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Abstract Fixed bed adsorption experiments were per-
formed using four granular activated carbon (GAC) columns
designed by packing two size ranges of pulverized and
sieved Filtrasorb 400 (d = 0.5-0.59 and 1.0-1.19 mm) to
two bed depths (L = 10 and 20 cm), respectively. Continu-
ous supplying of river water containing a lower content of
natural organic matter (NOM) allowed investigation of the
breakthrough of aqueous natural organic matrices assessed
with lumped quality indices of total dissolved organic car-
bon (DOC) and ultraviolet absorbance at 260 nm (UV260).
The capability of GAC columns in dealing with sudden rise
in the load of influent NOM was also displayed by intermit-
tently adding to the influent river water a peaty field ground-
water that contained a higher content of NOM. Besides, as-
sisted by the size-exclusion HPLC (SEHPLC), changes in
the apparent molecular weight distribution of NOM along
the bed depth of GAC columns were evaluated, and an
important finding revealing relatively even adsorption for
adsorbable NOM constituents within the entire molecular
weight range of 1000-5200 g mol~! as PSS (polystyrene sul-
fonates) detected for the river and groundwater NOM was
obtained. Furthermore, using a previously proposed hypo-
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thetical multi-component approach incorporating the ideal
adsorbed solution theory and a plug flow homogeneous sur-
face diffusion model, the observed concentration profiles of
the river water NOM were predicted.
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1 Introduction

Most drinking water sources contain natural organic matter
(NOM) consisted mainly of polydisperse humic molecules.
Besides forming trihalomethanes during disinfection with
chlorine, humic molecules adversely affect the adsorption
performance of activated carbon for specifically-targeted or-
ganic compounds (SOCs). For instance, humic molecules
are capable of competing with small SOCs for adsorption
sites and of hindering the access of SOCs to small pores
where their adsorption takes place more efficiently (Crit-
tenden et al. 1985; Pelekani and Snoeyink 1999; Ebie et
al. 2001). Characterization of NOM based on its adsorba-
bility and major physicochemical features is thus important
for better understanding the adsorption behavior of NOM.
It is also important for establishment of more efficient and
reliable modeling techniques that could better predict the re-
moval of SOCs by fixed bed activated carbon adsorbers.
The performance of activated carbon in removing poly-
disperse NOM is affected by a variety of factors. Using
natural and synthetic organic materials, several researchers
have found that physical size and chemical features (includ-
ing the functional group, charge density and aromaticity,
etc.) are important factor affecting the adsorption capacity
of such macromolecules by activated carbon (Summers and
Roberts 1988a, 1988b; Karanfil et al. 1996). Based on the
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adsorption results with extracted organic macromolecules
from such materials as soil, peat and coal, a few researchers
have further pointed out that the molecular size impact
may dominate the competitive adsorption among constitut-
ing compounds and chemical effects would play only minor
roles (Newcombe et al. 2002; Karanfil et al. 1996). In addi-
tion to inherit physicochemical features, the solution chem-
istry of NOM, represented by variables such as pH and ionic
strength, as well as the surface and pore characteristics of
activated carbon also affect the uptake of NOM from aque-
ous systems (Randtke and Jepsen 1982; Weber et al. 1983;
Summers and Roberts 1988a, 1988b; Li et al. 2002; 2003a,
2003b).

The broad distribution of NOM in molecular size is one
of its most important features and its relations with the ad-
sorption capacity onto activated carbon have been investi-
gated by several researchers (Lee et al. 1981; Summers and
Roberts 1988a, 1988b; Newcombe et al. 2002; Karanfil et al.
1996). However, in regard of the likely impacts of molecular
size on the breakthrough of NOM, literature information is
limited and findings related to the shift of NOM composi-
tion in molecular sizes along the depth of the fixed granular
activated carbon (GAC) beds are not found.

In the present study, the removal of NOM by fixed acti-
vated carbon beds was investigated and the changing trend
of NOM along the bed depth was presented with the aid
of the size-exclusion high performance liquid chromatog-
raphy (SEHPLC). Furthermore, by accounting for the poly-
disperse adsorbability of NOM with a hypothetical multi-
component approach proposed before by incorporating the
ideal adsorbed solution theory (IAST) and a plug flow ho-
mogeneous surface diffusion model (PFHSDM), the break-
through of NOM and its hypothetical constituents were pre-
dicted.

