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adsorption of natural organic matter (NOM) is particularly
slow, and the amount adsorbed during a normal contact time
is far below the equilibrium adsorption capacity of PAC.
Efforts have been undertaken to increase the adsorption rate
and thus reduce the non-utilized PAC adsorption capacity.
Reducing the PAC particle size is a potential strategy for
overcoming the problem of slow adsorption because smaller
PAC particles show faster adsorption kinetics than larger PAC
particles (Weber et al., 1983; Najm et al., 1990). However, this
strategy has not been studied except by our research group,
partly because no practical technology existed for producing
extremely small carbon particles and because the removal of
such small particles during standard solid—-liquid separation
processes (coagulation, sedimentation, and rapid sand filtra-
tion) may be more difficult than the removal of conventional
PAC particles. Even conventional PAC particles, probably
a small size fraction, can leak into the filtrate during rapid
sand filtration; such leakage has led to complaints from
customers about dirty water. However, the use of
a membrane-filtration process would permit the use of fine
PAC with particle sizes similar to the membrane cut-off pore
size.

We produced what we call super-powdered activated
carbon or submicron PAC (S-PAC), which has much smaller
particle size than commercially available PAC (Matsui et al.,
2005, 2007, 2009), and we studied its adsorption characteris-
tics (Matsui et al., 2004). Although S-PAC and PAC have the
same isotherm adsorption capacities for phenol, the adsorp-
tion capacity of S-PAC for NOM is higher than that of PAC. We
attributed the NOM adsorption capacity increase partially to
the relatively higher mesopore volume of S-PAC, but the
mesopore volume increase was too small to fully explain the
increased NOM adsorption capacity. We used a wood-based
activated carbon in our previous research, but activated
carbon derived from other materials has not been yet tested to
confirm the phenomenon.

Because providing a full explanation for the increased
adsorption capacity of S-PAC is important for the future
application of S-PAC in water/wastewater treatment, the
objectives of the present study were to confirm the higher
adsorption capacity of S-PAC and to clarify the mechanism of
the adsorption capacity increase. In this study, we used NOM
from various sources, along with polystyrene sulfonates
(PSSs) and polyethylene glycols (PEGs) as model substances
with known molecular weights (MWs) (Chin and Gschwend,
1991; Kilduff et al., 1996a; Karanfil et al., 1996a, 1996b; Li
et al., 2003a, 2003b; Chang et al., 2004). S-PACs and PACs
derived from wood, coconut shells, and coal were tested. On
the basis of the results of these tests, we discuss the mecha-
nism of NOM adsorption on activated carbon.

2. Materials and methods
2.1.  Adsorbates and water samples

The characteristics of the adsorbates and water samples are
listed in Table 1. SNOM, SFA, and SHA waters were prepared
by dissolving Suwannee River NOM, humic acid, and fulvic
acid, respectively, in ultrapure water (Milli-Q Advantage,

Millipore Co.) containing inorganic ions added to make the
ionic composition equal to that of water from Lake Hakucho,
Hokkaido, Japan (see Table 2). SNOM was also dissolved in
three ionic solutions (see Table 1): one containing Na*, one
containing K* + Na*, and one containing Ca?* + Na*, desig-
nated as Solution-Na, Solution-K, and Solution-Ca, respec-
tively. These solutions were used to examine the effect of
cation types.

The PSSs were dissolved in ultrapure water containing
inorganic ions added to make the ionic composition equal to
that of water from Takkobu Lake (Hokkaido, Japan), for which
the NOM adsorption capacities of S-PAC and PAC have been
studied (Matsui et al.,, 2004). The PEGs were dissolved in
ultrapure water brought to an alkalinity of 20 mg/L with
NaHCOs. All the water samples were adjusted to pH 7.0 + 0.1
with HCl or NaOH as required and then filtered through a 0.45-
or 0.2-um polytetrafluoroethylene (PTFE) membrane filter
before the batch adsorption tests. NOM concentrations were
measured as dissolved organic carbon (DOC) (Sievers 900, GE
Analytical Instruments) as indicated by UV absorbance at
a wavelength of 260 nm (UV260, UV-1700, Shimadzu Co.). PSS
concentrations were determined from the UV absorbance at
262 nm with a calibration curve. PEG concentrations were
determined as DOC with a calibration curve (97—100% of
carbon in PEG was measured as DOC). The ionic compositions
of water samples were analyzed by ion chromatography (ICS-
1000 Ion Chromatography System, Dionex).

