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a  b  s  t  r  a  c  t

Colloidal  retention  characteristics,  recovery  and  size  distribution  of model  macromolecules  and  natural
dissolved  organic  matter  (DOM)  were  systematically  examined  using  an  asymmetrical  flow  field-flow
fractionation  (AFlFFF)  system  under  various  membrane  size  cutoffs  and carrier  solutions.  Polystyrene
sulfonate  (PSS)  standards  with  known  molecular  weights  (MW)  were  used  to determine  their  perme-
ation  and  recovery  rates  by  membranes  with  different  nominal  MW  cutoffs  (NMWCO)  within  the  AFlFFF
system.  Based  on  a ≥90%  recovery  rate  for PSS  standards  by  the AFlFFF  system,  the  actual  NMWCOs  were
determined  to be 1.9  kDa  for the 0.3  kDa  membrane,  2.7 kDa  for  the  1  kDa  membrane,  and  33  kDa  for
the  10  kDa  membrane,  respectively.  After membrane  calibration,  natural  DOM  samples  were  analyzed
with the  AFlFFF  system  to  determine  their  colloidal  size  distribution  and  the  influence  from  membrane
NMWCOs  and  carrier  solutions.  Size  partitioning  of DOM  samples  showed  a predominant  colloidal  size
fraction  in  the <5 nm  or <10  kDa  size  range,  consistent  with the  size  characteristics  of  humic substances
as  the  main  terrestrial  DOM  component.  Recovery  of  DOM  by the  AFlFFF  system,  as  determined  by  UV-
absorbance  at 254  nm, decreased  significantly  with  increasing  membrane  NMWCO,  from  45%  by the
0.3 kDa  membrane  to 2–3%  by  the  10 kDa  membrane.  Since  natural  DOM is mostly  composed  of  lower
MW  substances  (<10 kDa)  and  the  actual  membrane  cutoffs  are  normally  larger than  their  manufacturer
ratings,  a  0.3  kDa membrane  (with  an actual  NMWCO  of  1.9  kDa)  is  highly  recommended  for  colloidal  size

characterization  of  natural  DOM.  Among  the  three  carrier  solutions,  borate  buffer  seemed  to  provide  the
highest  recovery  and  optimal  separation  of DOM.  Rigorous  calibration  with  macromolecular  standards
and  optimization  of  system  conditions  are  a prerequisite  for  quantifying  colloidal  size  distribution  using
the  flow  field-flow  fractionation  technique.  In addition,  the  coupling  of AFlFFF  with  fluorescence  EEMs
could  provide  new  insights  into  DOM  heterogeneity  in  different  colloidal  size  fractions.
. Introduction

Natural dissolved organic matter (DOM) in aquatic systems is
ne of the largest reduced carbon pools and plays an important role
n the biogeochemical cycling of carbon, nutrients, trace metals and
rganic contaminants [1–5]. The bulk DOM is a heterogeneous mix-
ure containing both dissolved and colloidal organic matter with

 range of sizes or molecular weights and chemical characteristics
6–8]. Colloids have been shown to comprise a considerable fraction
f the bulk DOM and to act as the intermediary between dissolved
nd particulate phases, critically regulating the fate, transport and

ioavailability of organic and inorganic chemical species in aquatic
ystems [9–11]. Nevertheless, knowledge on size distribution and
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chemical composition of dissolved and colloidal organic matter
remains scarce.

The applications of ultrafiltration techniques have advanced our
understanding of aquatic colloids [12,13]. However, ultrafiltration
only gives a single cutoff separation for a specific colloidal size
fraction. Flow field-flow fractionation (FlFFF), on the other hand,
is able to provide continuous size separation and characterization
of colloidal materials [14]. The FlFFF instrument mainly consists of
a separation chamber and an ultrafiltration membrane installed on
the bottom of the channel. The pore size of the ultrafiltration mem-
brane represents the lower-cutoff of the analyzed colloids [15]. The
perpendicular cross flow is applied to provide a retention field.
Based on the diffusion coefficients, which can be deferred to the
sizes given calibrated correlation between size and diffusion coef-

ficient, of colloids, they are equilibrated at corresponding positions
in the retention field [16]. Since the thickness of the FlFFF channel
is in the order of a few hundred �m,  the channel flow is parabolic,
eluting materials distributed at different perpendicular positions
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Fig. 1. Flowchart for sample analysis using the asymmetrical flow field-flow
fractionation (AFlFFF) system. Our AFlFFF system was  coupled online with a UV-
absorbance detector set at 254 nm (UV254), two fluorescence detectors set at Ex/Em
350/450 nm for humic-like (Fluo350/450) and Ex/Em 275/350 nm for protein-like
(Fluo275/340) DOM, respectively, and a multi-angle light scattering (MALS) detector
to  examine the size of DOM, as well as off-line with a spectrofluorometer to acquire
4 Z. Zhou, L. Guo / J. Chrom

t different time [17]. Essentially, smaller colloids are eluted faster
ue to their larger diffusion coefficient and ability to diffuse fur-
her against the retention field, while larger colloids would be
luted later [18]. When coupled with online detectors, FlFFF could
rovide simultaneous separation and characterization of aquatic
olloids and nanoparticles [14,19,20]. Due to its easier maintenance
nd handling and see-through channel [21–23], asymmetrical FlFFF
AFlFFF) has been widely used in colloidal characterization of natu-
al DOM in aquatic environments, including seawater [24–26], river
ater [27,18,28], soil [29], and others [23].