2 Materials and methods
2.1 Water samples

Nagara River water (NRW) and a ground water (GW), which
contain relatively lower and higher content of organic mat-
ter, respectively, were used as two NOM sources for the
present study. NRW was used because, located within the
territory of Gifu Prefecture, it is one of the well-known
and relatively well-conserved rivers on the main Honsyu
island of Japan and is less polluted by human and social
activities (the dissolved total organic carbon is averaged
as 0.53 mgL~! over the past two years). With a main-
stream length of 166 km, the basin area developed along
this river extends for 1985 km? and is rich with vegetation
resources. The higher density of forest distribution (approx-
imately 80% of the whole area is covered by a variety of
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forest types) is a major reason attributive to relatively better
water qualities through the years. The ground water (GW)
was collected from a shallow well at Kitamura village of
Hokkaido. The use of this water was made because organic
matter contained is mainly from peat (the total dissolved or-
ganic carbon is 8.2 mg L") and such water samples are fre-
quently chosen for characterizing the behavior of naturally-
occurring humic substances during water treatment with dif-
ferent physicochemical approaches.

The NRW was sampled once for every two weeks and
was stored refrigerated at 5 °C in the dark to prevent biologi-
cal activities after being filtered through 0.45 pm membrane
filters (Toyo Roshi, Japan) prior to addition into the influ-
ent water reservoir (in most cases once a day). For the GW,
however, the stock solution stored refrigerated at 5 °C in the
dark after filtration through 0.45 pm membrane filters was
used. The GW was used only at times when adsorption for
relatively higher NOM influent was scheduled, which was
achieved by intermittently adding pre-weighted quantities of
GW to the NRW. Throughout this study, NRW was used as
the base influent water and disruption was made only when
backwashing was conducted.

2.2 Granular activated carbon

Filtrasorb 400 (Calgon Co., USA), a coal-based granular ac-
tivated carbon (GAC) used widely in advanced water treat-
ment applications and laboratory research works, was used
as the adsorbent. Major physical characteristics of this ad-
sorbent are reported elsewhere (Kilduff et al. 1996). The
representative carbon particles of this GAC were pulverized
and sieved in order to collect two GAC categories with sizes
in the size ranges of 0.5-0.59 mm and 1.0-1.19 mm, respec-
tively. The collected carbon categories were then washed
and rinsed with distilled water to remove fines, dried at
105 °C overnight before packed into relative columns.

2.2.1 Fixed bed adsorption experiments

The schematic setup of the laboratory scale fixed bed ad-
sorption system is displayed in Fig. 1. Four polyvinyl-
chloride columns having an internal diameter of 2.5 cm were
used. The weighted GAC category having the size in 0.5-
0.59 mm was immersed in a glass beaker containing Milli-
Q water and packed into two columns for the designated
bed depths of 10 cm and 20 cm, respectively (referred here-
after as GAC-1 and GAC-2). Similarly, into the remaining
two columns, the larger GAC category having size in 1.0-
1.19 mm was packed to reach the bed depths of GAC-1
and GAC-2, respectively (referred hereafter as GAC-3 and
GAC-4). During packing, all four columns were tapped to
achieve a stable bed structure that allowed restoration of the
bed depths even after backwashing. Soon after packing, all
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Table 1 Fixed bed conditions for granular activated carbon columns used in this study

Column GAC size (mm) GAC weight (g) Bed depth (cm) Apparent porosity (%) Empty bed contact time (min)
GAC-1 0.5-0.59 25 10 32.1 19.5
GAC-2 0.5-0.59 50 20 32.1 39.0
GAC-3 1.0-1.19 32 10 13.0 19.5
GAC-4 1.0-1.19 64 20 13.0 39.0

] ' Japan) was used for measurement of the UV-absorbance at

1 Mg 260 nm (UV260). The index of UV260 was used because,
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Fig. 1 The schematic setup of the laboratory scale fixed bed adsorp-
tion system

columns were backwashed for about 30 minutes to eliminate
fines probably produced during packing with de-ionized tap
water. The influent water was supplied to all columns at a
constant flow rate of 2.5 mlmin~! in the down-flow mode
from its storage tank (with a volume of about 50 L). The con-
tent of water within the storage tank was supplemented on a
daily basis. Since water pumped into all columns contained
no suspended particles (achieved by pre-filtration through
0.45 pm membranes), head loss development was retarded
and backwashing was thus performed for about every two
months. The fixed bed conditions for all GAC columns are
briefly described in Table 1. Different from expectation, for
GAC-3 and GAC-4 packed with the larger GAC particles,
the apparent porosity was rather lower (13%) as compared to
GAC-1 and GAC-2 (32.1%). A greater change in the shape
of the GAC particles probably occurred as a result of pulver-
ization performed for collecting two categories of GAC with
relatively uniform sizes for examination of the size effect as
well as for better model simulations.

