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in this previous study. Such effects on the ovarian steroido-
genesis may explain why continuous diestrous was observed
in the recovery group in this study because estrogen and pro-
gesterone, which are steroid hormones synthesized from
cholesterol in the ovary, play an important role in controlling
the estrous cycle (OECD, 2009). Continuous diestrous indi-
cates at least the temporary and possibly permanent cessa-
tion of follicular development and ovulation, and thus
temporary infertility (Parker, 2006). In this study, the lack of
an effect on the copulation and fertility indices was consist-
ent with the findings that the abnormal estrous cycle was
observed after the 27th day of the administration period in
the recovery group and not found during the 14-day premat-
ing period in the main group. Considering that continuous
diestrous was induced around the same time as changes in
body weight and food consumption became apparent, the
disruption of energy homeostasis could be a factor in the
abnormal estrous cycles observed in this study. Food restric-
tion in rats has been shown to result in weight loss and con-
stant diestrous (Kotsuji et al., 1986; Narita et al., 2011).
Recent evidence has suggested that many of the central and
peripheral endocrine signals that govern energy homeostasis
are involved in the control of reproductive function by acting
at different levels of the hypothalamic-pituitary-gonadal axis
(Narita et al., 2011). Effects on estrous cyclicity have not
been reported for the other PFCAs, which may be because
the reproductive toxicity of the other PFCAs were not exam-
ined at doses causing severe inhibition of body weight gain
as observed in the 2.5 mg/kg/day PFDoA group.

PFDoA exerted no effects on the copulation and fertility
indices or on the number of corpora lutea and implantation;
however, only one of twelve pregnant females delivered live
pups in the 2.5 mg/kg/day group. As mentioned above,
PFDoA has been reported to disrupt ovarian steroidogenesis
(Shi et al., 2009b). Since pregnancy is maintained under the
control of estradiol and progesterone (Ogle et al., 1990; Bar-
tholomeusz et al., 1999), PFDoA may affect pregnancy by
disrupting steroidogenesis. Another possible factor is
impaired fetal development, which could affect the mainte-
nance of pregnancy and normal delivery. Live pups deliv-
ered from one pregnant female in the 2.5 mg/kg/day group
had markedly lower body weights than those of the controls.
The effects of PFDoA on fetal development could be attrib-
uted to secondary effects due to maternal toxicity; however,
the lipophilic properties of PFDoA (Inoue et al., 2012} also
indicate the possibility that it was transferred via the placenta
and directly affected the fetuses.

In this study, some of the changes observed during and at
the end of the administration period were detected even after
the 14-day recovery period, including reductions in body
weight, hypertrophy of hepatocytes, bilirubin disposition,
peribiliary infiltration of inflammatory cells and bile duct pro-
liferation in the liver, and atrophy of the adrenal cortex.
Although no data are currently available on the toxicokinetics
of PFDoA, previous studies demonstrated that PFCAs with a

longer carbon chain were eliminated more slowly from the
body; the elimination half-life was shown to be 6.38 h for
perfluorobutanoic acid (C4), 2.4 h for perfluoroheptanoic
acid (C7), 135-185 h for PFOA (C8), 710 hours for PFNA
(C9), and 958 h for PFDeA (C10) in male rats intravenously
administered PFCAs (Kudo et al., 2002; Kemper, 2003;
Ohmori et al., 2003; Chang et al., 2008). Therefore, incom-
plete recovery of the toxic effects caused by PFDoA may be
attributed to its slow elimination from the body.

