for
leaching from the CFF system, determination of
mass balance also tests for the net removal of natural
substances by sorption to the system; something that
Q-water blanks cannot indicate. However, with the
mass-balance approach, the signal to noise ratio of
the contaminant relative to the ambient concentration
is much poorer compared to the Q-water blanks.

In the results shown in Figs. 1 and 2, one can
ecasily compare the source waters (horizontal dashed
lines) to the individual fractions and the sum of the
colloidal and permeate concentrations. In Table 4 we
also list the sum of the calculated colloidal OC and
permeate results and the source OC concentrations.
Overall, the apparent OC mass balance improved
when the CFF systems were used the second time in
the low-OC setting off Hawaii. These data suggest
that with repeated use, and in seawater media, bulk
OC contamination from the CFF system components
generally decreases, although there are some excep-
tions. In Hawaii however, total OC levels are only
41 wM, so the difference between the sum and the
source OC is often as large or larger than the calcu-
lated colloidal OC concentration. It is also evident,
that while some systems are more prone to OC
contamination, the same type of CFF systems can
have higher or lower blanks, similar to the Q-water
results. This depends presumably upon the cleaning,
preconditioning, and sample handling steps used by
the individual operator.

Fluorescence balances were much closer for many
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CFF systems. However, a few of the Amicon sys-
tems plus system Z1 had elevated permeate concen-
trations relative to the source solution (Fig. 2). In
contrast to bulk OC concentration, a net loss of
fluorescence was found in at least one seawater
sample for three systems (Al, Ol and X1). The
humic and fulvic tractions are thought to represent a
major component of colored DOM, at least in coastal
waters, and would have a high fluorescence signal
(open-ocean OC is thought to be made up of more
aliphatic compounds). The source of bulk OC con-
tamination does not generally appear to release OC
with fluorescing properties, at least for the wave-
lengths examined. Seawater Al is similar to bulk OC
with respect to the mass balances; as in many cases,
there is a clear excess of Al relative to the source
waters (Reitmeyer et al., 1996-this issue). On the
other hand, iron shows significant sorptive losses,
and was the only compound measured where a gen-
eral decrease was found in concentration in the
permeate with time. Furthermore, the CFF results of
Wen et al. (1996-this issue) provide additional evi-
dence for fractionation by CFF of certain trace met-
als.

There are three major caveats with respect to the
mass-balance approach. The first concern is that, at
best, most CFF mass balances are considered ‘‘rea-
sonable’’ if the sum and total agree within 10-20%.
If the colloidal fraction represents only 20% of the
total, then the total error on the magnitude of the
colloidal pool could be +50-100%. This concern is
not unique to CFF, but holds in general when one
size class or fraction represents only a small fraction
of the total. Some investigators report both the col-
loidal fraction as measured and as determined by
difference, while others assume that the lack of a
mass balance can be attributed specifically to sorp-
tion of colloidal compounds or dissolved solutes, and
the difference is added to the specified fraction
(Baskaran et al., 1992; Liang et al., 1996).

The second caveat when examining mass-balance
data is that when measuring bulk properties such as
OC concentration, a mass balance strictly implies
that sorptive losses and contamination sources are in
balance. The observed bulk OC recovery is therefore
the result of a combination of unknown losses and
contamination. Selective losses of specific organic
compounds would result in fractionation of the sam-

ple during the CFF process which would not be
detectable in the mass balance. Some evidence for
fractionation between systems in this intercalibration
can be seen in the absorbance results (Mopper et al.,
1996-this issue).

A final caveat is that since the permeate concen-
tration may be changing over time, the calculated
colloidal concentration will vary as a function of the
processing time or concentration factor. In effect, the
attainment of mass balances is only possible if the
calculated colloidal and permeate concentrations are
accurate relative to the starting phase distributions
(see discussion below of the time-series permeate
OC results). For Figs. 1 and 2 the average of the two
permeate samples was used to calculate the sum
concentration. Mass balances can be best compared
when an integrated permeate was collected for SW4;
and, in this case the mass balances ranged from 41 to
60 wM, or up to {9 wM greater than the source OC
(calculated for A1-A5, Table 4).