Using FlFFF, previous studies have reported size distributions
nd composition of natural DOM, with MWs  ranging from a few
undred to a few thousand Dalton (Da) and organic molecules

rom uric acids to humic materials and proteins [30–33]. Inter-
stingly, eluted colloidal organic matter from FlFFF channel could
till contain DOM with MWs  smaller than the membrane nominal
olecular weight cutoff (NMWCO), as shown in many previ-

us studies, which have been attributed to electrostatic repulsion
15–17,34,35]. On the other hand, recoveries of DOM by FlFFF sys-
ems are generally much lower than 50% even under optimized con-
itions [36,26], indicating that a great proportion of DOM could be

ost, most likely through the membrane during the on-channel pre-
oncentration (sample focusing) process. Furthermore, different
embranes with different NMWCOs and membrane materials have

een used in different FlFFF systems, making data interpretation
nd comparisons between studies difficult. Quantitative under-
tanding of retention and permeation characteristics of colloidal
nd macromolecular organic matter during FlFFF separation under
ifferent membranes and other system settings is largely lacking.

In the present study, polystyrene sulfonate (PSS) standards with
nown MWs  were used to determine their permeation and rejec-
ion characteristics by membranes with different NMWCOs and
n turn to calibrate the membrane’s NMWCO  within our AFlFFF
ystem. Using the well-calibrated membranes, the recovery rates
nd colloidal size distribution of model macromolecular standards
nd natural DOM samples were then quantitatively evaluated to
xamine the effect of membrane MWCOs. In addition, the effect of
ifferent system settings such as membranes and carrier solutions
different pH, matrix and ionic strength) were examined for opti-

ization of the AFlFFF system and characterization of natural DOM.
he AFlFFF system was further coupled off-line with the fluores-
ence excitation-emission matrix (EEM) technique to evaluate the
eterogeneity in DOM characteristics among different size ranges.

. Materials and methods

.1. Instrumentation, membrane, and flow setting

A flowchart showing procedures using our AFlFFF system
AF2000, Postnova, Salt Lake City, UT) is shown in Fig. 1. Our AFlFFF
ystem was coupled online with a UV-absorbance detector (SPD-
0A, Shimadzu, Tokyo, Japan) set at 254 nm and two  fluorescence
etectors (RF-20A, Shimadzu, Tokyo, Japan) with Ex/Em wave-

engths at 350/450 nm and 275/340 nm,  respectively, to provide
ize distribution of colloids targeting at chromophoric, humic-
ike and protein-like DOM, respectively (Fig. 1). Another online
etector, a multi-angle light scattering (MALS) detector (AF2000,
ostnova, Salt Lake City, UT), was also used to provide additional
nformation for colloidal size partitioning. Furthermore, our AFlFFF
ystem was coupled offline with a 3D fluorescence spectropho-
ometer to examine DOM composition change among different

olloidal size fractions through their excitation-emission matrices
Fig. 1). Hereafter, the word “fractogram” is adopted to refer to the
etected signals as a function of the retention time from AFlFFF
nalysis [37,38,28].
fluorescence excitation-emission matrices (EEMs) data.

Three membranes with different manufacturer-rated NMWCOs
were used with our AFlFFF system for membrane calibration and
sample analysis, including the 0.3 kDa polyether sulfone, 1 kDa
polyether sulfone, and 10 kDa regenerated cellulose membranes
(all from Postnova, Salt Lake City, UT). For measurements of macro-
molecular standards and samples, a 1 mL  injection volume was
consistently used for on-channel pre-concentration of samples.
During the pre-concentration, dissolved and colloidal organic mat-
ter with size larger than the membrane cutoff should be retained
by the membrane and later being eluted to the detectors, and
the permeable fractions should penetrate through the membrane
being carried to waste. Table 1 lists the flow settings of the AFlFFF
system used with different membranes. Notice that flow settings
between the 0.3 kDa and the 1 and 10 kDa membrane systems
were slightly different. These flow rates provided >95% recovery of
macromolecular standards and optimal colloidal separation in the
size range of 0.5–40 nm with ∼50 min  fractionation time. Initially,
a 15 mmol  L−1 NaCl(aq) solution was  used as the carrier solution
during membrane NMWCO  calibration. In order to examine the
effect of carrier solutions on the recovery of DOM by the AFlFFF sys-
tem, three carrier solutions were tested: 1) 15 mmol L−1 NaCl(aq)
with pH = 6; 2) 15 mmol  L−1 NaCl(aq) with pH = 8 (adjusted with
NaOH); and 3) a mixed solution with 10 mmol L−1 NaCl(aq) and
5 mmol  L−1 H3BO3(aq) and pH of 8 (adjusted with NaOH), which
were denoted as Carrier 1, Carrier 2, and Carrier 3, respectively
(Table 2). Sodium chloride was purchased from Fisher Scientific
(99.8%, Fair Lawn, NJ). Boric acid was  from Amresco Inc. (ACS Grade,
Solon, Ohio). Sodium hydroxide was  acquired from VWR  Interna-
tional, LLC. (ACS Grade, Radnor, PA). Ultrapure water was prepared

from building-based osmosis-deionized water through a Purelab
flex water system (ELGA Labwater LLC., UK). The final E-pure water
had a conductivity of 18.2 M�  and a TOC concentration of 1 ppb or
1 �g-C/L.
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Table  1
Flow settings used for the AFlFFF system.

Tip (mL/min) Focus (mL/min) Cross (mL/min) Detector (mL/min)

For 1 kDa and 10 kDa membranes
Focusing step 0.20 4.30 4.00 0.50
Elution step 4.50 4.00 0.50

For  0.3 kDa membrane
Focusing step 0.10 2.10 1.50 0.70
Elution step 2.20 1.50 0.70

Table 2
A list of carrier solutions used.