In summary, 42- to 47-day oral gavage administration of
PFDoA mainly affected the liver, causing hypertrophy,
necrosis, and inflammatory cholestasis, at 0.5 and 2.5 mg/
kg/day. In the 2.5 mg/kg/day group, body weight gain was
markedly inhibited, and various changes, mostly viewed as
secondary effects, were observed in the bone marrow,
spleen, thymus, and adrenal gland. These toxic effects did
not recover completely during the 14-day recovery period.
Regarding reproductive/developmental toxicity, various his-
topathological changes, including decreased spermatid and
spermatozoa counts, were observed in the male reproductive
organs, and continuous diestrous was found in females in the
2.5 mg/kg/day group. Seven of twelve females receiving 2.5
mg/kg/day died during late pregnancy while four other
females in this group did not deliver live pups. Based on
these findings, the NOAELs of PFDoA were concluded to
be 0.1 mg/kg/day for repeated dose toxicity and 0.5 mg/kg/
day for the reproductive/developmental toxicity.
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ABSTRACT: Decreasing the particle size of powdered activated
carbon may enhance its equilibrium adsorption capacity for small
molecules and micropollutants, such as 2-methylisoborneol (MIB)
and geosmin, as well as for macromolecules and natural organic
matter. Shell adsorption, in which adsorbates do not completely
penetrate the adsorbent but instead preferentially adsorb near the
outer surface of the adsorbent, may explain this enhancement in
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equilibrium adsorption capacity. Here, we used isotope microscopy and deuterium-doped MIB and geosmin to directly visualize
the solid-phase adsorbate concentration profiles of MIB and geosmin in carbon particles. The deuterium/hydrogen ratio, which
we used as an index of the solid-phase concentration of MIB and geosmin, was higher in the shell region than in the inner region
of carbon particles. Solid-phase concentrations of MIB and geosmin obtained from the deuterium/hydrogen ratio roughly agreed
with those predicted by shell adsorption model analyses of isotherm data. The direct visualization of the localization of
micropollutant adsorbates in activated carbon particles provided direct evidence of shell adsorption.

1. INTRODUCTION

Adsorption by powdered activated carbon (PAC) is a widely
used method for removing micropollutants, in particular
hydrophobic compounds, such as 2-methylisoborneol (MIB)
and geosmin, earthly musty-smelling substances, in water
treatment plants.”” Although the MIB and geosmin adsorption
capacities on PAC are high, the capacities are not fully utilized if
the PAC—water contact times are insufficient, because
adsorption kinetics are slow. To overcome the slow adsorption
kinetics, superfine powdered activated carbon (SPAC) of
particle diameter <1 pm is produced by microgrinding.’
SPAC has also attracted attention, in particular for its potential
use in combination with membrane microfiltration techni-
ques.*™” In addition to SPAC having much faster adsorption
kinetics than conventionally sized PAC, recent research has
shown that SPAC has a greater equilibrium capacity to adsorb
certain compounds such as large, chromophoric constituents of
organic matter.>® This increase in equilibrium adsorption
capacity was not predicted because PAC and SPAC that was
produced by microgrinding the PAC had a similar internal pore
volume and a similar internal surface area. It has been
traditionally thought that changing the particle size will not
change its equilibrium adsorption capacity and the adsorption
capacity of activated carbon does not depend on particle size
because adsorption occurs in internal pores of activated carbon
particles.”

@' ACS Publications  © 2014 American Chemical Society

In porous adsorbents, the increase in equilibrium adsorption
capacity with decreasing particle size can be explained by shell
adsorption, where adsorbates do not completely penetrate the
adsorbent particle but instead preferentially adsorb near the
outer surface of the particle (Supporting Information (SI)
Figure $1)."° Ando et al'' confirm the occurrence of shell
adsorption for the adsorption of polystyrenesulfonate (molec-
ular weight, 6000 Da) on carbon particles by directly observing
intraparticle solid-phase concentration profiles of polystyrene-
sulfonate. As an index of polystyrenesulfonate concentration,
they measured the emission of X-rays from sulfur atoms present
in the polystyrenesulfonate by means of field emission—
scanning electron microscopy/energy-dispersive X-ray spec-
trometry (FE-SEM/EDXS).

