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Liquid phase adsorption of dyes and dextrans by crystallized mesoporous
wood carbon obtained by nickel-catalyzed carbonization of larch at 900°C

Tsutomu Suzuki* ***** Kyoko Suzuki*, Kazuyuki Hattori*, Noriyasu Okazaki*,
Yukie Saito**, Hidetoshi Kita***, Hisashi Tamai****

Abstract: For crystallized mesoporous carbon {CMC} obtained by carbonization of nickel-loaded farch at 900°C,
its liquid phase adsorption capacity for dyes and dextrans was examined before and after pulverization followed
by washing with acid. By pulverization, graphitic nano shell chains as the crystallized form of CMC were
fragmented inte raspberry-shaped nano shell carbon particles accompanying the increase of mesopore volume
and width. These morphologicat and pore structural changes brought about great increase in the adsorption
amounts of both adsorbates. Subsequent washing with acid to remove coexisting nickel led to further increase
in the amount of dextrans to surpass commercial mesoporous carbon in the adsorption capacity, although it was
disadvantageous for the adsorption of dyes. As removal of the metal for its recovery and reuse is also industrially
preferable, pulverization and subsequent washing with acid were post-treatments suitable for practical
production of an adsorbent for non-polar polymers from CMC.

Keywords: cystallized mesoporous wood carbon, gaphitic nano shell chain, liquid phase adsorption, pulverization,
washing with acid

1. Introduction carbon, respectively, revealed™ the crystal region

Nickel-catalyzed carbonization of wood at
900°C has been developed in our laboratory
for coproduction of functional carbon and fluid
fueis™™. This process deserves special attention
for easy and efficient production of crystallized
mesoporous carbon*® (abbreviated as CMC) that
has two potential functions of electroconductivity
and fiquid phase adsorption for macromolecules.
It should be emphasized in this connection that
such a dual function has never been reported for
carbonaceous materials, including wood carbon,
until then to our knowledge. This will predict a quite
unique microstructure of CMC. Actually SEM and
TEM observations of CMC subjected to washing
with acid followed by atmospheric oxidation at

below 500°C for removal of nickel and amorphous

was an aggregate of graphitic nano shell (equivalent
to 'hollow') chains (GNSC) looking like a tangle of
worms and each chain was a long winding string of
nano shell carbons (NSC) with the surface of several
graphite layers, as displayed i Fig. 1. Furthermore,

the SEM image disclosed that a number of the space

S

Fig. T Typical SEM (left) and TEM (right) images of
graphitic nano shell chains (GNSC) derived from
crystallized mesoporous carbon prepared by nickel-
catalyzed carbonization of larch at 900°C,
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and voids among individual GNSC were equal to
mesopore (2-50 nm in diameter) in size. It followed
that a large proportion of mesopore was generated
during the formation of GNSC to ieave it in the
crystal region, thereby explaining how and why the
dual function can develop”. It was also found that
the shell chains appeared only in the cefl wall tissue
to be covered with amorphous carbon, as illustrated
fater in Fig. 5.

in parallel with such clarification of the unique
microstructure, trials to develop practical carbon
products by introducing post-treatments are now
in progress. For example, in the application as
conductive filler, raw CMC was pulverized and
washed with acid prior to blending with non-
conductive matrix like plastics®®. The filler ability
enhanced after these treatments primarily due to
increase in the crystallinity of carbon, so that it
was comparable to that of a commercial conductive
carbon, a sort of acetylene black called Denka
black™, When the above atmospheric oxidation
was subsequently applied, the remaining carbon
exclusively occupied by GNSC surpassed the
commercial acetylene black in the ability”. These
results ensured a good substitute of CMC for the
current petroleum-derived conductive carbon. On
the contrary, influence of these pretreatments, which
are to be likewise incorporated for producing a
liquid phase adsorbent for macromoiecules, on the
adsorption capacity is not systematically examined
yet. The present study thus deals with this subject
by paying chiel attention to morphological and
pore structural changes of CMC. The capacity was
evaluated and discussed by comparing with those of

commercial activated carbons.