In summary, the Q-water and mass-balance ap-
proaches have advantages and disadvantages. Both
methods should be used to elucidate contamination
and /or major sorptive losses to CFF systems during
ultrafiltration. One alternative to separating contami-
nation from sorptive losses includes adding standard
molecules at realistic concentrations to the sample,
and then following their behavior in both the reten-
tate and permeate with time. Using this approach,
Gustafsson et al. (1996-this issue) have found that
sorptive losses are kinetically controlled, and time
series sampling is needed to reach a quasi-equi-
librium between the added compound and the CFF
system. Finally, it may also be possible to analyze
the cleaning solutions used between CFF processing,
to assess sorbed losses. In this case, if a significant
fraction of the compound of interest is identified,
then it is still unclear if the sorbed species were
originally dissolved or colloidal; however, closure of
the mass balance assures to a first approximation that
the system can be cleaned between samples, and that
carryover is minimal.

5.2. Retention characteristics of CFF svstems in
marine applications

One of the primary features of this intercompari-
son is the large difference in apparent retention
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characteristics of the different CFF systems when
used on natural seawater samples. Despite the range
of operating conditions (Table 1), the retention char-
acteristics of the CFF systems group according to the
manufacturer of the membrane. At both sites, the
concentration of colloidal OC retained by the CFF
systems follows the order:
Amicon > Filtron > Osmonics > Membrex
This holds for bulk OC concentration (Fig. la—d),
fluorescence (Fig. 2a-d), Fe and Al (Reitmeyer et
al., 1996-this issue), organic nitrogen, organic phos-
phorus (Bauer et al., 1996-this issue), Cu, Ni and Cd
(Greenamoyer and Moran, 1996-this issue), and opti-
cal properties (Mopper et al., 1996-this issue). Sys-
tem Z1 (Desal) also had high retention, similar to the
Amicons at Woods Hole (Table 4), but the high OC
mass balances and limited study of this system pre-
clude further discussion at this time.

Given these large differences in apparent cut-offs,
a CFF experiment was conducted with a standard
molecule of known size (3-kD). The details of this
experiment are described in the companion paper by
Gustafsson et al. (1996-this issue). A fluorescing
dextran carbohydrate standard was added in sub-M
carbon equivalent concentrations to the prefiltered
Hawaii samples. The same qualitative pattern of high
retention by the Amicon systems was observed, with
the two Amicon systems tested retaining 33% (A4)
and 75% (A1) of the 3-kD standard using the 1-kD
membrane. Retention of the 3-kD standard was only
21%, 14% and 5% on average, for the Filtron,
Osmonics and Membrex CFF systems, respectively.
This experiment also pointed out the potential for
large sorptive losses by each of the CFF systems
(ranging from 5% to 70%; see discussion in Gustafs-
son et al., 1996-this issue). One additional study
conducted outside of this intercomparison using stan-
dard molecules suggested that the retention charac-
teristics of the Amicon membrane are more consis-
tent with the rated 1-kD cut-off (Guo and Santschi,
1996-this issue), although different protocols were
used than in Gustafsson et al. (1996-this issue). As
seen in other CFF studies, there is also evidence
(Guo and Santschi, 1996-this issue) for the retention
of standard molecules with a molecular weight
smaller than the rated cut-off.

The rating systems for CFF cut-offs are not uni-
form between manufacturers, and thus some varia-

tions might be expected, even between different
batches or across membranes of different designs
within one company. For example, Amicon defines
the membrane cut-off using globular proteins and a
90% retention criteria, while Osmonics uses dextran
standards and a loosely-applied 80% rejection crite-
rion. In all cases, it is clear that the manufacturers’
testing procedures reflect the needs of their major
users in the industrial and biomedical communities.
Retention coefficients are determined at high trans-
membrane pressure (50—100 psi or 345-690 kPa)
and very high standard concentrations (3 g/1 for
Osmonics). The behavior of the same membrane for
compounds at < pM levels is expected to be differ-
ent (e.g., Buffle et al., 1992). Theoretical and experi-
mental data suggest that some compounds will react
with the membrane, thus leading to chemical frac-
tionation for a natural sample composed of a hetero-
geneous assembly of macromolecules and trace-metal
ligands (Gustafsson et al., 1996-this issue; Wen et
al., 1996-this issue). Ionic strength effects and ter-
tiary molecular structure play a role as well (Staub et
al., 1984; Kiichler and Miekeley, 1994).