The MW distributions of NOM contained in samples of
Chibaberi water, Hakucho water, Inba water, post-coagulation
water, SNOM water, SHA water, and SFA water were deter-
mined by liquid chromatography with organic carbon detec-
tion [HP1100 (Agilent Technologies, Inc.); packed column: GL-
P252 (Hitachi); eluent: 0.02 M Na,HPO, + 0.02 M KH,PO,]. PSS
(MW 1800, 4600, and 6500) was used for calibration. The UV
absorbance at 260 nm and the DOC (Model 810 Turbo, GE
Analytical Instruments) of the column effluent were
measured continuously.

2.2. Activated carbon

Commercially available wood-based PAC (Taikou-W, Futa-
mura Chemical Industries Co., Gifu, Japan) was prepared as
slurry in ultrapure water and pulverized to super-fine parti-
cles with a wet bead mill from Metawater Co. (Tokyo, Japan).
In this paper, we refer to this pulverized activated carbon as S-
PAC-T and the as-received PAC as PAC-T. Although S-PAC-T
and PAC-T were the main types of activated carbon used in
this study, we also used two other wood-based PACs (6MD,
Calgon Mitsubishi Chemical Co., Tokyo, Japan; Picahydro MP
23, Veolia Water Solutions & Technologies, Singapore), two
coconut-based PACs (F-100D, Calgon Mitsubishi Chemical Co.;
Picahydro SP 23, Veolia Water Solutions & Technologies), and
a coal-based PAC (6D, Calgon Mitsubishi Chemical Co.). These
are referred as PAC-W, PAC-M, PAC-F, PAC-S, and PAC-D,
respectively. S-PACs produced from these PACs are referred as
S-PAC-W, S-PAC-M, S-PAC-F, S-PAC-S, and S-PAC-D, respec-
tively. The S-PACs and PACs were stored as slurries in ultra-
pure water at 4 °C and used after dilution and placement
under vacuum.
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Table 1 — Water samples and adsorbate concentrations.

Designation Source ‘Adsorbate initial  Specific UV absorbance
, _concentration '
~in experiments:
Chibaberi water Chibaberi River, Hokkaido, Japan 3.3 mg-DOC/L 32Lm *mg?
. (sampled on 13 Aug. 2008) : i :
Hakucho water Lake Hakucho, Hokkaido, Japan (sampled 2.0 mg-DOC/L 21Lm 'mg?
: on 7 Nov. 2007) -
Inba water Lake Inba, Chiba, Japan (sampled on 2.8 mg-DOC/L 22Lm 'mg™?
14 Sep. 2008) - : :
Post-coagulation water ~ Retentate of nano-filtration after ferric 5.7 mg-DOC/L 1.9Lm ' mg?
coagulation, sedimentation, and microfiltration
of Arakawa River water,
Saitama, Japan - - .'
i (Tanaka et al., 2008, sampled on 17 Feb. 2008) :
SNOM water Suwannee River NOM International Humic Substances 2.0 mg-DOC/L 41Lm'mg?
Society, St. Paul, MN, USA . g
SHA water Suwannee River Humic Acid Standard II 2.2 mg-DOC/L 60Lm 'mg?
International Humic Substances Society, St. Paul, MN, USA
SFA water Suwannee River Fulvic Acid Standard II International 2.6 mg-DOC/L 39Lm ' mg?
Humic Substances Society, St. Paul, MN, USA
PSS-4600 water PSS MW 4.6 kDa Polysciences Inc., Warrington, 5.4 mg/L
PA, USA :
PSS-1800 water PSS MW 1.8 kDa Polysciences Inc., Warrington, 5.1mg/L
PA, USA o
PSS-1100 water PSS MW 1.1 k Da Polymer Standards Service, 48 mg/L
Mainz, RLP. Germany S
PEG-8000 water PEG MW 8.0 kDa, Wako Pure Chemical Industries, 5.0 mg/L
Osaka, Japan i
PEG-3000 water PEG of MW 3.0 kDa, Wako Pure Chemical Industries, 5.0 mg/L
Osaka, Japan
PEG-1500 water PEG of MW 1.5 kDa, Wako Pure Chemical Industries, 5.0 mg/L
Osaka, Japan
PEG-300 water PEG of MW 0.3 kDa, Wako Pure Chemical Industries, 5.0 mg/L