2. Experimental
2.1 Material

Nickel-loaded wood carbon (NiWC) equivalent
to CMC was prepared by previously described

carbonization of powdered larch (0.6-1.4 mm in
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diameter) loaded with 2 wt% nickel in a flow of
nitrogen at 900°C for 1h”. None-loaded wood carbon
(NoWC} as control was obtained by applying the
same carbonization conditions. For comparison, two
commercial activated carbons were chosen: one was
‘Granular Shirasagi G2X' used for gas adsorption and
another was ‘Charcoal, activated for chromatography
(Wako Pure Chemicals Industries, LTD)’ that is a
typical mesoporous carbon. The former and the
latter were abbreviated as GAC and LAC, respectively.
2.2 Pulverization

After light crushing in a mortar by pestie, the
obtained NiWC particles {referred to as PO/NiWC)
were wetted with a few amount of ethanol and then
pulverized in a planetary balt mill (FRITSH P7). In
the pulverization, the wetted PO/NIWC was rotated
together with agate balls of 15 mm ¢ in an agate
vessel at 630 rpm and 3 x 10 min. The resulting
fine fraction P1/NiWC was further pulverized with
zircaonia beads of 2 mm ¢ in the same manners
as above to obtain the finer fraction P2/NiWC:
Pulverization of NoWC was likewise conducted
to prepare the corresponding fractions of PO/
NoWC, P1/NoWC, and P2/NoWC. For GAC and LAC,
crushing in a mortar was only done to obtain PO
fractions, PO/GAC and PO/LAC, respectively.
23  Washing with acid

PO, P1, and P2 fractions of NiWC were
individually soaked in 1 M HNO; with stirring
at room temperature for 12 h. Effectiveness of
this acid treatment for the removal of nickel was
already ascertained®'”. After washing repeatedly
with distilled water, each acid-treated fraction,
designated as PO/ANIWC, P1/ANIWC, and P2/
ANIWC, respectively, was collected by filtration
over a membrane filter with pore size of 0.4 pm. The
whole terminology of these acid-treated specimens
was 'ANIWC.
24 Morphology and properties of carbon specimens

After vacuum drying at 50°C, all of carbon

specimens were examined in terms of (a) surface




Table 1 Adsorbates used for liquid phase adsorption test.

Molecutar Molecular Molecuiar Solution Cm‘?} o
Adsorbate” Formula weight size® (nmy | Cone. Added speetimen
(mg/ml) amount (m]) (mg)
MB CHN,SCl 3199 038 02 20 20
AB4s CHNNa,0,S, 4743 13 02 20 20
ABIGT | CutlCeN,N,0,8, 881.7 (7 02 20 20
Dx15.000 (CH,00, LS20X 100 420460 | 10 5 150
Dxe0.000 (CH,0)), 32-45%10'  927%157 | 10 5 150
Dx60.000 (CH., O, >6.0x 107 > 144 {0 3 150

 See the text. ? Comesponding o the length. See the ext.

state and shape, (b) particle size, and (c) pore
structure, in addition to () the content of nickel. For
(a), FESEM (JOEL JSM-5800) at 20 KV was applied
to make observation at various magnifications. With
(b), 50% median diameter (D50) as the average size
was calculated from the distribution curve measured
by laser diffractometry (FRITSH Particle Analysette
22)”. Concerning (c), BET surface area (Sy;p), BJH
mesopore surface area (Sm), BJH micropore {the
diameter is < 2 nm) volume (Vi), BJH mesopore
volume (Vm), BJH macropore (the diameter is > 50
nm) volume (Va), and total pore volume (Vt, equal
to the sum of Vi, Vm, and Va) were determined [rom
adsorption and desorption isotherms of nitrogen
at -196°C (ThemoQuest Sorptomatic 1990}, as
described in previous papers™*'Y, Mean pore width
(MPW), defined here as the width at 50% of Vi, was
further calculated by using the accumulated curve
of adsorption. The selectivity of mesopore was given
as the ratio of Vm to Vt.¥ For {d), atomic absorption
spectrometric analysis (HITACHI Z-8200) was made
for a sample prepared by dissolving the combustible
residue at 800°C with aqua regia to quantify the
metal.
25 Liguid phase adsorption test