The retention characteristics and behavior of CFF
systems in seawater media clearly must be better
understood, prior to making any determination of the
true sample size distribution based upon CFF data.
Defining the cut-off properties of a given membrane
in seawater with realistic standard molecules pre-
sents a challenge (Guo and Santschi, 1996-this issue;
Gustafsson et al., 1996-this issue). Given the evi-
dence of batch to batch variations in membrane
characteristics (Buffle et al., 1992), and the potential
tor fouling or aging effects on these membranes,
progress in this area is critical. The characterization
of new membranes for marine applications is also
needed, as well as the standardization of each system
as frequently as is practical, including perhaps the
addition of an internal standard to each sample.

5.3. Changes in permeate concentration with time

When the permeate was sampled at a concentra-
tion factor of 2 and at the end of the ultrafiltration
run we often detected an increase in permeate OC
concentration (see ¢f=2 and cf=final permeate
data in Fig. la—d). One implication is that as the
sample is processed. fractionation is occurring, as
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macromolecules initially retained by the membrane
are passing through the membrane at higher concen-
tration factors. This feature is more clearly demon-
strated in our time-series permeate experiment (Fig.
4a-m). Any compound with a retention coefficient
between zero (i.e. passes completely through the
CFF membrane) and slightly less than one (fully
retained) will be affected by this process. To main-
tain a mass balance, the concentration in the perme-
ate must increase as the concentration in the retentate
loop increases. This process might be expected to be
most obvious for those systems with the highest
retention (i.e. Amicon). The breakthrough process is
not an artifact per se, but a consequence of CFF
processing that needs to be included in our interpre-
tation of CFF results.

The changing permeate concentration as a func-
tion of ¢f has received considerably more attention
in the CFF membrane sciences literature and fresh-
water applications than in marine studies. For single
LMW molecules with a constant permeation coeffi-
cient of < 1 (permeation coefficient = 1 — RC), the
time varying breakthrough of compounds in the per-
meate can be predicted, if sorption is negligible and
the retention characteristics at the membrane remain
constant (Logan and Jiang, 1990; Kilduff and Weber,
1992). When these conditions hold, the true initial
concentration of single LMW solutes can be calcu-
lated from appropriate time-series permeate data.
Guo and Santschi (1996-this issue) apply such a
simple permeation model to standard molecule and
bulk OC data from their Amicon system. These
researchers conclude that the increase in OC is re-
lated to the retention of LMW compounds, and that
CFF experiments should be concluded at high con-
centration factors (> 100), in order to obtain a more
accurate estimation of the true in situ colloid abun-
dances. However, with a high c¢f, the assumption of
a constant RC is not likely and other artifacts may
occur (Buffle et al., 1992; Kilduff and Weber, 1992).

It is obvious that time-series permeate results,
such as shown here in Fig. 4a—m, are needed to
understand permeation dynamics. Although higher
frequency sampling would be desirable, one can
already see a number of different permeation pat-
terns in the Amicon time-series data that cannot be
predicted from the simple permeation models of
Logan and Jiang (1990) or Kilduff and Weber (1992).

For example, some permeate OC concentrations first
decrease, then increase (A4); alternatively, there is
no change in OC concentration in some portion of
the permeation curve (below ¢f=3.5 for Al, and
above ¢f =3 for A3); and overall, there are signifi-
cant differences in the slopes of these curves as well
(A5 vs. rest). Given these time-series data, one can-
not be confident that RC remains constant or that
sorption /contamination is negligible in these CFF
systems, a required condition for applying these
existing models.