Our research group recently determined that the single-
solute equilibrium capacity of activated carbon to adsorb MIB
and geosmin, which are both small, nonchromophoric
molecules, may be particle size—dependent. The occurrence
of shell adsorption may accurately explain this phenomenon,
but no direct evidence to support this hypothesis exists to date.
Direct evidence is obtainable by observing the intraparticle
concentration profile of MIB and geosmin. However, applicable

Received: May 20, 2014

Revised:  August 25, 2014
Accepted: August 27, 2014
Published: August 27, 2014

dx.doi.org/10.1021/es5024515 | Environ. Sci. Technol. 2014, 48, 10897—10903



Environmental Science & Technoloay

Table 1. Characteristics of the Activated Carbons Examined”

median diameter (Dgy, #m)

superfine PAC

conventionally sized PAC raw materjal

carbon-A 31 2.6, 0.72, 0.50 coconut shell
carbon-B 25 3.1, 0.85, 0.52 wood
carbon-C 19 4.9, 0.62 wood

origin of conventionally sized PAC isotherm @ (SAM parameter) !
$P23, Pica MIB 0.24
Geosmin 0.32
MP23, Pica MIB 0.03
Geosmin 0.20
Taiko W, Futamura Chemical Co., Ltd. MIB 0.09

“MIB, 2-methylisoborneol; PAC, powdered activated carbon; SAM, shell adsorption model.

methods have been limited. Very sophisticated methods such as
measurements by means of atomic force microscopy can be
applicable for the observation and determination of adsorption
on flat model surfaces, but not for so well-defined and
complicated surfaces such as activated carbon and cotton
surfaces because of their shape, porous structure, and structural
heterogeneity.’*™"* Fluorescence spectroscopy of the cotton
surface that adsorbed fluorescently labeled polymer could
determine the extent of adsorption,'* but the method is not
applicable for observing intraparticle concentration profile.
Microprobe laser-desorption laser-ionization mass spectroscopy
is used to spatially resolve intraparticle concentration profiles
within several granular adsorbents,'” but it is not be applicable
to resolve profiles within adsorbents of particle diameter <30
pm. Direct observation with FE-SEM/EDXS has higher
resolution but is not applicable for examining the adsorption
of MIB and geosmin because these molecules do not contain a
suitable marker atom since their constituent atoms are the same
as those of activated carbon. These two methods give one-
dimensional intraparticle concentration profile, but they cannot
visualize concentration profile as a two-dimensional map.

Secondary ion mass spectrometry has been used to identify
microscale isotope ratios in cosmic particles.'® Isotope
microscope systems, which are secondary ion mass spectrom-
eters coupled with solid-state imaging detectors, enable
microimaging of two-dimensional isotope ratios (e.g, deute-
rium/hydrogen ratio, 2D/'H) with permil-level precision and
high mass resolution.'””?! Recently, isotope microscope
systems have been used to analyze living matter and
semiconductor specimens, in particular, isotope-doped sam-
ples.?

The objective of the present study was to visualize, for the
first time, the intraparticle adsorption profile of trace organic
compounds in PAC particles. The two taste and odor
compounds, MIB and geosmin, were used as probe compounds
in deuterium-labeled form. MIB and geosmin concentration
profiles were visualized by using isotope microscopy to
determine whether the phenomenon of the shell adsorption
can explain the particle-size dependence of the equilibrium
adsorption capacity of small, nonchromophoric adsorbates.

2. MATERIALS AND METHODS

2.1. Activated Carbons. Commercially available PACs of
conventional particle size (median diameter >10 um, Table 1)
were obtained and prepared as slurries in ultrapure water (5%
by weight). The PACs were pulverized into SPAC by wet
grinding with a bead mill (Metawater Co., Tokyo, Japan).
Median diameter SPAC particles ranged from 0.5 to 4.9 ym
(Table 1, SI Figure S2). In the text, we refer to these activated
carbons by using parenthetic numbers to indicate the particle
median diameter in micrometers, for example, Carbon-A (31)

10898

represents the as-received form of Carbon-A. The activated
carbons were stored as slurries in ultrapure water (Milli-Q_
Advantage, Millipore Co.) at 4 °C. Prior to use in experiments,
slurries were diluted and placed under a vacuum prior to use.