This test was conducted according to manners and

procedures adopted by Tamai et al.'"*

. who reported
the adsorption behavior of macromolecules for
mesoporous activated carbon prepared by their own
ways. An aqueous solution of individual adsorbates

was added to each carbon fraction in a glass-made
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test tube. Employed adsorbates were three dyes of
methylene blue (MB), acid biue 45 {AB45), and acid
blue 161 (AB161), and three dextrans with weight-
average molecular weights of 15,000, 40,000, and
60,000, denominated as Dx15,000, Dx40,000, and
Dx60,000, respectively. Table 1 lists characteristics
of these adsorbates together with concentrations and
added amounts of their solutions, in addition to the
amount of carbon, used in this test. Molecular size in
the table represents the length corresponding to the
fongest diameter in three-dimensional directions and
was caiculated from linear combination of atomic
orbitals for each molecuie, although it is not the
actual hydrated size. It may be needless to say that
the three dyes are polar molecules, whereas dextrans
are near-nonpolar polymers.

A glass tube containing a carbon specimen and
an adsorbate solution was shaken horizontally at
200 rpm (Yamato Model SA-31) for 2 h and then
centrifuged at 3,000 rpm (KOKUSAN H-103n) for 10
min. The resulting supernatant sofution was collected
by filtration with the above- mentioned membrane
filter, and the concentration of the collected filtrate
was measured by absorptionmetry (SHIMADZU
MultiSpec-1500} and gel permeation chromatography
(GPC, TOSOH HLC-8020 equipped with three-
connecting columns of TSK gel G2500PWXL,
G3000PWXL, and G4000PWXL) for dyes and
dextrans, respectively. In the absorptiometric
measurement, 495 nm was adopted for MB and 525
nm was for AB45 and AB161. The detector used in
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Fig. 2 SEM images of NoWC: (a) and (b} for PQ, (c) for P1,
and (d) for P2,
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Fig. 3 SEM images of NIWC: (a) and (b) for PO, (¢) for P1, and
(d) for P2. Note: aggregates of raspberry-shaped
particles were clearly seen in the areas, for example,
encircled with white lines for (¢} and (d).

GPC was a dual-flow refractometer, The adsorbed
amount of each adsorbate was calculated from
difference in the concentration for the initial solution
and the filtrate, and the adsorption capacity was
expressed in per gram carbon free from nickel. All
of the adsorption tests were duplicated to obtain the

average capacity as reliable data.

3. Results and Discussion
3.1 Surface state and morphology of carbon specimens
Figures 2(a)-(d) and 3(a)-(d) display typical SEM
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images for NoWC and NiWC fractions, respectively.
The images of ANIWC fractions are not presented
here on account of their close resemblance to those
of the corresponding NiWC fractions. Observation
at a low magnification (Figs. 2(a) and 3{a)) made it
clear that both PO/NoWC and PO/NiWC consisted
of different particies in size and shape with original
cell wall structure still retaining. On the other
hand, highly magnified images of Figs. 2(b) and
3(b) disclosed the following serious difference for
the two PO fractions: both vertical and longitucinal
cross sections were uninjured and smooth for
NoWC, whereas the vertical section of NIWC was
collapsed to make GNSC expose in the cell wall with
longitudinal section corresponding to lumen almost
undamaged. It was observed for P! fractions given
in Figs. 2(c) and 3(c) that main constituents of NoW¢C
and NiWC were angular and ‘raspberry-like' particles,
respectively. For two P2 fractions comprising
smaller particles with more homogeneous size
and distribution compared to P1 fractions, their
difference in shape became more obvious (Figs. 2(d)
and 3(d)). Angularity is a typical form of pulverized
carbon particles, as observed for PO/GAC and PO/
LAC (Figs. 4(a) and (b)). It was needless to say that
the raspberry-like shape of fragmented GNSC was
quite unusual For better understanding of the
morphological change of NiWC, as well as ANIWC,
related illustrations are given in Fig. 5.
3.2 Particle size, pore structure, and the content and
removal of nickel