The effluent from the outlet of each column was sampled
and filtration was performed using 0.45 um membrane fil-
ters before subjected to analysis. To generate information re-
lated to the vertical distribution of NOM within the columns,
samples from designated bed levels were also collected us-
ing a special sampler that allowed insertion of a sampling
needle (with a diameter of 0.3 mm and a length of 50 cm)
into the packed bed. A total organic carbon (TOC) analyzer
(model TOC-Vws, Shimazu Co., Japan) was used for mea-
surement of total dissolved organic carbon (DOC) and a
UV-visible spectrophotometer (model U-3210, Hitachi Co.,

2.3 Size-exclusion high performance liquid
chromatography (SEHPLC)

SEHPLC was performed to measure the apparent molecu-
lar weight distribution of NOM contained in samples col-
lected before and after adsorption through different levels
of the packed GAC beds. A packed silica column (GL-
W520-X 10.7 mm x 450 mm, Hitachi Co., Japan) and a UV-
visible detector (Model LC-10AV, Shimadzu Co., Japan)
set at 260 nm (UV260) were used. The mobile phase so-
lution made up of Milli-Q water was buffered with phos-
phorus salts (0.02 M-Na,HPO4 + 0.02 M-KH;PO) and was
supplied to the chromatographic column at 0.5 mlImin~!.
To calibrate the SEHPLC system, three polystyrene sul-
fonates (PSS) with known molecular weight of 1430, 4950
and 6530 gmol~! were used and a good correlation (R> =
0.998) described by MW = 106816- exp(—0.1096¢) was ob-
tained, in which ¢ is the elution time given in minutes.

3 Results and discussion

3.1 Adsorption behavior of NOM contained in the Nagara
River water

The observed concentration profiles of the NOM in the
NRW assessed with the quality index of UV260 are dis-
played in Fig. 2. Similarly, the concentration profiles as-
sessed with the index of DOC are displayed in Fig. 3. In
both figures, data are plotted in the format of influent and
effluent UV260 or DOC versus the bed volume, with the
latter being defined as the treated water volume divided by
the packed GAC bed volume. For all columns, compared
to the differences between the influent and effluent NOM
levels assessed by DOC, those assessed by the UV260 in-
dex were more significant. This thus indicated that for all
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organic constituents contained in the river water source,
UV260 constituents were effectively adsorbed, and some
constituents not detected by UV260 were less favorably ad-
sorbed. This indication is conceivable, taking into consider-
ation that while UV260 is an index reflective of the portion
of organic compounds having UV absorbing features, the in-
dex DOC measures all organic molecules dissolved in water
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solutions including those not detectable with a UV-visible
spectrophotometer.

With respect to the whole organic constituents detected
by UV260, the observed profiles for all GAC columns in
Fig. 2 revealed that averagely about 20% of the constituents
were not adsorbable by activated carbon. This was true
as could be estimated by comparing the initial concentra-
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Table 2 Removals of NOM when groundwater containing the higher content of NOM was added into the influent Nagara River water for a short

period (about 5 hours each time) after different running time lengths

Running time Influent UV260 Influent DOC Removal of UV260 (%) Removal of DOC (%)

length (hrs) (m™ 1) (mg L h GAC-1 GAC-2 GAC-3 GAC-4 GAC-1 GAC-2 GAC-3 GAC-4
1363 9.544 3.128 974 98.1 96.4 97.5 91.6 91.6 86.1 90.6
2352 9.482 3.495 93.5 97.6 97.5 97.0 57.0 87.8 81.6 89.2
4889 9.316 1.696 93.6 95.3 83.0 94.2 71.2 81.5 63.3 78.9
5343 12.828 2.91 934 89.6 82.1 93.5 85.8 85.8 68.6 86.7
5821 12.874 2.802 94.8 94.8 85.3 95.9 84.2 71.7 63.9 85.4
7477 9.532 3.385 924 96.6 82.7 95.9 82.3 88.4 74.7 91.0
Table 3 Removals of NOM contained in the Nagara River water after different running time lengths