Osaka, Japan

A scanning electron microscope (SEM, JSM-7400F, Jeol,
Tokyo, Japan) was used for acquiring images of S-PAC and PAC
particles and for confirming the particle sizes. The particle
size distributions of the S-PACs and PACs were determined by
a laser light—scattering diffraction method after the addition
of a mild detergent as a dispersing agent (S-PAC-T and PAC-T:
LA-700, Horiba, Kyoto, Japan; the other carbons types: LMS-
300, Seishin Enterprise Co., Tokyo, Japan). The pore size
distributions of the PAC and S-PAC particles were measured
by means of nitrogen gas adsorption. Isotherm data for
nitrogen gas desorption at 77.4 K were analyzed by means of
the Dollimore—Heal (DH) method to obtain the pore size
distribution mainly in the mesopore region and by means of
a density functional theory (DFT) method to obtain the
distribution in the micropore region (Autosorb 6-AG, Autosorb
for Windows for AS-3 and AS-6, Yuasa-lonics Co., Osaka,
Japan; Quantachrome Co., Boynton Beach, FL, USA). Zeta
potentials of the S-PACs were determined by using a Zetasizer
Nano ZS (Malvern Instruments Ltd., Malvern, UK); the PAC
particles were too large for zeta potential measurement.

2.3.  Batch equilibrium adsorption tests

S-PAC and PAC slurries were diluted, placed under vacuum,
and added to 300-mL solutions containing adsorbate with
mixing. Aliquots (100 mL) were transferred from the 300-mL

solutions to 125-mL vials, which were agitated on a shaker
for long-term mixing at a constant temperature of 20 °C.
Control tests were also conducted by using multiple bottles
that did not contain carbon to confirm that concentration
changes during long-term mixing were negligible. Vials
containing NOM and PSS were shaken for 3 and 4 weeks,
respectively, those containing PEG-3.0 and PEG-8.0 were
shaken for 5 days, those containing PEG-1.5 were shaken
for 3 days, and those containing PEG-0.3 were shaken for 1
day. The liquid-phase adsorbate concentrations were
measured after the water samples were filtered through
a 0.2-um PTFE membrane filter.

3. Results and discussion
3.1. Particle size distributions

PAC-T had a volumetric median particle diameter of 11.8 um,
and few particles with diameters less than 1 pm were present
(the particle size distributions of PAC-T and S-PAC-T samples
are shown in Fig. 1S in the supplementary information). In
contrast, 73% of the S-PAC-T particles had diameters less than
1 um, and the volumetric median diameter was 0.73 um. The
effective diameter (10% undersize) of S-PAC-T was 0.27 um,
and this value was less than 1/10 the value for PAC-T (3.9 pm).
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Table 2 — Ion concentrations in water samples (mmol/L) and conductivity (u S/cm).

Nat K* Ca’t Mg :Cl 'SO4* - 'HCO; . NOj . - Conductivity
Chibaberi water : 0.36 0.06 0.23 026 - 027 0.17 0.52 0.00 190
Hakucho, SNOM, SHA, and SFA waters 0.34 0.21 0.07 003 . 026 0.04 0.17 0.02 77-89
Inba water 0.54 0.09 0.57 0.27 0.49 0.26 0.57 0.11 237
Post-coagulation water 2.61 0.25 3.89 1.56 291 4.34 . 1.90 0.27 1213
PSS waters 0.63 0.04 0.12 0.07 0.82 003 . 034 0.01 140
PEG waters 0.07 0 0 0= 026 0 L 0:20 0 39
Solution-Na 0.89 0 0 0 0.44 0 0.37 0 ; 97
Solution-K 0.39 049 0 0 0.43 0 0.37 0 : 97
Solution-Ca 0.38 0 0.24 0 0.43 0 0.37 0 97

Median and effective diameters of the carbon samples tested
are shown in Table 3.

The changes in size before and after pulverization were
confirmed visually by SEM. Fig. 2S (supplementary
information) shows 2000x and 30,000x magnification images
for PAC-T and S-PAC-T. The 2000x magnification image
confirmed that PAC-T comprised particles with diameters
from several tens of micrometers to 1 pm, whereas there were
no particles with diameters of a few micrometers or larger
present in S-PAC-T. The 30,000x magnification image
confirmed that S-PAC-T was actually comprised of particles
with diameters of less than a few micrometers. PAC-T had
both relatively smooth and rough surfaces as indicated by the
30,000x magnification image. S-PAC-T also exhibited such
surfaces. Pores with diameters larger than about 50 nm
(macropores) were scattered at intervals on the surfaces of the
PAC-T particles. Few such macropores were observed on
surfaces of the S-PAC-T particles, which suggest that when S-
PAC-T was produced by pulverization, fractures may have
occurred at macropores, thus removing the macropores from
the S-PAC surface.