Composition pH Ionic strength (mmol L−1)
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Carrier 1 15 mmol  L NaCl(aq)
Carrier  2 15 mmol  L−1 NaCl(aq), pH = 8 (adjusted with NaOH)
Carrier  3 10 mmol  L−1 NaCl and 5 mmol  L−1 H3BO3(aq), pH = 8 (a

.2. Calibration of AFlFFF system and membrane cutoff

A series of protein standards (all from Sigma Aldrich, St. Louis,
O)  with known MWs  and diffusion coefficients, as listed in

able 3, were used to calibrate the AFlFFF system and to estab-
ish a relationship between system retention time and diffusion
oefficient of colloids under chosen instrument conditions, such as
embrane MWCOs, carrier solutions and flow settings. Based on

he established relationship, the retention time of macromolecules
r natural DOM can be readily converted to diffusion coefficient and
ater hydrodynamic diameter using the Stokes law ([26] and refer-
nces therein). Further, a series of PSS standards (Scientific polymer
roducts, Inc., Ontario, NY) with known MWs  (Table 3) were used to
stablish a relationship between determined diffusion coefficients
nd MWs  following the equation below:

 = AM−b

here D is diffusion coefficient, M is molecular weight and A and
 are constants for a particular sample-solvent system [15,14].
ased on this relationship, MWs  could be converted from diffu-
ion coefficients to obtain samples’ colloidal size distribution in
erms of molecular weights. Quinine sulfate (Sigma Aldrich, St.
ouis, MO)  solutions ranging from 0 to 100 ppb were used to quan-
ify the concentration of macromolecules or natural DOM samples,
xpressed in quinine sulfate equivalent units (ppb-QSE), converted
rom detectors’ signal intensity [28,39].

For membrane’s MWCO  calibration, a series of PSS standards

nd Rhodamine B (Sigma Aldrich, St. Louis, MO), as listed in Table 3,
ere used to examine their permeation and rejection characteris-

ics by each AFlFFF membrane and to determine each membrane’s
pparent NMWCO  based on a ≥90% recovery rate [40,41]. The

able 3
 list of protein standards (all from Sigma Aldrich, St. Louis, MO)  used for calibrating the
ynamic diameter) and Rhodamine B (Sigma Aldrich, St. Louis, MO)  and polystyrene sulfon
f  membrane’s molecular weight cutoff (MWCO, based on a ≥90% recovery) of the AFlFFF

Protein Molecular weight (Dalton) Hydrodynamic diamet

Cytochrome C 12,400 3.302 

�-Chymotrypsinogen A 25,000 4.528 

BSA  66,000 6.979 

Ferritin 443,000 11.89 

Thyroglobulin 669,000 16.45 

Rhodamine B 479 – 

PSS  1.6 1640 – 

PSS  4.9 4950 – 

PSS  16 16,000 – 

PSS  34 34,700 – 

PSS127 127,000 – 

PSS  505 505,100 – 
6 15
8 15

d with NaOH) 8 10.3

recovery or retention rate (R%) was determined by normalizing sig-
nal peak area of a fractionation sample-run (A), where there was  a
focusing process and the cross-flow field was applied for reten-
tion, to that of a non-fractionation sample-run (A0), where focus
flow and cross flow were absent and only tip flow was applied (e.g.
[42]), as in the equation:

R% =
(

A

A0

)
× 100%

2.3. Measurements of natural DOM samples

After the calibration of the AFlFFF system and membrane, a
mixture of PSS standards was first used to demonstrate sequen-
tial elution and separation of colloids, including 1.6 kDa PSS
(53 mg  L−1), 16 kDa PSS (36 mg  L−1), 127 kDa PSS (60 mg  L−1), and
505 kDa PSS (113 mg  L−1). Two  soil DOM samples (SDOM-A and
SDOM-B) were measured with the AFlFFF system using the three
different membranes to examine their colloidal size distributions
and the effect of membrane NMWCO  on the recovery of DOM from
the AFlFFF system. Both soil leachates were acquired by leaching
∼100 g of each soil with ∼500 mL  of 18.2 M� pure water overnight,
and then filtered through pre-combusted 0.7 �m glass-fiber filters
(GF/F, Whatman, Piscataway, NJ) before measurements. In addi-
tion, the PSS mixture and a riverine water sample were analyzed
to examine the effect of carrier solutions on the recovery rate and
elution time of PSS and natural DOM. The river water sample was
filtered with 0.4 �m polycarbonate Nuclepore filters (Whatman,

Piscataway, NJ) and the filtrate was  collected for AFlFFF analysis.

During the analysis of soil DOM sample (SDOM-B) on the
AFlFFF system, size-fractionated samples were also collected at
three different colloidal size ranges at the 0.5–4 nm,  4–8 nm and

 AFlFFF system (conversion of retention time into diffusion coefficient and hydro-
ate (PSS) standards (Scientific Polymer Products, Inc. Ontario, NY) for the calibration

 system (conversion of diffusion coefficient into molecular weight).

er (nm) Diffusion coefficient (m2 s−1) Purity or grade

1.3 × 10−10 ≥95%
9.5 × 10−11 6×crystallization
6.2 × 10−11 ≥98%
3.6 × 10−11 Saline solution sterile-filtered
2.6 × 10−11 ≥90%
– ≥95%
– –
– –
– –
– –
– –
– –
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Fig. 3. Simultaneous separation of macromolecular PSS mixture, including 1.6 kDa
6 Z. Zhou, L. Guo / J. Chrom

55 nm for the acquisition of EEM data using a spectrofluorometer
Fluoromax-4, Horiba Scientific, Edison, NJ) following procedures
escribed in [43].

.4. Statistics

Non-linear regressions between the molecular weights of stan-
ards and their recovery rates were performed using Sigma-Plot
oftware (Systat Software, Inc., San Jose, CA). Fitted equations with
he highest r-squared values and lowest standard errors of esti-

ates were finally chosen, which are exponential rise to maximum,
ouble, 5 parameter for data for the 0.3 kDa membrane, hyperbola,
ingle rectangular I, 3 parameter for 1 kDa and exponential rise to
aximum, single, 3 parameter for 10 kDa sample sets.