Table 2 summarizes particle size (D50) and pore
structural properties for all of specimens together
with the content and removal of nickel for NIWC and
ANIWC. The recovery of P1 and P2 fractions relative
to PO [raction on a nickel-free basis was all over 95%
irrespective of the types of wood carbons. The loss
through pulverization with and without soaking in
acid was thus unimportant.

For D50, P2 < P1 < PO with much smaller

difference for the former two fractions was common




(a) (b)

Fig. 4 SEM images of commercial activated carbons: {a} and
{b) for PO/GAL and PO/LAL, respectively.
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Fig.5 Schematic presentation of the morphological change
of graphitic nano shell chains (GNSC) into raspberry-
shaped particles by pulverization.

to all wood carbons. This variation in the size of
particles was consistent with the above-mentioned
SEM observation, ensuring normal pulverization. A
little larger value for ANIWC fractions than for the
corresponding NiWC ones can be accounted for by
coalescing minute particles during soaking In acid,

as reported previousiy”. Although the coalescence
% P Y g

concurrent with pore shrinkage described befow
must be unfavorable, interference in the dissolution
of nickel seemed not so heavy: smaller D50
gave higher removal of the metal, although the
difference was slight. Of pore properties affecting
the adsorption of macromolecules, Sm is considered
to be the most important because it is generally
accepted as the predominant factor in determining
the capacity'"”. This parameter was NoWC(C <
NiWC < ANIWC for the same fractions, and their
difference confirmed much superiority of CMC over
amorphous carbon (NoWC) together with a little
profit of acid treatment of NiWC. Interestingly, both
NiWC and ANIWC were in the order of P1 < P2 < PO
differing from PO < P1 < P2 of NoWC. The irregular
order of CMC signifying a disadvantageous side of
pulverization would have close relation to the above
[ragmentation of GNSC into GNS particles. For Vm
that is another parameter of mesopore, NiWC and
ANIWC did not differ greatly with each other and
they surpassed NoWC in anaiogy with Sm. It was
also evident that pulverization of NiWC and ANIWC
gave larger increments of Vm with much larger
Vm/Vt compared to that of NoWC. Although the
order of Vm was PO < P1 < P2 for any wood carhon,
the concurrent increase of Va by pulverization
was relatively small for CMC, thereby keeping
high selectivity of mesopore. This would reflect

Table 2 Particle size, pore structural properties, and the content and removal of nickel for carbon specimens.

Dso™ Pore structure 7 Nickel
Specimens (um) SBET?  Sm” vi9 Vi V! V_l"’ V/'Ve? MPW! ! Content  Removal™
(m¥e) (mYgy {em¥y) (em¥g)  (em¥y)  (eny) (%) (nny} (%) (%)
PO/NOWC | 4.12 14 19 0.003 0.024 0282 0.239 10.0 3 < 0.1 ——--
PI/MNoWC | 0.52 73 20 0.005 0031 0.322 (1358 89 4 <0.1 m
PY¥NoWC | 042 90 36 0.019 0033 0.363 0415 8.0 5 <01 wmmem
POMNIWC 4,15 107 174 0.001 0.204 0.391 0.596 342 13 778 00

PyNIWC | 040 137 139 0.003 0275
P2NIWC | 036 144 154 0.004 0.321
PO/ANIWC | 435 59 181 0001 0.222
PUANIWC | (0.89 144 154 00063 (232
PZANIWC | (353 159 168 0005 0.302
PO/GAC 430 1210 745 0.828 0.178
PO/LAC 480 1310 939 0.150 1355

0431 0,709 3838 25 773 <0.1
0351 0.676 475 42 775 <0.1
0.177 0399 5535 10 033 958
0.294 0.529 438 21 Q.15 98.1
0.342 0.649 46.5 35 0.1t 98.6
0.075 1.081 16.5 2 <0.1 ----

0.090 1.595 85.0 4 <0.1 R

* See the text, ” 50% median diameter,  BET surface area,  BJH mesopore surface area, ® BJH micropore volumne, * BIH meso-

pote volu me,* BIH macropore volume, B BIH total pore volume,
¥ Calculated on the assamption that only the metal species was lost.