3.2.  Adsorption isotherms and adsorption capacity
increase

Fig. 1 (left panel) shows adsorption isotherms for SNOM water.
The amount of NOM adsorbed on S-PAC-T was about 3 times
that adsorbed on PAC-T at a liquid-phase DOC concentration
of 1 mg/L. The difference between the amounts of NOM
adsorbed on S-PAC and PAC slightly decreased as the DOC
concentration decreased, but the S-PAC-T adsorbed 2.3 times
as much NOM as PAC-T ata DOC concentration of 0.4 mg/L. To
clarify the reason for the larger NOM adsorption capacity of S-
PAC, we evaluated the adsorption of PSSs and PEGs, which are
homogeneous compounds with defined structure and
molecular size similar to that of NOM. The amount of PSS-

4600 adsorbed on S-PAC was 5—12 times as much as that
adsorbed on PAC (Fig. 1, right panel), and the amount of PSS-
1800 was 3—5 times as high (Fig. 3S of the supplementary
information). There was a slight possibility that the adsorp-
tion capacity increase observed for NOM and PSS might have
been an artifact of non-attainment of adsorption equilibrium;
that is, the PAC—water contact times of 3 and 4 weeks used-in
our batch adsorption equilibrium tests might not have been
sufficient for the attainment of adsorption equilibrium.
Because the saturation rate for large particles is lower than
that for small particles, particularly for large adsorbates, the
difference in the amount of adsorbed PSS may have been due
entirely to differences in the degree of equilibrium attained,
even after 4 weeks of contact time. That is, the adsorption
capacity we observed for PAC might have been lower than the
actual value (and lower than the value for S-PAC), owing to the
slower saturation rate. This possibility has been discussed in
connection with experiments in which activated carbon with
particle diameters of 44 pym-2.38 mm was used in 20-day
adsorption tests (Randtke and Snoeyink, 1983) and experi-
ments in which activated carbon with particle diameters of
104—750 pm was used in 2-week adsorption tests (Weber et al.,
1983). However, because the activated carbon particles we
used were much smaller than the particles used in these
previous studies, the capacity difference was not likely to have
been due to a failure to reach equilibrium. Although the
amounts of adsorbed PSS-4600 observed at 1 and 2 weeks of
contact time were slightly lower than the amounts at 3 weeks,
the difference between the amounts at 3 and 4 weeks was very
small (Fig. 1, right panel). Therefore, although some adsorp-
tion capacity may have remained after 3 weeks, that capacity
was not sufficient to explain the one-order-of-magnitude
difference between the isotherms of S-PAC and PAC.

We also conducted SNOM adsorption isotherm tests for
other types of activated carbon including those derived from
materials other than wood. The ratios of the adsorption

Table 3 — Carbon particle sizes.

S-PAC Median diameter (um)  Effective diameter (um) PAC Median diameter (um) - Effective diameter (um)
S-PAC-T 0.73 0.27 PAC-T 11.8 39

S-PAC-W 0.66 ; 0.23 PAC-W 6.8 23

S-PAC-M 0.68 0.22 PAC-M 14.3 4.2 i
S-PAC-F 0.67 0.23 PAC-F 26.5 5.0

S-PAC-S 0.65 : 0.23 PAC-S 19.1 4.3

S-PAC-D 0.67 -0.23 PAC-D 8.8 25
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Fig. 1 — Adsorption isotherms for SNOM water (left panel) and PSS-4600 water (right panel) on S-PAC-T and PAC-T. Contact
times are 3 weeks for SNOM water and 1-4 weeks for PSS-4600 water.

capacities of S-PAC and PAC (gs.pac/drac) are shown in Fig. 2;
gs-pac and gpac Were qualified as the amount of adsorbed on
activated carbon in equilibrium with the liquid-phase
concentration, which was equal to one-half of the initial
concentration of the adsorption experiment (Table 1). For all
types of carbons tested, the adsorption capacity of the S-PAC
was higher than that of the corresponding PAC, although the
magnitude of the increase depended on the type of carbon.
Overall, the data indicate that the adsorption capacity
increase was not unique to S-PAC-T.