. Results and discussion

.1. Relationship between retention time and macromolecular
izes

Separation and overall performance of the AFlFFF system with
ifferent membranes were calibrated using a series of protein stan-
ards and mixed PSS macromolecules (Table 3). Linear correlations
etween the retention time and reciprocal of diffusion coefficient
f protein standards were established for all three membranes,

ncluding the 0.3 kDa polyether sulfone (r2 = 0.997, p < 0.0001),

 kDa polyether sulfone (r2 = 0.945, p = 0.0005), and 10 kDa regen-
rated cellulose (r2 = 0.992, p < 0.0005) membranes (Fig. 2). These
esults indicated that the AFlFFF system indeed responded linearly

ig. 2. Correlations between retention time of protein standards and reciprocal of
heir diffusion coefficient for three different membranes, including the 0.3 kDa and

 kDa polyether sulfone membranes (PSE), and the 10 kDa regenerated cellulose (RC)
embrane.
PSS (53 mg L−1), 16 kDa PSS (36 mg L−1), 127 kDa PSS (60 mg L−1), and 505 kDa PSS
(113 mg L−1), by the AFlFFF system using a 0.3 kDa PES membrane showing contin-
uous elution of different sized colloids under optimal flow settings.

between retention time and reciprocal of diffusion coefficient or
hydrodynamic diameter of macromolecules over the size range
between 3 nm and 16 nm,  conforming to the FlFFF theory. Thus,
reliable performance, separation and size determination in this size
range could be achieved.

To further demonstrate the ability of the AFlFFF system under
assigned settings to perform continuous size separation of colloidal
macromolecular materials, a mixture of macromolecular standards
consisting of 1.6 kDa, 16 kDa, 127 kDa, and 505 kDa PSS (Table 3)
was analyzed using the AFlFFF equipped with the 0.3 kDa mem-
brane under experimental settings listed in Table 1. Notice that
the PSS standards used here all have a MW (1.6–505 kDa) well
above the membrane’s NMWCO  of 0.3 kDa. As shown in Fig. 3, the
four PSS standards were sequentially eluted and separated follow-
ing their orders of hydrodynamic diameter and molecular weight.
However, in the fractogram the first peak of the 1.6 kDa PSS was
not clearly separated from the void peak, likely resulting from over-
loading effect due to the injection of high concentration mixed PSS
standards. With analyzed samples that are low in concentrations,
the separation from the void peak became clear (see fractograms
in Figs. 6 and 8). Secondly, peaks of the 127 kDa and 505 kDa PSS
appeared less symmetrical comparing from the smaller standards
in the fractogram, likely due to the relatively extended interactions
between the PSS standards and the ultrafiltration membrane dur-
ing their separation process. The same asymmetrical fractogram
of 505 kDa PSS standard was  also present when analyzed alone
and when analyzed using different membranes and flow rates (data
not shown). To minimize the adverse effects from the interactions
between analytes and/or between analytes and the membrane, one
could tune the AFlFFF system settings to target on the larger col-
loidal size within a narrower size window, thus shortening the time
of analysis and lessening the interaction between colloids and the
membrane. Overall, the AFlFFF system operated under the assigned
flow settings and the specific membrane (0.3 kDa here) seems capa-
ble of simultaneous separation and characterization of samples
containing complex mixture of macromolecular substances and
thus natural dissolved and colloidal organic matter. These optimal
system settings and conditions were then used for further calibra-
tion and sample analysis reported in the following sections.

3.2. Retention characteristics of macromolecular organic matter

by AFlFFF system with different membranes

A series of PSS standards were analyzed with the AFlFFF sys-
tem to examine their retention characteristics and to determine
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 kDa (middle panel) and 10 kDa (lower panel) membranes. Recoveries at 90% are
sed to derive membrane’s apparent MWCO  (see Table 3).

he membranes’ apparent MWCOs and compare with the manufac-
urer’s cutoff ratings. As shown in Fig. 4, the recovery or retention
ates of macromolecules by all three membranes increased with
ncreasing molecular weight or size from Rhodamine B to different

SS standards. For each membrane, recoveries of the macromolec-
lar standards varied from as low as near 0% for the lowest MW
tandard (0.47 kDa Rhodamine B or 1.6 kDa PSS) to as high as close
o 100% for the highest MW standard used (16, 34, or 505 kDa PSS).

able 4
ltrafiltration membranes used in the AFlFFF system and comparisons between manufact
SS  standards (see Fig. 4). NMWCO  denotes nominal molecular weight cutoff.

Manufacturer’s rating (kDa) 

Material 

Calibrated NMWCO  (kDa) 

Difference between manufacturer’s rating and actual cutoff (kDa) 
r. A 1399 (2015) 53–64 57

From the relationships between the molecular weights and the
recoveries of macromolecular standards, the apparent MWCO  of
a specific membrane can be determined based on a ≥90% recov-
ery [40,41]. As shown in Table 4, the apparent MWCOs for the
three ultrafiltration membranes were determined to be 1.9 kDa
for the 0.3 kDa, 2.7 kDa for the 1 kDa, and 33 kDa for the 10 kDa
membranes, respectively. These apparent MWCOs are all signifi-
cantly larger than their respective manufacturer’s NMWCO, with
a difference in the cutoffs ranging from 1.6 kDa for the 0.3 kDa
membrane to about 23 kDa for the 10 kDa membrane. Indeed, sig-
nificant differences in ultrafiltration membrane’s cutoffs between
manufacturer’s rating and laboratory evaluation have been
reported [44,45], although no significant difference in membrane
cutoffs was  also observed depending on specific membrane [40].
These results demonstrate the importance in examining the reten-
tion characteristics of ultrafiltration membranes within an AFlFFF
system, especially when membranes are in prolonged use, and in
determining the actual MWCO  for the separation and characteriza-
tion of colloidal materials that are close in size to the membrane’s
NMWCO. Since natural DOM contains mostly organic materials less
than 10 kDa [46,12] and the average MWs  of humic substances are
at the 2–3 kDa size range [31,47], it is imperative to know what col-
loidal size ranges are of significance in different samples and what
specific membrane’s MWCO  should be used in an AFlFFF system for
colloidal size characterization.