Measurements such as HTC-OC represent the av-
erage properties of a wide variety of organic com-
pounds with differing physicochemical properties and
sizes. These separate compounds would be expected
to respond in different ways to the build up of OC
concentration in the retentate loop and on the CFF
membrane. Logan and Jiang (1990) point out that for
a mixture of compounds, the concentration of mate-
rial smaller than the membrane cut-off will be under-
estimated if a standard permeation model with a
composite permeation coefficient is used. It is there-
fore not clear how well the observed concentration
changes in the permeate of bulk properties, such as
OC, can be used to accurately predict the original
size distribution of the original sample, even in an
ideal CFF system.

CFF systems with a sharper cut-off in the reten-
tion characteristics of both HMW and LMW com-
pounds would tend to minimize breakthrough effects.
In addition, concentration breakthrough may be min-
imized in those set-ups (O1, 02, O3 and AS5) where
a fixed volume retentate loop is continually topped-
off with the larger volume of sample solution. This
technique is essentially a modification of difiltration
processing to remove salts, in which the sample
volume is maintained by the continuous addition of
fresh waters during ultrafiltration. Such techniques
will minimize the effects of concentration polariza-
tion (Kilduff and Weber, 1992) and eliminate the
need for secondary storage containers.

5.4. Calculation of colloidal abundances

If the permeate concentrations are changing with
¢f then it must be acknowledged that the apparent
colloidal /dissolved partitioning can be strongly af-
fected by the manner in which the permeate stream
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is sub-sampled. In other words, the final ¢f, and
whether or not the permeate is sampled at a discrete
point in time or as the volume-integrated average
permeate, will alter the calculated colloidal concen-
trations. In this study, there was only a 0-3 pM
difference if the colloidal OC concentrations were
calculated from the average of the two discrete per-
meate samples (collected at ¢f = 2 and c¢f = final) or
from the integrated permeate sample (Table 4, SW4).
In practice, if only a single permeate sample can be
collected. then an integrated permeate sample tis
preferred (Guo and Santschi, [996-this issue). For
large volume processing (> 100 D it is not always
practical to collect the entire permeate fraction in an
appropriately clean vessel; hence, at a minimum,
subsamples must be taken over time to determine the
integrated, or volume-adjusted permeate concentra-
tions. An additional approach suggested by Mopper
et al. (1996-this issue), would be continuous moni-
toring of the permeate stream, which may be possi-
ble for at least fluorescence and absorbance proper-
ties.

In many previous studies, colloidal abundances
have been calculated by ditference. Using the mea-
sured source water OC concentration minus the inte-
grated permeate OC concentration for the Amicon
systems for SW4 results in colloidal OC concentra-
tions of 1-13 wM, or as much as 10-19 WM lower
than concentrations calculated using the measured
integrated permeate and retentate data. Essentially,
when either the permeate or retentate concentration
and the measured total concentration plus ¢f are
known, colloidal concentrations can be estimated
using a difference approach:

[X]mlul = [X]PC”" + [X]wll
- [X]pcrm + ([ X]rcl - [X ]pcrm )/(f
Unfortunately, if one fraction is calculated by differ-

ence, this precludes the mass-balance check for con-
tamination.

6. Recommendations

6.1. Cleaning and preconditioning

It is clear from the intercomparison results, that
OC contamination from the CFF membranes and

associated ultrafiltration hardware is initially quite
high, but can be reduced by flushing with copious
quantities of solution. A single set of cleaning condi-
tions and solutions cannot be recommended for ev-
ery system; however, warm or room temperature
dilute solutions of sodium hydroxide, inorganic acids,
laboratory detergents, organic solvents and 1-2 M
salt solutions and seawater have all been used. In the
initial cleaning of any CFF membrane, > 10 1 of
cleaning solution per square foot of membrane must
be flushed through the system. It is important to
check the specific manufacturers cleaning recom-
mendations, as exceeding the pH limits or using
incompatible chemicals during cleaning can perma-
nently alter the retention characteristics of the mem-
brane. It must be emphasized that high-OC or Fe
blanks may alter the distribution of other trace ele-
ments such that, at a minimum, a system should be
shown to be clean for major OC and trace-metal
contaminants. Though not tested in detail here, other
investigators have found evidence of continuous
leaching of contaminants, which necessitates contin-
uous monitoring of the CFF system blanks and regu-
lar cleaning between samples, even after short-term
storage (Gustafsson et al., 1996-this issue). For
long-term storage, cartridges should remain wet,
preferably filled with Q-water and a bacteriostat such
as 0.2% sodium azide, or stored at high or low pH
and if possible under refrigeration to reduce bacterial
growth.