Previous studies indicate that changes in the adsorption
characteristics of activated carbon with particle size may be
due to the fact that the inner regions of large particles are less
accessible to the activation process during manufacturing
than are the inner regions of smaller particles (Randtke and
Snoeyink, 1983). Therefore, the fine fraction of activated
carbon obtained by sieving might have a higher adsorption
capacity than other fractions. In other words, if the outer
regions of carbon particles are more active than the inner
regions, partial pulverization followed by sieving to exclude
the unground particle cores might lead to increased adsorp-
tion capacity. However, in this study, PAC was pulverized, but
the pulverized material was not sieved. Therefore, we suspect
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Fig. 2 — Comparison of SNOM adsorption capacity ratios for
S-PAC (gs-pac) and PAC (gpac)- gs-pac and gpac Were
qualified as the amount of SNOM adsorbed on activated
carbon in equilibrium with the liquid-phase concentration,
which was equal to the half of the initial concentration of
the adsorption experiment.

that the reduction of the size of the activated carbon particles
due to the pulverization increased the adsorption capacity for
NOM and PSS.

In contrast, the adsorption capacities of S-PAC and PAC for
PEGs, in particular low-MW PEGs, did not differ substantially
(Fig. 3). A slight increase in the adsorption capacity was
observed for PEG-8000 (MW 8.0 kDa); however, the increase
was smaller for PEG-3000, and no change was observed for
PEG-1500 and PEG-300. We reported previously that the
adsorption capacities of S-PAC and PAC for smaller molecules,
phenol and geosmin, do not differ substantially (Matsui et al.,
2004, 2009). Other researchers have reported that for low-MW
pure chemicals, the adsorption capacity of activated carbon
does not depend strongly on particle size (Najm et al., 1990;
Letterman et al.,, 1974; Peel and Benedek, 1980; Leenheer,
2007). The particle diameter range used for those experi-
ments was 14—106 pm. With respect to the PEGs, our results
are in agreement with the literature results. However, it is
interesting that the adsorption capacity for PEG-8000 was not
markedly increased by pulverization of PAC, even though PEG-
8000 has a higher MW than PSS-4600 and PSS-1800, for which
the adsorption capacities were substantially increased by the
particle size reduction.

3.3.  Pore size distribution

To clarify the mechanism of the change in adsorption
capacity, we obtained nitrogen adsorption data and analyzed
the pore size distribution. We did not, however, obtain a'ny
clear data indicating differences between S-PAC-T and PAC-T
(Fig. 4). No significant difference in pore volume or surface
area in the mesopores was observed by means of the DH
method, and the DFT method showed no difference in the
micropores. Although S-PAC-T had a slight larger total pore
volume and total pore surface than PAC-T (as indicated by the
DH method), the difference was not so large when compared
with the adsorption capacity differences observed for the
NOMs and the PSSs. In previous work, we found that S-PAC
has a higher mesopore volume than PAC, as indicated by
nitrogen adsorption data and mercury porosimetry data
(Matsui et al., 2004). However, when we attempted to verify
this observation by measuring the pore sizes of additional
samples, we observed the opposite results: that is, that PAC
had slightly higher mesopore volume than S-PAC. We
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Fig. 3 — Adsorption isotherms of PEG-8000 (left panel) and PEG-300 (right panel) on S-PAC-T and PAC-T.

hypothesize that this inconsistency in the pore size change
was an artifact due to a slight heterogeneity of the PAC
samples we used. Therefore, in the current study, we mixed
the PAC-T sample well and then separated it into two
portions. One portion was used as is, and the other was
pulverized to S-PAC-T. Nitrogen adsorption data were
collected twice for the PAC-T and S-PAC-T samples. The
difference in pore size distribution between PAC-T and S-PAC-
T was small (Fig. 4). We also measured nitrogen adsorption
isotherms for two additional pairs of PAC samples: again no
significant difference in pore size distribution between PAC
and S-PAC was observed (data not shown). The 5-fold increase
in PSS adsorption capacity could not be explained even with
the pore size data of the earlier study (Matsui et al., 2004),
which showed increased mesopore volume after
pulverization.