3.3. Recovery rates of colloidal organic matter by different
membranes

Using the calibrated AFlFFF system and membranes, two soil
leachate samples (SDOM-A and SDOM-B) were analyzed to char-
acterize the DOM recovery and colloidal size distribution under
different membrane NMWCOs. The recoveries (%) of chromophoric
(quantified by UV254 nm), humic-like (Fluo350/450 nm) and protein-
like (Fluo275/340 nm) DOM in the two soil leachate samples using the
three different membranes are listed in Table 5. For both samples,
the recoveries of chromophoric, humic-like and protein-like DOM
all consistently decreased as the membranes’ NMWCO increased
from 0.3 kDa to 1 kDa, and to 10 kDa (Table 5 and Fig. 5). For exam-
ple, 24% and 45% of chromophoric DOM in the two soil leachates
respectively were retained by the AFlFFF system with the 0.3 kDa
membrane. These recoveries are comparable to the retention rates
of peat soil and swamp DOM samples acquired from cross-flow
ultrafiltration methods with a 1 kDa membrane [2,48], indicating
similar sample recoveries could be achieved between the AFlFFF
and ultrafiltration. However, only 5–9% of the chromophoric DOM
in the two  soil DOM samples was  retained by the 1 kDa membrane,
and the recovery rates dropped to 2–3% using the 10 kDa membrane
(Table 5). Similarly, for humic-like organic components of the two
soil leachate samples, the recoveries were 24–34% by the 0.3 kDa
membrane, 3–4% by the 1 kDa membrane, and 0.03–0.1% by the

10 kDa membrane (Table 5). For protein-like organic components
in the two  soil leachate samples, the recoveries were 12–30% by the
0.3 kDa membrane, 3–18% by the 1 kDa membrane, and 1–13% by
the 10 kDa membrane (Table 5), again showing a rapid decrease in

urer’s rated NMWCO  (kDa) and calibrated results based on a ≥90% recovery rate of

Postnova
0.3 kDa

Postnova
1 kDa

Postnova
10 kDa

0.3 1.0 10
Polyether
sulfone

Polyether
sulfone

Regenerated
cellulose

1.9 2.7 33
1.6 1.7 23
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Table 5
Recoveries (%) of chromophoric (UV254), humic-like (Fluo350/450) and protein-like (Fluo350/450) components in two  soil dissolved organic matter samples (DOM-A and DOM-B)
by  the AFlFFF system with different membranes.

Soil DOM-A Soil DOM-B

UV254 Fluo350/450 Fluo275/340 UV254 Fluo350/450 Fluo275/340

0.3 kDa 24 24 12 

1  kDa 5 4 3 

10  kDa 3 0.03 1 

0.3kDa 1kDa 10kDa
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ig. 5. Examples showing decreasing colloidal recoveries (%) with increasing mem-
rane NMWCO  for chromophoric (UV254) DOM in soil leachate samples.

OM recovery with increasing membrane’s NMWCO. Significant
OM losses during the on-channel pre-concentration (or sample

ocusing) phase were largely the result of DOM permeation through
he membrane. During the sample focusing step, large quantities
f carrier solution would be introduced to the AFlFFF system and
he permeable DOM fractions were carried to the waste. As the

embrane pore size increases, the molecular size of the perme-
ble fraction would also increase, resulting in a higher loss of DOM
aterials.
Fractograms of the SDOM-B sample using the three different

embranes were further used to quantify DOM size partitioning to
ifferent size intervals in the whole colloidal size spectrum. Over
8–70% of the chromophoric DOM was partitioned to the <2 nm
olloidal size fraction when the 0.3 kDa or 1 kDa membrane was
sed, while only 9% of the chromophoric DOM was partitioned to
he <2 nm colloidal fraction when the 10 kDa membrane was  used
ithin the AFlFFF system (Table 6). The variation in both the recov-

ries and colloidal size partitioning between membranes clearly
ndicate that larger fractions and more smaller sized DOM can be
etained by the 0.3 kDa or 1 kDa membrane, but were lost when
sing the 10 kDa membrane (Fig. 5).
As shown in Table 6, regardless of the membrane’s cutoffs used,
ver 83–97% of the chromophoric DOM was present in the <5 nm
olloidal size fraction in the SDOM-B sample (Table 6). This is con-
istent with the fact that natural humic-like DOM is small in size and

able 6
ifferences in the AFlFFF-measured concentration and relative percentage in the bulk diss

rom  UV absorbance at 254 nm,  in different size intervals, showing more chromophoric D

Size range Concentration of chromophoric DOM in different size
intervals (�g/L)

0.3 kDa membrane 1 kDa membrane 10 kDa membra

0.5–1 nm 73,183 6947 0 

1–1.5  nm 124,104 51,947 0 

1.5–2  nm 133,041 62,604 3874 

2–5  nm 285,195 46,882 32,708 

5–35  nm 24,677 2060 5560 

35–700  nm 45,973 4150 1842 
45 34 30
9 3 18
2 0.1 13

has an average MW of ∼2–5 kDa [15,21,49]. Our previous studies
using FlFFF systems have also identified the partitioning of chro-
mophoric and humic-like DOM mostly to the 0.5–3 nm size range,
or smaller than 10 kDa [28,26,39]. Additionally, in both soil leachate
samples, the recoveries of humic-like DOM was  consistently lower
than the chromophoric DOM components, especially when larger
(1 kDa and 10 kDa) NMWCO  membranes were used (Table 6). Simi-
lar results showing lower recovery of humic-like DOM as compared
with chromophoric DOM have also been reported by Zanardi-
Lamardo et al. [42] and Stolpe et al. [26], supporting a smaller
size partitioning of humic-like material as compared with the bulk
chromophoric DOM. Protein-like DOM, in contrast, showed a much
smaller variability in recovery rates as compared with those of
chromophoric and humic-like DOM components between mem-
branes (Table 5 and Fig. 5), due to its more complex nature and
relatively larger size range (>20 nm)  [39].