The selectiviy of mesopore,” Mean pore width at 50% of Vi,
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Fig.6 Adsorption of dyes by wood carbon specimens and
commercial activated carbons.
mechanical toughness of GNSC and its constituents
NSC, in contrast to brittleness of amorphous carbon.
In terms of the role of Vm, [urther attention should
be paid to the close relationship with MPW. This
implies that Vm can be a good index of mesopore
width, so that it is likely to act as the gate for
macromolecules in the liquid phase adsorption.
In brief, Vm can have the function of controlling
the amount of adsorbate, similarly to Sm. What is
further necessary to note in relation to the likelihood
was generally smaller MPW for ANiIWC fractions
than for NiWC ones. This can be accounted for by
promoted cohesion of minute particles derived from
amorphous carben enriched with macropore in acid,
according to previous finding”. The phenomenaon
accompanying the decrease of macropore, affirmed
by smalier Va for ANIWC [ractions, did not conflict
with the concurrent increase of D50. One more
important property is Sger known to be critical in the
adsorption of MB"™", This parameter is expected to
have appreciable influence on the adsorption of other
dyes with low molecular weight than MB, for all that
substantial participation of Sm in the treatment of
AB45 and AB161 was already reported' ", Excepting
the extraordinary low value for PO/ANIWC reflecting
the aforesaid serious shrinkage, Sgyy was analogous

tc Sm and Vm in that CMC was much larger than
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Fig. 7 Adsorption of dextrans by wood carbon specimens
and commercial activated carbons,

amorphous carbon. Concerning PO/GAC and PO/LAC,
the former was well characterized by quite large Sy
and Vi, and the latter was by extremely large Sm
and Vm together with high Vm/Vt. Although these
characteristics made sure high aptitude of their
own use, it was evident that even PO/LAC compared
unfavorably with NIWC and ANiWC in MPW.
3.3 Adsorption of dyes and dextrans

Figures 6 and 7 depict adsorption capacities
of all carbon specimens for dyes and dextrans,
respectively. In the adsorption of dyes by PO/
GAC and PO/LAC, the amounts were in the order
of AB161 <« AB45 <« MB. Although this order
showed strong dependence on the moiecular size
of adsorbates (Table 1), the quantity of MB was
larger for GAL than for LAC and those of AB45 and
AB161 were opposite. Collation with structural data
given in Table 2 made it possible to interpret that
SBET and Sm wouid play the predominant roles in
the adsorption of MB and two ABs, respectively. A
similar interpretation held for NoWC with PO < P1 <
P2 in the adsorbed amount of any dye. As for NiWC
and ANIWC, their larger adsorption capacities than
that of NoWC were not easily clucidated because
the order of PO < P2 < P1 in the general amount
was not always correlated with Sggy and/or Sm,

and was not compatible with Vm and MPW, either.
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The irregularity in the order can be understood by
assuming some disadvantage concurrent with pore
structural and morphological changes. That is, it
seemed valid to explain that the effect of increase in
Vm and MPW, and/or the transformation of GNSC
into NSC particles exceeded the disadvantage for
Pl, while the situation was reversed for P2 with
prolonged pulverization. The presence of nickel
was favorable, since NIWC was larger than ANiWC
in the general adsorption capacity. In connection
with this aspect, smaller MPW for ANIWC than for
NiWwC would be less handicapped, judging from the
adsorption of dextrans discussed below. It is also
important that three dyes are polar adsorbates.
When considering these matters, the most plausible
candidate for the refevant factor was increase of