Particle size distributions of the activated carbons were
determined with a laser-light scattering particle size analyzer
(Microtrac MT3300EXIL; Nikkiso Co., Ltd, Tokyo, Japan)
following the addition of a dispersant (Triton X-100; Kanto
Chemical Co.,, Inc, Tokyo, Japan; final concentration after
addition, 0.08%) and ultrasonic dispersion. Hydrogen contents
in ~30-mg samples of each carbon were determined with an
elemental analyzer (CHNS mode, 1150 °C in combustion
tubes, 850 °C in reduction tube, vario EL cube, Elementar
Analysensysteme GmbH, Germany). Prior to H analysis,
carbons were dried for 12 house at a temperature of 105 °C
and cooled in a desiccator.

2.2. Adsorbates and Water Samples. Stock solutions of
MIB and geosmin were prepared by dissolving pure MIB or
geosmin (Wako Pure Chemical Industries, Ltd.,, Osaka, Japan)
in ultrapure water and then filtering the water through a 0.2 ym
pore size membrane filter (DISMIC-25HP; Toyo Roshi Kaisha,
Ltd,, Tokyo). Organic-free water was prepared by amending
ultrapure water with inorganic ions such that conductivity was
77—89 pS/cm and the jonic composition was similar to that
used in a previous study.>*® However, natural organic matter,
which largely affects the adsorption of MIB and geosmin on
activated carbon, was not added. The organic-free water was
spiked with the MIB or geosmin stock solutions to prepare
samples with an initial MIB or geosmin concentration of ~1
ug/L, since MIB and geosmin occur naturally at concentrations
usually lower than 1 pg/L. The water samples were adjusted to
pH 7.0 + 0.1 with HCl or NaOH as required. The
concentrations of MIB and geosmin were confirmed by using
a purge and trap concentrator (Aqua PT 5000 J; GL Sciences,
Inc, Tokyo, Japan) coupled to a gas chromatograph~mass
spectrometer (GCMS-QP2010 Plus; Shimadzu Corp., Kyoto,
Japan).

2.3. Batch Adsorption Equilibrium Tests. Aliquots (150
mL) of the water samples containing MIB or geosmin (C, ~1
pg/L) were transferred to 160 mL vials. Specified amounts of
SPAC or PAC were immediately added (0.05—1.0 mg/L) and
the vials manually shaken and then agitated on a mechanical
shaker for 1 week at a constant temperature of 20 °C.
Preliminary experiments confirmed that the adsorption
equilibrium for both MIB and geosmin was reached after 1
week of contact. Control tests were also conducted by using
vials that did not contain carbon to confirm that changes in
MIB and geosmin concentration during long-term mixing were
negligible. After filtering the water samples through a 0.2 ym
pore size membrane filter, MIB and geosmin concentrations in
the aqueous phase were measured. Solid-phase concentrations
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of MIB and geosmin were then calculated from the mass
balance.

2.4. Isotope Microscopy. To prepare carbon particles
loaded with deuterium-doped MIB or geosmin, we conducted
batch adsorption experiments in 5 L bottles. Sample solutions
containing approximately 1 pg/L deuterium-doped MIB or
geosmin (Figure 1) were shaken after the addition of a specified

CH; CH, CH,
OH y
2p
2p f
2 Z 2
2p CH, b I b
oH D

Figure 1. Chemical structures of deuterium-doped 2-methylisoborneol
(left) and geosmin (right).

amount of carbon. After the bottles were shaken for 1 week, the
carbon particles were recovered. Only the conventionally sized
PACs were used for isotope microscopy because the intra-
particle solid-phase concentration changed on a micrometer
scale; therefore the solid-phase concentration would not
measurably change in a SPAC particle. Another reason is that
the image resolution of the isotope microscopy method is not
sufficient to visualize MIB and geosmin concentration profiles
in SPAC particles.

To prepare samples for imaging, the wet carbon particles
were placed on an indium plate supported by a silicon wafer
and partially embedded into the indium plate manually using
gentle pressure. Further sample preparation, such as slicing with
a microtome, was not conducted because activated carbon
particles are very fragile and the inside of the particle was
expected to be exposed during the isotope analysis.