Running time Influent UV260 Influent DOC Removal of UV260 (%) Removal of DOC (%)

length (hrs) (m~1 (mgL~1) GAC-1 GAC-2 GAC-3 GAC-4  GAC-1 GAC-2 GAC-3 GAC-4
1358 1.032 0.505 79.3 82.8 81.6 75.2 25.0 5.7 21.4 422
2348 1.148 0.464 83.4 82.1 76.1 79.6 36.2 44.0 224 40.1
4884 3.306 0.624 93.7 81.5 40.2 68.8 21.8 50.0 20.5 47.8
5338 2.138 0.453 62.1 6.5 429 22 4.4 32.9 -2.0 37.1
5816 1.424 0.596 67.7 39.6 50.4 78.5 354 25.7 —6.9 48.7
7472 1.026 0.541 36.1 68.0 31.8 78.2 —13.3 13.7 1.7 43.6

tion profiles observed for GAC-1 and GAC-3 (or GAC-2
and GAC-4) having two different bed depths. In regard of
GAC-1 and GAC-3, for example, even if the packed bed for
the latter column (L = 20 cm) is twice as long as that for
the former (L = 10 cm), the effluent from the latter (GAC-
3) showed no further reduction in observed effluent UV260
levels. The existence of non-adsorbable constituents in this
river water source was also confirmed in a previous batch
study of the adsorption isotherms of the river water NOM
collected before, during and after a heavy storm of rain (Li
et al. 2003b). In this previous study, for six water samples
subjected to batch adsorption experiments, whose UV260
changed in the range of 1.76-4.89 m~! and DOC in 0.85-
1.89 mgL~!, the non-adsorbable fraction was estimated as
0-1.9% and 12.1-21.9% for the quality indices of UV260
and DOC, respectively.

3.2 Adsorption responses of GAC columns to short
increases in the influent load of NOM

Over the total running period of about 350 days so far, the
peaty field groundwater containing higher content of NOM
was added into the influent Nagara river water for several
times for investigation of the GAC bed responses to short
time NOM increases induced probably by such natural phe-
nomena as rainfall, typhoon, snow-thawing, etc. For each
addition which lasted for about 5 hours, since changes in
the effluent NOM content from each GAC column were less

apparent, average UV260 and DOC values were computed.
Average removals of UV260 and DOC computed accord-
ingly are summarized in Table 2. For comparison, the re-
movals of the river water NOM measured for samples col-
lected just hours before addition of the groundwater NOM
were also computed, as shown in Table 3.

In reflectance of gradual decline in the adsorption capac-
ity of GAC caused by continuous adsorption of NOM, for all
GAC columns, a general trend of decreases in the removal
of UV260 with increases in the running time length was re-
vealed, although there were several exceptional points. Be-
sides, compared to the removal values shown in Table 3, the
values in Table 2 were apparently higher, thus indicating that
the intermittently added higher content of NOM contained
in the groundwater was favorably adsorbed. The broader re-
moval margins with the DOC index, rather than the UV260
index, observed between both influent samples containing
lower and higher content of NOM, respectively, further in-
dicated that the peaty groundwater contained larger percent-
ages of organic constituents that could be removed through
activated carbon adsorption. In a previous study, Li et al.
(2005) analyzed the batch isotherms of the organic matri-
ces contained in water samples of both the NRW and the
peaty GW collected at a time earlier than those used in the
present study. With the powdered species of the same acti-
vated carbon type (Filtrasorb 400) as the adsorbent, the non-
adsorbable DOC fraction in the peaty GW was determined
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as about 4%, a value being apparently smaller than the value
of 15% determined for the NRW.

3.3 Breakthrough dependency on apparent molecular
weight of NOM

The changes in the apparent molecular weight distribution
of NOM along the fixed bed of GAC-3 are displayed in
Fig. 4. The results displayed corresponded to SEHPLC mea-
surements for samples collected at several different levels
of the fixed bed during two short running times when GW
was added to the base NGW after the GAC column had
been consistently operated for about 120 and 250 days, re-
spectively. By introducing the elution time of organic con-
stituents into the calibration expression given earlier, the
molecular weight range of the NOM studied was determined
as about 1000-5200 gmol~!. For organic matrices in wa-
ter and wastewater sources, if smaller organic constituents
are adsorbed preferentially, a shift of the molecular weight
distribution towards the larger molecular weight side should
appear as the water flowed downwards. Over the broader
molecular weight range of the studied NOM, such a shift
was not obvious, thus suggesting that organic constituents
in the river and ground water sources were adsorbed in a
relatively even manner, where distinctly preferential adsorp-
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river water influent after consistent running of the column for consecu-
tively 120 days. The molecular weight values are: total NOM = 3640,
F1 =4350, F2 = 3500, F3 = 2700 and F4 = 1600 g/mol as PSS

tion for either larger molecules or smaller molecules did not
occur.