Overall, lower recoveries for natural DOM by AFlFFF systems
when using the 10 kDa or 1 kDa NMWCO  membranes are mainly
due to the characteristics in size distribution and organic compo-
sition with mostly humic substances and consequently the loss of
lower MW DOM components through the membrane during the
on-channel pre-concentration (focusing) phase. Thus, when a 1 kDa
or 10 kDa membrane was  used for AFlFFF analysis of natural DOM,
it is likely to result in low recovery and underestimation of col-
loidal materials at smaller size ranges, leading to biased DOM  size
distributions. If one is interested in the whole size distribution of
dissolved and colloidal organic matter, membranes with smaller
NMWCOs (e.g. 0.3 kDa, the currently smallest cutoff available) are
highly recommended for size separation and characterization of
natural DOM samples using AFlFFF techniques.

3.4. Effect of membrane cutoff on DOM fractograms

The fractograms of natural DOM are depicted in Fig. 6, show-
ing their variations and shift in size distributions under different
membrane MWCOs for chromophoric, humic-like, and protein-
like colloidal components in the 0.5–10 nm size range for a soil
leachate sample (SDOM-B). All DOM components (chromophoric,
humic-like and protein-like) smaller than 1 nm (∼1 kDa) were

detectable using the 0.3 kDa membrane, while materials slightly
larger than 1 nm (∼1 kDa) began to show their presence when the
1 kDa membrane was  employed, and only materials larger than
1.5 nm (∼2.5 kDa) could be seen in the fractograms using the 10 kDa

olved phase of chromophoric DOM in a soil DOM sample (SDOM-B), as determined
OM detected at the 0.5–1 nm size range when the 0.3 kDa membrane was used.

Percentage (%) of chromophoric DOM in each size interval
within the AFlFFF-recoverable size range

ne 0.3 kDa membrane 1 kDa membrane 10 kDa membrane

11 4 0
18 30 0
19 36 9
41 27 74

4 1 13
7 2 4
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Fig. 6. Changes in fractograms of chromophoric (UV254), humic-like (Fluo350/450)
and protein-like (Fluo275/340) substances in a soil leachate sample (SDOM-B).
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membrane (Fig. 6). As expected, both chromophoric and humic-like
DOM components recovered by both the 1 kDa and 10 kDa mem-
branes are included in, or part of, the size spectrum derived from the
0.3 kDa membrane. In other words, DOM components recovered
by the 1 or 10 kDa membrane are only a subset of DOM com-
ponents recovered by the 0.3 kDa membrane, consistent with the
progressive decrease in DOM recoveries with increase membrane
cutoff shown in Table 6 and Fig. 5. For the protein-like DOM com-
ponents, the relative importance of each size range recovered by
different membranes was  not as consistent as those observed for
chromophoric and humic-like DOM components (Fig. 6), likely due
to the surface active nature of protein-like DOM and its interactions
with membranes or coagulation effect since the same sample has
been stored for a couple of months in refrigerator (4 ◦C) between
its measurements with AFlFFF using the 10 kDa and 0.3 kDa mem-
branes, respectively.

DOM partitioning to different size intervals was quantified via
the integration of the fractograms over specific size ranges. Table 6
shows the integrated concentrations of chromophoric DOM at
each size interval, as well as their corresponding percentages in
the whole AFlFFF-recoverable size range. For example, the con-
centration of the 0.5–1 nm colloidal size range decreased from
73,183 ppb-QSE for the 0.3 kDa membrane to 6947 ppb-QSE for
the 1 kDa and undetectable for the 10 kDa membrane, respec-
tively (Table 6). Also, the percentage of chromophoric DOM in the
0.5–1 nm size range decreased from 11% for the 0.3 kDa membrane
to 4% for the 1 kDa and was undetectable for the 10 kDa mem-
brane (Table 6). The integrated concentration of AFlFFF-recoverable
materials at the 0.5–5 nm size range also decreased with increasing
membrane cutoff, varying from 615,523 ppb-QSE to 168,380 and
to 36,582 ppb-QSE for the 0.3 kDa, 1 kDa and 10 kDa membranes,
respectively, for the chromophoric DOM components (Table 6). As
discussed in Section 3.3, the AFlFFF-recoverable colloids decreased
when membrane NMWCO  increased from 0.3 to 10 kDa. Consis-
tent with results shown in Fig. 6 and Table 6, the decline in DOM
recovery was again mostly the result of the loss of smaller colloidal
materials partitioning to the 0.5–5 nm size range. Since natural
DOM mostly partitions to the 0.5–5 nm size range, the 0.3 kDa
membrane is much more favorable to achieving higher recovery
and representative DOM size distributions.

3.5. Effect of carrier solutions on sample recovery and elution
time

Three different carrier solutions, as listed in Table 2, were used to
examine the variations in recoveries and elution times of a standard
PSS mixture sample and a riverine DOM sample under the same
AFlFFF operational conditions using the 0.3 kDa PES membrane
(Table 1). For the PSS mixture, recoveries of chromophoric DOM
were 83%, 82% and 97% when the Carriers 1, 2 and 3 were used
respectively, showing the highest recovery with Carrier 3 (Fig. 7).
The change in the recovery of humic-like DOM was insignificant,
i.e., 83%, 84% and 85% for the Carriers 1, 2 and 3, respectively
(Fig. 7). Protein-like DOM showed a similar variation trend as chro-
mophoric DOM and had recoveries of 77%, 76%, and 82% for the
Carriers 1, 2 and 3, respectively (Fig. 7). Generally, relatively higher
recovery of PSS mixture was  achieved when Carrier 3 was used.
Compared to the PSS mixture sample, the overall recovery of the
riverine DOM was much lower. Chromophoric DOM had recover-
ies of 31%, 31% and 30% for the Carriers 1, 2 and 3, respectively,
showing negligible effect from different carrier solutions. Similarly,

recoveries of humic-like DOM also change little for different carrier
solutions, 15%, 16% and 15% for the Carriers 1, 2 and 3, respec-
tively. For protein-like DOM components, however, effect of carrier
solutions on the recovery was  more pronounced, showing a steady



60 Z. Zhou, L. Guo / J. Chromatog

PSS Mixture

Riverine DOM
!