Deuterium/hydrogen isotope analysis of the carbon particles
was conducted by using an isotope microscope system
(Hokkaido University, Sapporo, Japan) that consisted of a
stigmatic secondary ion mass spectrometer (Cameca ims-1270)
and a SCAPS (stacked complementary metal-oxide-semi-
conductor active pixel sensor) ion detector.”® A 20 keV Cs*
primary ion beam was homogeneously irradiated over a 250 X
250 pm* sample area to achieve uniform secondary ion-beam
emission from an imaging area of 180 X 180 gm? The primary
current was adjusted to 60 nA. We supposed that, during the
exposure to the irradiation of the primary ion beam, shrinking
of the carbon particles in size occurred, as depicted in Figure 2.
In particular, the upsides of the carbon particles were removed
and the insides of the particles were exposed. The secondary
ions were accelerated to 10 keV and captured as mass-filtered
ion images projected by the stigmatic ion optics of the
secondary ion mass spectrometer. A 150 ym diameter focal
plane aperture was used. The SCAPS ion detector was
positioned on the projection plane of the mass-filtered
secondary ion image. Secondary jon images of H* and *D*
were captured by the SCAPS ion detector with a repeated
sequence of $-s ("H) and 250-s (*D) detection times. Isotopic
maps were obtained by calculating and plotting the *D/'H
molar ratio for each pixel. Loading of deuterium-doped MIB or
geosmin in the carbon particles was expected to yield the
’D/'H ratio much higher than that of the earth’s natural D/H
molar ratio of 0.00015.**

MiB/geosmin is adsorbed
at the inner region of the
PAC particle {red)

Cross-sectional view

Silicon wafer

Cross-sectional view
after sputtering

The PAC particle is eroded
by ion-beam sputtering

. Lross-
section

Figure 2. Schematic of the change in particle size caused by ion-beam
sputtering in the repeated detection of secondary ions. MIB: 2-
methylisoborneol; PAC, powdered activated carbon.

3. RESULTS AND DISCUSSICN

3.1. Effect of Particle Size on MIB and Geosmin
Adsorption Capacity. The adsorption of MIB on Carbon-A
was particle-size dependent (i, the equilibrium adsorption
capacity was greater for the SPACs than for the PAC). To be
precise, the adsorption capacity increased when the particle
diameter was decreased from 31 to 2.6 um, but it did not
change when the particle diameter was reduced further, to 0.72
or 0.50 ym. On the other hand, results for Carbon-B and
Carbon-C showed only a small particle-size dependency for the
entire particle size range tested (25—0.52 pm, Figure 3 and SI
Table S1). The adsorption of geosmin on both tested carbons
tested (Carbon-A and Carbon-B) was also particle-size
dependent, with greater equilibrium adsorption capacity for
SPAC than for PAC.

We previously reported that for NOM adsorption, the
particle-size dependency of the equilibrium adsorption capacity
was not due to the pore size distributions of SPAC and PAC. In
this study, we confirmed that the pore size distributions in both
mesopore and micropore regions did not change substantially
as a result of the pulverization of PAC for the production of
SPAC (SI Table S1 and Figure S3). Similarly, changes in BET
surface area were small. Therefore, the particle-size dependency
of MIB and geosmin adsorption capacities was not related to
the pore sizes of the PACs and the SPACs. The particle size
dependency was greater for Carbon-A than for Carbon-B and
Carbon-C. However, the difference in particle size dependency
was also not related to the pore size distributions of the carbons
(SI Table S1 and Figure S2). Further research is needed to
reach any conclusive remarks regarding the manner in which
these characteristics influence the dependency of adsorption
capacity on particle size.