For further examination, the whole molecular weight dis-
tribution was divided into four fractions (referred hereafter
as F1, F2, F3 and F4) based on the number of peaks ap-
pearing in the chromatogram of the NOM before adsorption
(i.e.,/ =0 cm). The weight-average molecular weight (M)
of these fractions was determined as 4350, 3500, 2700 and
1600 g mol~! as PSS based on the expressions documented
(Chin et al. 1994; Karanfil et al. 1996). In these expressions,
MW(t), A(t) and At, which represent the molecular weight
(MW) as a function of the elution time t, the UV detector re-
sponse as a function t and the elution time interval, respec-
tively, were involved. The relations between the computed
M, and the bed depth of the GAC column are displayed in
Fig. 5. An apparent trend of either increasing or decreasing
of the Mw as water flowed through the bed depth was not re-
vealed. The removals of all four molecular weight fractions
at different bed depths are displayed in Fig. 6. As illustrated,
no matter which molecular weight fraction was concerned,
as water flowed downwards the removal of NOM increased.
For all bed depth levels examined, distinct differences in the
removal were not found either among all divided molecular
weight fractions.

The results obtained through this breakthrough study re-
sembled those obtained through batch isotherm studies for
aqueous organic matrices contained in river water sources
and wastewater sources after biological degradation (Li et



Adsorption (2007) 13: 569-577

575

(a) Bed depth:/= M 3cm B5cm B 10cm
100
90
80
s 70
= 60
g 50
E, 40
30
20
10
0
Fl1 F2 F3 F4
Fraction number

(b) Bed depth: /= M 3cm B 5cm B 7cm @ 10cm
100

;—\Q\ |

= ||

> ||

o
g ||
[}
[ ol
||
F1 F2 F3 F4
Fraction number

Fig. 6 Removals of divided molecular weight fractions based on the
SEHPLC chromatograms of NOM along the bed depth of GAC-3 when
groundwater containing higher content of NOM was added to the river
water influent after consistent running of the column for consecutively
(a) 120 days, and (b) 250 days. The molecular weight values are:
F1 =4350, F2 = 3500, F3 = 2700 and F4 = 1600 g/mol as PSS

al. 2005), thus supporting a previous indication made by
the authors that for aqueous organic matrices with molecu-
lar weights ranging from several hundreds to several thou-
sands, adsorption took place evenly for all constituting ad-
sorbable constituents. However, caution has to be paid as
others have demonstrated apparent dependency of NOM ad-
sorption on the molecular weight of its constituting com-
ponents. For instance, Kilduff et al. (1996) investigated
the batch adsorption behavior of the Huron River water
NOM on the carbon type Filtrasorb 400 and found that
smaller molecular size components adsorbed to a greater
extent on the adsorbent mass basis. For commercial hu-
mic acids or some macromolecular organic matters ob-
tained by undergoing extraction or synthesis procedures
from such materials as soil, peat and coal, a shift of the
molecular weight distribution towards the larger side with
increases of the activated carbon dose was also observed

by researchers including the authors of the present study
(Summers and Roberts 1988a, 1988b; Kilduff et al. 1996;
Li et al. 2005).

3.4 Model prediction of the breakthrough of the NOM

To investigate the reliability of a previously proposed math-
ematical approach for description of the breakthrough of or-
ganic matrices in water and wastewater sources, the break-
through data observed so far through the present study
were described based on a multi-component approach pro-
posed by incorporating the ideal adsorbed solution theory
(IAST) and a plug flow surface diffusion model (Li et al.
1999). In addition to equilibrium parameters (Freundlich
K; and 1/n;), the model description also requires the ex-
ternal mass transfer coefficient (k ;) and the surface diffu-
sion coefficient (Dy;) for all hypothetical adsorbable com-
ponents.