Preconditioning with the prefiltered sample solu-
tion is also recommended, both to reduce contamina-
tion of extractables from the system, and potentially
to minimize sorptive losses to the membrane and
other surfaces. The details of preconditioning were
not studied however, and the effect of precondition-
ing on the build-up of the concentration polarization
layer is not well understood. Using time-series sam-
pling, one may be able to evaluate the precondition-
ing volume required for a given application. As
shown by Gustafsson et al. (1996-this issue) how-
ever, the approach to a steady-state condition may
require more time, and hence volume, depending
upon the specific chemistry of the compound of
interest. Following preconditioning, the CFF system
should be completely drained, and CFF processing
should begin immediately.

At the end of processing, some of the participants
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suggested that the permeate line should be closed off
and the retentate solution rapidly recirculated to en-
hance recovery of colloidal material off the CFF
membrane. The system should be drained as well as
possible. Failure to drain the CFF system completely
can lead to cross contamination between samples and
inaccurate accounting of volumes needed for deter-
mining the concentration factor and mass balances.

Mass balances and Q-water blanks are required to
identify major contamination artifacts. However, the
Q-water blank cannot be applied directly for correct-
ing for OC contamination when processing seawater.
The demonstration of a mass balance, particularly
when the colloidal abundances are low, is not a
sensitive indicator of contamination, and it must be
remembered that contamination and sorptive losses
may be co-occurring. However, a negative result for
the mass balance indicates a large artifact some-
where in the processing steps, which may be reduced
with proper preconditioning or cleaning. For future
studies, a low or near-zero OC artificial or UV-
irradiated seawater medium would prove quite useful
in quantifying CFF blanks.

6.2. Time-series sampling

Many of the artifacts associated with CFF only
become apparent with time-series sampling. This
includes the determination of appropriate cleaning
and preconditioning volumes and the characteriza-
tion of the extent of apparent breakthrough. Time-
series experiments are required to determine the best
sampling window within which to operate for a
given set of conditions and compounds of interest. In
addition, for mass balances and for the correct deter-
mination of the dissolved solute and colloidal frac-
tions, time-series sampling of the permeate, or the
collection of a volume-integrated permeate sample is
required (Guo and Santschi, 1996-this issue). Though
not tested here, time-series sampling of the retentate,
such as performed by Gustafsson et al. (1996-this
issue) for bulk OC, specific hydrocarbons and col-
loid standards, is also encouraged, particularly for
compounds which can be analyzed in small volumes.
Retentate concentrations higher than those predicted
from the concentration factor can indicate contami-
nation within the retentate loop which is masked in
the final calculation of colloidal abundances and

mass balances. Any permeation model applied to
natural systems must be reconciled with both stan-
dard molecule results and natural abundance mea-
surements, using time-series sampling from both the
permeate and retentate lines. At a minimum, re-
searchers should state explicitly in each application
of CFF how and when the permeate and retentate
lines were sampled.

6.3. Standard molecule experiments

Though not a focus of this intercomparison exer-
cise, the tracer experiment using a dextran colloid
standard confirmed the field data with respect to the
relative cut-offs of the membranes and in addition
identified sorptive losses (Gustafsson et al., 1996-this
issue). Since the manufacturers test and rate the
effective cut-offs of each CFF membrane under con-
ditions that are not comparable to natural environ-
mental applications, each CFF system should be
tested for its ability to retain standard molecules of
known size and chemical properties under realistic
operating conditions (Guo and Santschi, 1996-this
issue; Gustafsson et al., 1996-this issue). These tests
should be conducted using prefiltered seawater or
appropriate carrier medium, and the standards should
be added at ambient concentration levels. A range of
naturally occurring compound classes should ideally
be tested, as specific interactions with the membrane
may affect the retention characteristics. A wide vari-
ety of fluorescent labeled compounds are available,
and in many applications may prove suitable. Once
the retention characteristics of a given CFF system
are documented, it may be possible to monitor
changes with time under differing operating condi-
tions using the addition of single or multiple stan-
dards to each sample or between applications.