Overall, the dependency of the adsorption capacity on
particle size was greater for geosmin than for MIB, and geosmin
was adsorbed to a greater extent than MIB in both the SPAC
and PAC. The effect of adsorbate characteristics on the particle
size dependency of the adsorption capacity requires further
study. The dependency decreases with the order geosmin >
MIB > phenol,®> where no measurable dependency was
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Figure 3. Adsorption isotherms of 2-methylisoborneol (MIB; panels A~C) and geosmin (panels D—E). Lines represent fits for the shell adsorption
model. .

observed for the latter adsorbate® It is possible that the where Kg(r, R) is the radially changing local Freundlich
hydrophobicity of the adsorbate plays a role, whose greater adsorption capacity parameter (mg/g)/(ng/L)"", r is the radial

particle size dependency is associated with increasing adsorbate distance from the center of a adsorbent particle (um), R is the
hydrophobicity. adsorbent particle radius (um), Ky is the Freundlich parameter

3.2. Prediction of the Solid-Phase Concentration of adsorption at the external particle surface (ie. at r = R, [mg/
Profiles. For NOM adsorption, Ando et al® report that the g]/[ng/L1") and a is the reciprocal of penetration depth (or
increase in adsorption capacity with decreasing adsorbent thickness of the penetration shell) with the unit gm™.
particle size is attributable to molecules adsorbing principally in Therefore, the local solid-phase concentration, g(r,R), at
the exterior region close to the external particle surface. The radial distance 7 in an adsorbent with radius R is given by
specific external surface area (surface area per unit mass) substituting eq 2 into Freundlich equation.

available for adsorption is greater for smaller adsorbent
particles, and hence adsorption capacity is larger on SPAC.

The shell adsorption model (SAM) was proposed to describe where g(r,R) is the radially changing local solid-phase

q(r,R) = CEI/"KO X max[(r - R) X a + 1, 0] 3)

quantitatively the increase in 1\1IOOM adsorption capacity with concentration as a function of radial distance r and carbon
decreasing carbon particle size.” In this study, the SAM was particle radius R (mg/g) /(ng/T)V",

applied for MIB and geosmin, and solid-phase concentration ‘When the adsorbent particle size is not uniform, the overall
profiles in carbon particles were predicted. The SAM utilizes an adsorption capacity is given by

expanded expression of the Freundlich equation.

© R 2 3R(R
6= [ U rar R} fR3>dR @

. alized varticle size distributi .
where gg is the equilibrium solid-phase concentration of the Z‘.’h;zé(ﬁi)t?xﬂi rmalized particle size distribution function

adsorbate (mg/g), C; is the equilibrium aqueous-phase After substituting eq 3 into 4, the isotherm equation of the
concentration (ng/L), K is the Freundlich adsorption capacity SAM becomes

gy = KC;'" W

parameter (mg/g)/(ng/L)*/", and n is the Freundlich exponent. .
In the SAM, the adsorption capacity is locally different in a _ ~ Un f = f 2 _
adsorbent particle, and the local adsorption capacity parameter, %= C K 0 { 0 rmax{(r = R) X a + 1, 0Jdr}
that is, the Freundlich K value, decreases linearly with distance 3f. (R)
from the external surface to a certain depth. When assuming a R 5—dR
spherical adsorbent particle: R )
To fit eq 5 to the isotherm data shown in Figure 3, we
Ky(r, R) = Ko X max[(r — R) X @ + 1, 0] @) searched for sets of isotherm parameter values for K, @, and n
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Figure 4. Deuterium/hydrogen ratios against distance from the external surface of a carbon particle predicted by using the shell adsorption model
(left, MIB; right, geosmin). Calculations were made for an equilibrium aqueous-phase concentration of 100 ng/L.