In the present study, the total NOM was represented
by five adsorbable components and a non-adsorbable one,
and the equilibrium parameters for all adsorbable compo-
nents were determined by analysis of observed isotherm data
with the documented hypothetical multicomponent method
(Yuasa et al. 1997; Li et al. 2005). For Dg;, documented
values generated by model fitting of micro-column data ob-
served for the organic matrix in the groundwater sampled
at a different time were adopted (Li et al. 1999). The adop-
tion of the Dg; values generated for the groundwater NOM
was made because it exhibited an adsorption capacity very
close to that of the organic matrix in the NRW. The MW
distribution of the groundwater NOM and the NRW NOM
was also similar: the weight-average MW (M,,) and the
MW polydispersity (= My,/M,,, where M, is the number-
average MW) computed using the documented expressions
(Chin et al. 1994; Karanfil et al. 1996) were 3640 gmol’l
and 1.101, and 3400 gmol~! and 1.124, respectively. The
external mass transfer coefficient ky; was considered iden-
tical for all hypothetical components and was computed
based on the estimation procedure documented earlier by
using the mean molecular weight of the NOM and pack-
ing and flow conditions of the columns (Li et al. 1999).
The values for all parameters needed for making the break-
through predictions are summarized in Table 4 for easy ref-
erence.

Comparisons of the model predictions with the observed
breakthrough data for GAC-3 and GAC-4 are displayed in
Figs. 7a, 7b. Although further running of the GAC columns
is necessary in order to generate breakthrough data close to
complete depletion in the adsorption capacity of the packed
GAC, the obtained data so far were fairly well described.
Figure 8 shows the predicted concentration profiles of all
five adsorbable hypothetical components through the GAC-
3 column. Although Dyg; differed by several orders of mag-
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Table 4 Adsorption equilibrium and kinetic parameters of all hypothetical components used for predictions of NOM breakthrough through GAC-3

and GAC-4 columns

Component (i) Cio/Cro ki 1/n; Dg; ki
(%) (m!/m=1 g7l (em?s™h) (cms™1)
1 3.46 36.8 1.47 x 10710
2 23.90 65.7 3.60 x 10711
3 45.28 117.3 0.29 8.55 x 10712 1.0x 1073
4 23.90 209.6 2.11 x 10712
5 3.46 374.4 5.83x10~13
6 17.63 non-adsorbable fraction

The average influent concentration (C;¢) used for model predictions is 1.27 m~!
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Fig. 7 Comparison of model predictions with observed breakthrough
profiles for river water NOM with respect to (a) GAC-3 and (b) GAC-4

nitude for the respective components as shown in Table 4,
the markedly different breakthrough behavior of the hypo-
thetical adsorbable components in the mixture seemed to be
controlled more by the adsorption capacity than by the up-
take rate. For this, future experimental verification is neces-
sary.
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Fig. 8 Simulated breakthrough profiles for adsorbable hypothetical
organic constituents of the river water NOM with respect to the col-
umn of GAC-3

4 Conclusions

Four granular activated carbon columns were designed by
packing pulverized Filtrasorb-400 (Filtrasorb/USA) having
particle size of 0.5-0.59 mm and 1.0-1.19 mm to two bed
depths of 10 cm and 20 cm, respectively. River water that
contains relatively a lower content of NOM was consistently
pumped into the columns for investigation of its break-
through behavior. In addition, a peaty groundwater contain-
ing a higher content of NOM was added intermittently into
the river water influent to examine the column responses to
short intervals of sudden NOM load increases.

The results showed that compared to the river water
NOM, the organic matrix in the groundwater was adsorbed
more effectively. Measurement of the molecular weight dis-
tribution of NOM for water samples collected at different
bed levels clearly revealed that activated carbon uptake for
NOM took place evenly for all adsorbable constituents hav-
ing different molecular weight. Preferential adsorption for
smaller molecular constituents within the detected whole
molecular weight range of 1000-5200 gmol~! as PSS for
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the natural aqueous organic matrices investigated in the
study was confirmed inexistent, a behavior apparently dif-
ferent from extracted or synthetic macromolecular matrices
and is of great significance. Furthermore, by accounting for
the polydisperse adsorbabilities of NOM constituents with
a hypothetical multi-component approach incorporating the
ideal adsorbed solution theory and a plug flow homogeneous
surface diffusion model, the breakthrough of NOM observed
so far was reasonably predicted.
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