Weber et al. (1983) observed high NOM adsorption capacity
on small-particle-size granular activated carbon, which was
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obtained by grinding larger particles, and hypothesized an
increase in the mesopore volume due to fracture of ink-bottle
pores, which are open pores with narrow, short necks and
wide, closed cavities (the narrow necks permit the entry of
small molecules but not larger molecules). Before the
grinding, some of the mesopores are inaccessible to large
adsorbate molecules because of ink-bottle constrictions in the
internal pores of the adsorbents. Pulverization introduces
fractures at constrictions in the ink-bottle structures so as
make the interior pores accessible to large adsorbate mole-
cules. If ink-bottle pore structures are present, nitrogen
desorption methods overestimate the volume of the small
pores and underestimate the volume of large pores because
the size of the interior pores beyond the constriction are
falsely regarded as being the size of the constriction (Adamson
and Klerer, 1990). As a result, such interior pores seem to be
larger after fracturing than before, and this phenomenon
effectively increases the total volume of larger pores. On the
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Fig. 4 — Pore size distributions of S-PAC-T and PAC-T. The designations “1st” and “2nd” refer to the two data sets obtained

for each sample portion.
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basis of this ink-bottle fracture hypothesis, we would expect
to see a decrease in the micropore volume and an increase in
mesopore volume after pulverization in our study. In Fig. 4,
however, no such decrease was clearly observed by means of
the DH or DFT method. Fig. 4S (supplementary information)
shows the nitrogen adsorption/desorption isotherms for
S-PAC and PAC. There was no distinct hysteresis loop attrib-
utable to ink-bottle structures with reference to the Interna-
tional Union of Pure and Applied Chemistry classification of
adsorption hysteresis (Kaneko, 1994). Both PAC and S-PAC
showed similar hysteresis behavior, and this type of hyster-
esis behavior is often observed for microporous carbon with
mesopores. It is, therefore, unlikely that the structural
features of internal pores were greatly changed by
pulverization.

3.4.  Possible mechanisms for the increase in NOM
adsorption

Adsorption isotherms were obtained for 14 adsorbates of
different characteristics. The effect of particle size on
adsorption capacity was quantified in terms of gs.pac/qrac. An
increase in adsorption capacity was observed for the PSSs, and
gs-pac/Grac increased as the MW of the PSS increased (Fig. 5).
The ratios for the PEGs were markedly smaller than those for
the PSSs. The results for the various NOM samples are shown
in Fig. 6; the NOM samples are listed in the order of decreasing
weight-average MW (Yau et al., 1979) and SUVA value because
these are major indices for characterizing NOM (Tambo and
Kamei, 1980; Tambo et al., 1989; Edzwald, 1993). SHA, which
had the highest MW, showed the highest gs.pac/qrac value,
and post-coagulation water, which had the lowest MW,
showed the lowest gs.pac/drac value. In contrast to the PSS
results, the NOM results showed no clear correlation between
gs-pac/gprac @and MW. However, NOM samples with higher
SUVA values (meaning more chromophoric NOM, which has
larger amount of aromatic and conjugated double bond
structures) showed larger gs.pac/qeac ratios. This result is in

Gs-pac/Gpac
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PSS-1100

PEG-8000

PEG-3000

PEG-1500

PEG-300

Fig. 5 — Comparison of PSS adsorption capacity ratios for
S-PAC-T (qS-PAC) and PAC-T (qPAC)- qgs-pAC and qrpac Were
qualified as the amount of PSS adsorbed on activated
carbon in equilibrium with the liquid-phase
concentration of 2.5 mg/L.

agreement with the result for PSSs and PEGs, which is
consistent with the fact that PSSs have benzene rings,
whereas PEGs are oligomers with no aromatic or conjugated
double bonds. Salts influence NOM adsorption (Randtke and
Jepsen, 1982; Weber et al, 1983). The difference in gs.pac/
grac ratios shown in Fig. 6, however, cannot not be mainly
attributable to the salt effect, because a larger gs.pac/gpac ratio
was observed for SHA than for Hakucho even though the
samples were dissolved in water with the same ionic
composition.