that best fit each MIB and geosmin adsorption isotherm of
Carbon-A, Carbon-B, and Carbon-C. The SAM successfully
described the effect of adsorbent particle size on MIB and
geosmin adsorption capacities. Equation 2 of the SMA implies
(1) when the adsorbent particle is large enough compared to
the penetration depth, the interior region of the adsorbent
particle is not used, and adsorption capacity increases with
decreasing adsorbent particle size and (2) when the adsorbent
particle is small enough compared to the penetration depth, the
entire interior region of the adsorbent particle as well as the
external region can be utilized for adsorption, and the
adsorption capacity is independent of adsorbent particle size.
For the case of the MIB adsorption on Carbon-A, the
penetration depth (1/a@) of the SMA was ~4 pm (Table 1).
Therefore, the adsorption capacity of increased when the
particle diameter was decreased from 31 to 2.6 pm, but it did
not change when the particle size was reduced further, to 0.72
or 0.50 ym (Figure 3). For the case of the MIB adsorption on
Carbon-B, the penetration depth was ~30 yum, which was larger
than the particle diameter of Carbon-B (Table 1). Therefore,
the adsorption capacity did not change in the particle size range
from 25 to 0.52 ym. The penetration depth differed markedly
among carbons, which made adsorption capacity dependency/
independency on carbon particle size.

By using eq 3 with the searched parameter values, we next
predicted solid-phase concentration profiles across the radius of
a carbon particle for deuterium-doped MIB and geosmin
adsorbates, in which three hydrogen atoms were replaced with
three deuterium atoms (Figure 1). Using the hydrogen content
of the carbon particles as determined by the elemental analysis
(SI Table S2) and assuming that the earth’s natural deuterium/
hydrogen molar ratio is 0.00015,>* we predicted the solid-phase
concentration profile of the deuterium/hydrogen ratio along
the radius of as-received carbon particles for MIB and geosmin
adsorptions (Figure 4). The deuterium/hydrogen atomic ratios
decreased from the external surface to the inner region, but for
MIB adsorption on Carbon-B and Carbon-C the decrease was
less dramatic than for Carbon-A, for which a penetration
distance of only ~4 um was predicted. The deuterium/
hydrogen ratio of the outer shell region (to a depth of ~3 ym)
of a Carbon-A (31) particle was predicted to be between 0.004
and 0.013 (Figure 4, left), and these values are >30 times those
for the inner region (>4 pm penetration depth). For the
adsorption of geosmin, a higher deuterium/hydrogen ratio was
predicted for the outer surface region than for MIB, and the

penetration distances for geosmin were shorter than for MIB
for both Carbon-A and Carbon-B (Figure 4, right).

3.3. Direct Observation of the Solid-Phase Concen-
tration Profile by Means of Isotope Microscopy. The
solid-phase concentration profile was directly observed by using
deuterium-doped MIB and Carbon-A (31), which is an
adsorbent in which adsorption capacity is particle size-
dependent. Prior to visualizing the solid-phase concentration
profile, we confirmed that deuterium-doped MIB had the same
adsorbability as the nondoped MIB used in the isotherm
experiments (Figure 5).

100
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Figure S. Adsorption isotherms of deuterium-doped 2-methylisobor-
neol (MIB) and nondoped MIB. PAC, conventionally sized powdered
activated carbon.

A series of secondary *D and 'H images of a Carbon-A (31)
particle loaded with deuterium-doped MIB was taken (SI
Figure S4A). Isotopographs were obtained by calculating the
ratio of 2D detection (*D_2 in SI Figure S4A) to 'H detection
(average of 'H_1 and 'H_2 in SI Figure S4A) for each pixel of
the image, as shown in Figure 6A. The *D/'H ratio was higher
than that of the earth’s natural *D/'H molar ratio of 0.00015,
indicating the presence of deuterium-doped MIB that was
loaded on the carbon particle. The *D/'H ratios across the
particle qualitatively confirm greater loading of MIB (higher
“D/'H ratio) on the exterior region close to the outer-surface of
the particle. The trend was confirmed by measurements of
another Carbon-A (31) particle also loaded with deuterium-
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Figure 6. Isotopic maps (deuterium/hydrogen ratio) of carbon
particles loaded with deuterium-doped 2-methylisoborneol (MIB) or
geosmin. Panel A: coconut-based Carbon-A (31) loaded with
deuterium-doped MIB. Panel B: wood-based Carbon-B (25) loaded
with deuterium-doped MIB. Panel C: wood-based Carbon-C (19)
loaded with deuterium-doped MIB. Panel D: coconut-based Carbon-A
(31) loaded with deuterium-doped geosmin. Panel E: wood-based
Carbon-B (25) loaded with deuterium-doped geosmin. White dotted
lines indicate periphery estimated from the 'H images.