0

20

40

R
ec

ov
er

y 
(%

)

UV
254

Fluo 350/450
Fluo

275 /340

NaCl 15mmolL 1, pH=6

NaCl 15mmolL 1, pH=8
NaCl 10mmolL 1 & H

3
BO 3

 5mmolL 1, pH=8

0

20

40

60

80

100

R
ec

ov
er

y 
(%

)

UV
254

Fluo 350/450
Fluo

275 /340

NaCl 15mmolL 1, pH=6

NaCl 15mmolL 1, pH=8
NaCl 10mmolL 1 & H

3
BO 3

 5mmolL 1, pH=8

F
(
m

i
2

o
m
d
f
a
b
l
w
f
a
r
i
n
d

T
D
d

ig. 7. Effects of carrier solutions on the recovery of colloidal DOM in chromophoric
UV254), humic-like (Fluo350/450) and protein-like (Fluo275/340) substances in the PSS

ixture and a riverine DOM sample.

ncrease from 11.7% with Carrier 1 to 14.5% and 15.9% with Carriers
 and 3, respectively (Fig. 7).

Furthermore, carrier solutions also affected the elution time
f samples from the AFlFFF channel. In the PSS mixture, chro-
ophoric, humic-like and protein-like DOM all showed a steady

ecrease in elution time when the carrier solution was  changed
rom Carriers 1 to 2 and 3 (Fig. 8). In the natural DOM sample,
lthough to a smaller extent, chromophoric and humic-like DOM
oth were eluted earlier using carriers 2 and to 3 (Fig. 8). Protein-

ike DOM seemed to be eluted earlier when the carrier solution
as changed from Carrier 1 to Carrier 2, but elution time increased

rom Carrier 2 to Carrier 3 (Fig. 8). Data from online-coupled multi-
ngle laser-light scattering detector were used to determine the

adius of gyration (Rg) at peak intensities of each DOM component
n the riverine DOM sample (Table 7). For all three DOM compo-
ents (chromophoric, humic-like and protein-like), their peak Rg

ecreased from Carrier 1 to Carrier 2 and then increased to the

able 7
etected radius of gyration from on-line coupled multi-angle light scattering (MALS)
etector at peaks of the UV and fluorescence detectors.

Rg (nm)

UV254 Fluo350/450 Fluo275/340

Carrier 1 1.28 1.66 1.73
Carrier 2 1.27 1.51 1.65
Carrier 3 1.38 1.99 2.07
r. A 1399 (2015) 53–64

highest value for Carrier 3. For example, the peak Rg value was  1.66,
1.51 and 1.99 nm for Carriers 1, 2 and 3, respectively, for humic-like
DOM (Table 7).

Previous studies have investigated the effect of matrix, ionic
strength and pH of carrier solutions on the changes of recovery and
elution time of colloidal materials through changes of interactions
of colloidal materials between themselves and with the membrane
[31,50,51,36]. As pH of the carrier solution increases, the surfaces
of PSS standards and natural DOM and the membrane may  become
more negatively charged, increasing the repulsion between sample
analytes and the membrane. Thus, sample analytes could be dis-
tributed further away from the membrane and more toward the
center of the channel where the laminar channel flow is faster,
resulting in decreased retention time and decreased adsorption
of colloids onto the membrane, and hence increased recovery
[31,52,50]. Therefore, when the carrier solution was  changed from
Carrier 1 to 2, pH increased from 6 to 8, leading to higher recov-
ery and earlier elution. In addition, it has been shown that lower
ionic strength would result in an increase in the electric double
layer of colloids and lead to the positioning of colloids further away
from the membrane [53,50,54]. Thus, this electrostatic influence
may  cause shorter retention time and higher recovery [36]. Car-
riers 1 and 2 had ionic strengths of 15 mM,  while Carrier 3 had a
lower ionic strength of ∼10.3 mM.  Highest Rg at peak positions were
found with Carrier 3, consistent with the increased electric double
layer at lower ionic strength. The faster elution of PSS standards and
chromophoric and humic-like DOM using Carrier 3 likely resulted
from the repulsive effect between analytes and the membrane, and
hence further position from the membrane with faster laminar flow
rate and earlier elution. Interestingly, protein-like DOM in the river-
ine DOM sample was  eluted slightly later using Carrier 3 compared
to Carrier 2, but with higher recovery. Proteins (e.g., BSA) have been
found to have increased adsorption to membrane with decreased
ionic strength when pH is at its isoelectric point (IEP) [51]. It is pos-
sible that proteins with IEP close to the pH of the carrier solution
(∼8) dominantly caused longer retention time and slower elution
of protein-like DOM in samples.

For the measurement of natural DOM, carrier solutions with
pH of 7–8.5 and moderate ionic strength (10–16 mM)  have been
shown to provide optimum recovery and separation [31,50,36].
Buffer solutions have also been widely used as carrier solutions
[15,25,29]. It seems that Carrier 3 (borate buffer and pH 8) pro-
vided the highest recovery and reasonable separation and is thus
recommended for separation and characterization of natural DOM
samples although theoretically the specific sample’s innate ionic
strength and pH should be referred to when preparing carrier solu-
tion, especially for estuarine water samples with different salinities.

3.6. Fluorescence EEMs of different DOM size ranges

Using a 3-D fluorescence spectrophotometer, fluorescence EEMs
of selected size fractions collected by a fraction collector were char-
acterized and compared to the signatures from online detectors.
Results of the SDOM-B sample served as an example here. From on-
line coupled UV and fluorescence detectors, the fractograms of the
three major groups of DOM were exhibited in Fig. 9: including the
dominant group at the 0.5–4 nm,  containing all the chromophoric,
humic-like and protein-like DOM components; the second group
at the 4–8 nm with mostly protein-like DOM; and the third group
corresponding to the >55 nm (55–700 nm)  with almost exclusive
presence of protein-like DOM.