Because a high-SUVA value indicates high humic content
(Westerhoff et al., 1999; Amy and Cho, 1999), the data shown
in Fig. 6 indicate that, among -the NOM types, the humic
substances were more adsorbed on S-PAC than on PAC.
Adsorption of humic substances on activated carbon is
increased by increasing ionic strength, increasing divalent
metal concentration, or decreasing solution pH (Summers and
Roberts, 1988; Randtke and Jepsen, 1982; Weber et al., 1983).
Although increases in capacity are partly a result of physical
reduction in macromolecule size, which occurs in solution
prior to adsorption, neutralization of charge on humic acid
molecules in the adsorbed state may also be important
(Kilduff et al., 1996b). Enhanced NOM adsorption in the pres-
ence of calcium is explained by the neutralization of electro-
static repulsion between the adsorbate and the adsorbent and
by formation of an adsorbent—salt—adsorbate complex
(Frederick and Cannon, 2001, a more detailed mechanism is
described by Newcombe and Drikas, 1997, and Bjelopavlic
et al., 1999). Li et al. (2002) also reported that the effect of Ca
(II) depends on the source of the NOM. The adsorption
capacity for a commercial humic acid increases with
increasing Ca(ll) concentration, whereas the adsorption
capacity for a natural river water NOM is much less affected,
and that for NOM remaining after aluminum-coagulation and
filtration is unaffected. The SUVA values of the tested water in
the experiment of Li et al. are 7.7 for the commercial humic
acid, 2.15 for the river water, and 1.51 L/(mg-m) for the NOM
remaining after aluminum-coagulation and filtration (these
values were not mentioned by Li et al.). These values indicate
that the effect of Ca(ll) is observed for high-SUVA NOM (that s,
the humic substances) but not for low-SUVA NOM. In our
experiment, the increase in NOM adsorption capacity due to
pulverization was prominently observed for high-SUVA NOM
but not for low-SUVA NOM. Therefore, we suspected that the
increase in NOM adsorption capacity resulting from pulveri-
zation might be related to Ca(ll) concentration; thus, we con-
ducted adsorption experiments of SNOM in three ionic
solutions: Solution-Na (containing Na), Solution-K (K + Na),
and Solution-Ca (Ca + Na). The concentrations of all cations
were 1.3 meq/L (see Table 2). Fig. 7 shows the gs.pac/qpac ratios
for the three solutions. The presence of Ca(ll) in solution
increased the gs.pac/qeac ratio indicating the enhanced the
adsorption on S-PAC compared with PAC. However, gs.pac Was
larger than gpac though the solution contained no Ca(ll).
Therefore, the presence of cations, in particular multivalent
cations such as Ca(ll), might have been related to the
increased adsorption capacity of S-PAC for high-SUVA NOM.

Humic substances are regarded as molecular associations of
relatively small molecules held together by weak interaction
forces (Clapp and Hayes, 1999). The association is controlled by the
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s-pac/Gpac
1 2 3 4

SHA, 6.0
SNOM, 4.1 [
SFA,39 F

Chibaberi, 3.2 =1

Inba, 2.2 R

DOC
auvaeo

NOM source and its SUVA in L/(mg-cm)

Post-coagulation, 1.9 =

Gspac/lpac

SHA, 4300 F
Hakucho, 4000
Inba, 3800
SFA, 3700

SNOM, 3300

NOM source and its MW

Chibaberi, 3100

Post-coagulation, 2400

Fig. 6 — Comparison of NOM adsorption capacity ratios for S-PAC-T (gs.pac) and PAC-T (gpac). 9s-rac and gpac Were qualified
as the amount of NOM adsorbed on activated carbon in equilibrium with the liquid-phase concentration, which was equal
to the half of the initial concentration of the adsorption experiment.

solution pH and the presence of cations, in particular, multivalent
cations including Ca(ll). Measurements of molecular diffusivity
and membrane mass transfer suggest that the increases in ionic
strength cause a reduction of molecular size in solution (Cornel
et al., 1986; Kilduff and Weber, 1992). By using photon correlation
spectroscopy, however, Baalousha et al. (2006) recently showed
that increasing the Ca(ll) concentration leads to SHA aggregation.
In their experiment, however, the average size of SHA aggregates
was measured at Ca(ll) concentrations of 1, 10, 50, and 100 mM.
Therefore, itis not clear from their data whether the aggregation of
SHA cccurs at a Ca(ll) concentration of less than 1 mM, the
concentration at which our experiments were conducted.
Because the surfaces of the activated carbons were nega-
tively charged (zeta potential values of S-PAC-T ranged from
—22 to —36 mV at pH 7 and 0.7-1.9-mmol/L ionic strength,
similar to those of the SHA adsorption experiments), cations
(particular multivalent cations) may accumulate from the
bulk solution, and this accumulation might lead to high
concentrations of cations including Ca(ll) in the activated
carbon pores. To confirm this, we determined the calcium
mass balance for the Ca(ll)-activated carbon system (in the
absence of NOM so we could exclude the effect of any
formation of a NOM—Ca(ll) complex) and estimated the Ca

Gspac/pac

Solution-Ca,
Ca (0.24 mM)
+Na (0.38 mM)

Solution-K,
K (0.49 mM)
+Na (0.39 mM)