doped MIB (SI Figure SSA). The shell adsorption model
predicted a D/ ratio at the exterior region of 0.004 to 0.013;
observed ratio was somewhat lower at around 0.004 but
roughly agreed with the prediction. The center region exhibits
2D/'H ratios that are ~2-3 times lower than those in the
exterior region. It should be noted that the center region of the
image (Figure 6A) does not correspond to a radial position of r
= 0 as only a portion of the PAC particle was ablated by ion
sputtering as shown in Figure 2.

We next examined Carbon-B (25) and Carbon-C (19),
which are adsorbents in which adsorption capacity is particle
size-independent. For these carbons, we expected MIB to be
adsorbed on internal pore surfaces as well as in the external
region. For Carbon-B (25), the 2D/'H ratios were locally high
in the internal region, but overall uniform across the particle
(Figure 6B, a series of secondary *D and 'H images are shown
in SI Figure S4B), thereby verifying that MIB adsorbs on
interior pore surfaces of Carbon-B (25). For Carbon-C (19),
detections were repeated 10 times and during detection a
reduction in particle size was clearly observed (SI Figure $4C).
We attribute this reduction in size to ablation by ion-beam
sputtering, which removed some parts of the particle, in
particular the upper part, resulting in a gradual reduction in
particle size. Uniform *D/'H ratios across the particle were
observed, in particular after the third 2D detection, suggesting
that the inside of the particle was exposed by the ion beam
sputtering after the third D detection. Furthermore, the
observed D/'H ratios of Carbon-B (25) and Carbon-C (19)
(Figure 6B, C) were consistent with the 2D/'H ratio predicted
by the shell adsorption model (Figure 4, left). These

observations confirm that MIB adsorbs internally on Carbon-
B (25) and Carbon-C (19).

We similarly examined the adsorption of deuterium-doped
geosmin on Carbon-A (31) and Carbon-B (25). According to
the shell adsorption model analysis, geosmin molecules were
predicted to adsorb mainly on the exterior region of particles of
Carbon-A (31) and Carbon-B (25); therefore, a high *D/'H
ratio at the exterior region was expected (Figure 4, right). A
greater loading of geosmin (high *D/'H ratio) near the outer
surface of the particles was clearly observed for both Carbon-A
(31) and Carbon-B (25) (Figure 6D, E; a series of *D and 'H
images are shown in SI Figure 3D, E). Clearer pictures were
recorded for the geosmin experiments compared with the MIB
experiments, which could possibly be due to the greater loading
of geosmin compared with that of MIB (see Figure 3).

In this research, isotopic maps of the deuterium/hydrogen
ratio, which was a marker of the solid-phase concentration of
deuterium-doped MIB and geosmin molecules, provided the
direct evidence of the location of adsorbed MIB and geosmin
molecules on activated carbon particles. In PAC that had
smaller equilibrium adsorption capacity than SPAC, MIB and
geosmin principally adsorbed in the exterior shell region of the
PAC particles. In contrast, in PAC that had a similar
equilibrium adsorption capacity to SPAC, MIB adsorbed
more evenly throughout entire PAC particles. Together these
results confirm the validity of the shell adsorption theory in
which molecules do not completely penetrate the adsorbent
particle but instead preferentially adsorb near the outer surface
of the particle. The observed equilibrium higher adsorption
capacity on SPAC than on PAC was therefore due to the larger
external surface area on which the molecules preferentially
adsorb.

However, all experiments were conducted in NOM-free
waters, but not in natural waters where NOM competition is a
significant factor on adsorption.*® Traditionally, competition is
discussed in terms of pore blockage and direct site competition
where NOM and micropollutant adsorb in the same pore.®*’
Our research revealed that micropollutants may adsorb in the
external region of carbon particles, that is, in the same region in
which chromophoric NOM preferentially adsorbs. Therefore,
our results imply that competition is severer when both NOM
and micropollutant adsorb in the external region.
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