The fluorescence EEMs of the three DOM fractions at size inter-

vals of 0.5–4 nm,  4–8 nm,  and >55 nm are shown in Fig. 9(upper
right panels), along with the fractograms of UV254, Fluo350/350 and
Fluo275/340. The EEM of the bulk DOM is also included for com-
parisons to show the heterogeneous compositions among different
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Fig. 9. Fractograms of a soil DOM sample based on data measured by online detectors including UV-absorbance (UV254), fluorescence at Ex/Em 350/450 nm (Fluo350/450), and
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uorescence at Ex/Em 275/350 nm (Fluo275/340). Also shown in the upper right pane
he  >55 nm as well as the bulk DOM sample.

ized DOM (Fig. 9). In addition to dominant humic-like signatures
n Peaks A (Ex/Em 260/380–460 nm,  UV humic-like) and C (Ex/Em
20–360/420–480 nm,  terrestrial humic-like), it also exhibited
rotein-like signatures in Peaks B (Ex/Em 230,275/305–310 nm,
yrosine-like) and T (Ex/Em 230,275/340 nm,  tryptophan-like)
lthough at low intensities (Fig. 9). The EEMs of the three size frac-
ions clearly show a distinction in chemical composition between
ifferent DOM size fractions (Fig. 9). DOM at the 0.5–4 nm showed
reat resemblance to the bulk DOM in their fluorescence EEMs
ith contributions mainly from the humic-like DOM, matching the

esults from the fractograms and consistent with the conclusion
hat the 0.5–4 nm DOM was the predominant component of the
ulk DOM (Table 6). Fluorescence EEMs of the 4–8 nm DOM frac-
ion had a significantly lower overall intensity, indicating fewer

oieties of fluorescent materials, but significantly higher impor-
ance of Peaks B and T, showing more protein-like components in
his size range. This matches the results from the on-line coupled
uorescence detector at Ex/Em 350/450 nm and indicated limited
mount of terrestrial humic-like DOM in the 4–8 nm size fraction.
n addition, Peak A showed higher intensity than Peak C and sim-
lar importance as Peaks B and T, showing the presence of UV
umic-like DOM at the 4–8 nm size fraction. However, this was
ot captured by the on-line coupled detectors since they were not
et at the specific Ex/Em pair for Peak A. Fluorescence EEM of the
55 nm DOM had even lower overall fluorescence intensity (Fig. 9),
ndicating that most fluorescent materials are partitioned to the
55 nm size range as shown in Table 6. However, the strong pres-
nce of Peak T and also Peak B in the EEMs (Fig. 9) indicated that the
55 nm DOM contained mostly protein-like components, matching
ndings from on-line coupled detectors (Fig. 9).

The characteristics of DOM at different size ranges derived from
EMs measured off-line matched those from online-coupled detec-

ors set at specific Ex/Em pairs, and additionally provided more
etailed information of DOM composition in different size fractions.
ff-line coupling with other detectors could thus provide com-
lementary information although on-line coupling of FlFFF with
the fluorescence EEMs of different DOM size fractions at the 0.5–4 nm,  4–8 nm and

detectors has greatly advanced our understanding of aquatic col-
loids and nanoparticles.

4. Conclusions

The effect of membrane’s MW cutoff and carrier solutions on
the retention characteristics, recovery, and size distribution of
macromolecules and natural DOM samples were systematically
evaluated on an AFlFFF system. PSS standards and Rhodamine B
were used to determine their recoveries by various membranes
with different NMWCOs in the AFlFFF system. The recovery rate of
macromolecules from the AFlFFF increased with increasing MWs.
The apparent NMWCOs of three membranes derived from a >90%
recovery rate had been determined as 1.9 kDa for the 0.3 kDa mem-
brane, 2.7 kDa for the 1 kDa membrane, and 33 kDa for the 10 kDa
membrane, respectively, all significantly larger than their respec-
tive manufacturer’s rated NMWCOs.

After membrane calibration, three natural DOM samples and a
PSS mixture sample were used to examine the influence of mem-
brane’s NMWCO  and carrier solutions on the determined colloidal
size distribution. Fractograms of soil DOM samples show a pre-
dominant colloidal size partitioning to the <5 nm size fraction,
consistent with the size characteristics of humic substances. Frac-
tograms of DOM samples using the 1 kDa and 10 kDa membranes
were only a subset of that recovered by the 0.3 kDa membrane. In
addition, soil DOM recovery rate by the AFlFFF decreased signif-
icantly with increasing membrane’s NMWCO, from 45% with the
0.3 kDa membrane to 2–3% with the 10 kDa membrane for chro-
mophoric DOM component quantified from UV254 nm. Integrated
recovery at different DOM size intervals showed that the loss of
materials at the 0.5–5 nm size range was  mainly responsible for the
decline in DOM recovery. Since the molecular size of natural DOM

is mostly in the 1–3 kDa size range, the 0.3 kDa membrane is highly
recommended for colloidal size characterization of natural DOM
samples. The recovery or retention rate and elution time of DOM
samples were closely related to the matrix, pH and ionic strength
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f carrier solutions. Among the three carrier solutions tested, the
orate buffer with pH of 8 seemed to provide the highest recovery
nd optimal separation for all DOM components, and is recom-
ended as an optimal carrier solution for the characterization of

atural DOM.
Rigorous calibration with macromolecular standards and opti-

ization of experimental conditions are a prerequisite for
uantifying colloidal size distribution and understanding the
ecovery and separation of natural DOM samples on any AFlFFF
ystem. Off-line coupling with fluorescence EEMs technique could
rovide complementary DOM characterization at different col-

oidal size ranges.
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