Solution-Na,
Na (0.89 mM)

B DOC
O UV260

Fig. 7 — Comparison of SNOM adsorption capacity ratios for
S-PAC-T (qS-PAC) and PAC-T (qPAC): effect of cations.
Cation concentrations = 0.5 meq/L, pH = 7.0 0.1, and
alkalinity = 20 mg/L. '

concentrations in the activated carbon pores from the mass
balance equation (a detailed explanation of the experimental
and calculation procedures is in the supplementary informa-
tion). As shown in Fig. 8, the overall Ca(ll) concentrations (the
amount of Ca in the pore divided by pore volume) were 23 mM
for S-PAC and 12.5 mM for PAC. These concentrations were
high enough for the aggregation of SHA according to the
results of Baalousha et al. (2006). If adsorbates could form
aggregates as a result of the cation concentrated in the acti-
vated carbon pores, aggregation may have started to occur as’
the NOM entered the pores, and the aggregation may have
enhanced the accumulation of NOM. Aggregated NOM cannot
diffuse further into the activated carbon particles once it has
aggregated, so NOM may have accumulated in the vicinity of

‘the outer surface of the carbon particles. NOM therefore may

be able to penetrate activated carbon only a certain distance
from the external surface, regardless of the size of the acti-
vated carbon particle. Therefore, a larger fraction of the
internal pore volume is accessible with carbon of smaller
particle size. According to this hypothesis, the maximum
amount of NOM adsorbed should depend on the total external
particle surface area of the adsorbent exposed to bulk solu-
tion. Therefore, S-PAC, which has a much larger specific
external surface area per unit mass, could adsorb more NOM
and PSS than could PAC.

The results shown in Fig. 2 and Table 3, however, suggest
that change in particle size alone does not explain the

Ca concentration, mM
0 10 20 30

S-PAC-T

PAC-T

Fig. 8 — Estimated Ca(Il) concentration in internal pores of
S-PAC-T and PAC-T particles (error bars indicate
maximum and minimum values for the 5 experiments).
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increase in the capacity. Comparison of the changes in the
effective diameters of PACs with respect to the corresponding
S-PAC suggests that the largest changes occurred for PACs M,
F, and S. Although the capacity increase was highest for PACs
F and S, it was the lowest for PAC M (Fig. 2). The increase in
adsorption capacity can be explained by the preferential
adsorption near the outer surface of the particle (little pene-
tration into the adsorbent particle), but the extent of this
preferential adsorption may be changed by surface chemistry
or pore structure of the adsorbent.

4, Conclusions

S-PACs, which have particle sizes in the submicron range and
thus are much smaller than normal PAC particles, were
produced by pulverization of normal PACs. The effects of
particle size on the adsorption capacity for 7 NOMs (weight-
average MWs from 2.4 to 4.3 kDa), 3 PSSs (MWs from 1.1 to
4.6 kDa), and 4 PEGs (MWs from 0.3 to 8 kDa) with different
characteristics were investigated. The following conclusions
were reached:

(1) S-PAC had a much higher (2—10 fold) adsorption capacity
than PAC for the NOMs and the PSSs. This was true for two
wood-based carbons, two coconut-based carbons, and one
coal-based carbon. For the PEGs with MWs of 0.3 and
1.5 kDa, the adsorption capacities of S-PAC were almost
the same as those of PAC. For PEGs with MWs of 3.0 and
8.0 kDa, the adsorption capacities were slightly higher for
S-PAC than for PAC. Nitrogen adsorption/desorption
analysis did not show a marked change in the pore size
distribution, even for mesopores. Therefore, the increase
in NOM and PSS adsorption capacity could not have been
related to the molecular weight of the adsorbates.

(2) Theratio of the adsorption capacities of S-PAC and PAC for
NOM increased as the SUVA value of the NOM increased.
The ratio for PSSs increased with as the MW of the PSS
increased.

(3) We hypothesize that NOM, in particular high-SUVA NOM,
and PSS formed aggregates, which accumulated in the
vicinity of the outer surface of the carbons particles, and
thus NOM and PSS could not diffuse further into the acti-
vated carbon particles. Because NOM and PSS could pref-
erentially adsorb near the outer surface of the adsorbent
particles, the specific outer surface area (surface area per
unit mass) available for adsorption would be greater for
smaller adsorbent particles, and hence NOM and PSSs
adsorption capacity could be larger on S-PAC, which had
a much smaller particle size than PAC.
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