6.4. Better documentation of operating conditions

A final recommendation for each and every appli-
cation of CFF to natural samples is that the user
should carefully document and report the experimen-
tal design and operating conditions used. These vari-
ables should include a record of: transmembrane
pressure; permeate flow with time and total recircu-
lation flows; sample volumes; the sequence and
specifics of any time-series sampling; detailed de-
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scription of all CFF system materials and reservoir
volumes; results of any Q-water blanks or mass
balances; total processing time and temperature;
cleaning and preconditioning steps; and prefiltration
details. Replication in the field should be encouraged
when using a single membrane and especially when
switching membranes during field sampling.

7. Summary and conclusions

CFF has been increasingly used to isolate marine
colloids, and the results of these investigations sug-
gest that marine colloids are an abundant and poten-
tially important component in marine biogeochemi-
cal cycles. The challenge today is to move towards a
more detailed understanding of the quantity and
qualitative characteristics of colloids in an effort to
better understand their behavior. As a first step in
this direction, we set out to test whether CFF sys-
tems behaved in a well-defined and operationally
reproducible manner using natural seawater. The re-
sults suggest that there are large differences in the
quantity of colloidal material isolated by CFF sys-
tems, depending upon the specific membrane used,
and to a lesser extent, on the operating protocols. At
present, the consistency of results between samples
within any single system is often good. However,
even between nearly identical systems from the same
manufacturer, the variability in the quantity of col-
loidal OC isolated can be as high as a factor of > 3.
Even greater differences were found between differ-
ent manufacturers’ CFF systems. For example, data
from the Amicon systems indicated relatively high
colloidal OC abundances in the intermediate waters
off Hawaii (15-67% COC), whereas data from any
of the other CFF systems indicated essentially no
colloidal OC in these same samples (< 4% COC).

No consensus was reached regarding a single
system that could be recommended for all users,
although some systems seemed to be plagued with
generally higher OC blanks and low retention rela-
tive to the membrane’s rated cut-off. Within a single
group of systems, there were clearly operational
practices that improved performance and minimized
blanks and other obvious artifacts. There is some
indication that the composition of the colloidal mate-
rial also varied among CFF systems, so fractionation

is considered likely, at least with respect to trace
constituents with differing chemical properties.
Time-series sampling demonstrated that variations in
permeate concentration need to be considered.

CFF will continue to be used in marine studies as
it remains the only practical method for processing
large volume samples in order to extract colloidal
material for chemical analyses or biological experi-
mentation. The results of this intercomparison show
that caution is in order. Work must continue to better
characterize the properties of CFF systems before
they are more broadly applied in oceanographic stud-
ies (Guo and Santschi, 1996-this issue; Gustafsson et
al., 1996-this issue; Wen et al., 1996-this issue). This
should include careful studies with standard com-
pounds at ambient concentration in seawater media.
Permeation models applicable to natural compound
assemblages need to be developed and tested. Future
studies are also required to determine the effect of
manipulating operating parameters on the separation
process. Much can be learned from previous experi-
ments and studies outside of oceanography. How-
ever, given the low concentration of colloids and
solutes and high salinity conditions of marine sam-
ples, independent confirmation of the applicability of
these results to marine studies is needed. Comparison
of time-series CFF results to other techniques (ultra-
centrifugation; field-flow fractionation) might lend
more confidence in these methods. Scientists will
need to ask themselves if CFF is an appropriate tool
to answer the questions they pose in their research.
Ultimately, intercomparison studies must give way to
true intercalibration work. The experiment outlined
here and the results represented in this issue are one
step in this direction.
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