558 gecurred on the

oxygen-containing groups
carbon surface, as exemplified by the assumed
depiction (Fig. 8). The adsorbed amounts of dextrans
were, on the other hand, far larger for PO/LAC than
for PO/GAC. This can be attributed to difference in
not Sm but Vm, or the width of mesopore between
them. Actually Dx60,000 < Dx40,000 < Dx15,000
in the amount for PO/LAC was the order expected
from their molecular sizes {Table 1), For three wood
carbons, PO < P1 < P2 in the general capacity agreed
with the order of MPW. More noticeable was the
superiority ol ANIWC over NIWC. The opposition to
the above situation of dyes would realize under the
foliowing circumstances: i) elimination of coexistent
nickel facilitated the access of dextrans, ii) oxygen-
containing groups did not have serious influence
on the adsorption of such near-nonpolar giant
molecules, iii) so that, mesopore width could be the
predominant factor, iv) smaller MPW for P1/ANIWC
and P2/ANIiWC than that for the corresponding
NIWC fractions was, however, no longer inconvenient
probably because the mesopore width for the former
attained to an sufficiently large tevel It should be
emphasized that P2/ANiWC had the highest capacity

among wood carbon fractions to surpass PO/LAC

ﬁz‘?’,

in the amounts of Dx60,000 and Dx40,000 with
a little inferiority of Dx15,000. The satisfactory
capacity of this specimen was principally afforded
through pulverization, as was ascertained by rather
small difference in the capacity for NiWC and
ANIWC fractions and considerably large difference
between PO and P1 fractions of both NiWC and
ANIWC, The fact in turn confirmed that this post-
treatment o produce a number of raspberry-shaped
NSC particles, thereby making the accessibility
of giant macromolecules greatly enhance was so
effective as to compensate for the big drawback of
much stmallet Spe, Sm, and Vm than those of PO/
LAC. According to the above adsorption of dyes, P1
and P2 of NiWC were equal or superior to PO/LAC
in the amount of AB45 and AB161. The sufficiently
high capacity, however, came from the presence
of nickel that is an environmentaily unfriendly
and expensive metal, and hence, the practical
utilization of NiWC is limited. On the contrary, the
application of ANIWC causing no serious trouble
as the adsorbent for non-polarized polymers is
promising, [n addition, increase in the adsorption
capacity alter removal of nickel by soaking in acid
for its recovery and reuse is industrially preferable.
Nevertheless, compiete elimination of the metal was
not achieved at the present stage. It is also necessary
to tell that irrespective of acid treatment, the present
pulverization of NiWC yielded minute particles with
diameter of < 0.1 mm, which is hard to handle, in a

considerable percentage. Efficient reduction in the

Co0®

Fig. 8 Assumed adsorption of dye molecules on
pulverized carbon particles.
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particle size of CMC without losing the morphologicai
feature of GNSC is thus required from a practical
viewpoint. Although detailed mechanism of the
adsorption by NiWC and ANiWC is also needful to
be investigated, development of such improved post-
treatments is the preferential subject in our further

studly.

4. Conclusions

The present study examined influence of
pulverization followed by washing with acid as post-
treatments for CMC obtained by 900°C-carbonization
of nickei-loaded larch on liquid phase adsorption
of dyes and dextrans. When pulverized, GNSC as
the crystallized morphology of CMC was collapsed
into fragmented NSC particles with raspberry-like
shape, accompanied by increase of Vm and MPW,
or enlargement of mesopore width. Subsequent
washing with acid to remove nickel caused
considerable shrinkage of large pore with a little
decrease of mesopore width. Although pulverized
CMC was superior to LAC in the adsorbed amounts
of such dyes as AB45 and AB161, the good capacity
depended greatly on the presence of the metal. On
the other hand, pulverized and acid-treated CMC
was generally superior to the activated carbon in the
capacity of dextrans. Because the removai of nickel is
industrially preferable, pulverization and subsequent
washing with acid are promising post-treatments of
CMC for preducing a practical adsorbent for non-

polar polymers.
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