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1. Introduction

Kelps are large brown algae seaweeds, commonly used as base ingredients in
Japanese food. In 2018 ca. 56,000 tons were harvested in Japan, around 95 per-
cent of which were from Hokkaido Island [1]. As large amounts of kelps are
used in food industries, they are even aquacultured widely along the coast of the
island. Small kelps are inserted into ropes, and then aquacultured over the pe-
riod of one or two years, growing up to the length of 10 m. Holdfast, or rhizoid,
of kelp is the stem part of the kelp body to anchor the kelp body to the sub-
strates, ropes in the case of aquaculture, being cut after harvesting. It is also edi-

ble, although usually discarded as rock particles, shells, ropes and other conta-
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minants are easily entangled among the holdfasts because of their complex
twining structure. A considerable amount of holdfast waste is discharged every
year, reaching 2000 tons for aquacultured kelps in southern region of the Hok-
kaido Island [2]. Therefore, it is important to develop an effective utilization of
the kelp wastes.

Kelps contain many polysaccharides, such as alginate and fucoidan, within the
kelp cells. As these polysaccharides have functional groups which exhibit the ca-
tion-exchange properties, they can be used for the hydrometallurgical recovery
of various metal ions [3] [4]. We have previously shown that Saccharina japoni-
ca, S], formerly called Laminaria japonica, and Saccharina sculpera, both popu-
lar kelps in Japanese foods, could be successfully applied for the recovery of di-
valent metal ions [5].

Other kinds of the utilizations of kelp holdfasts have been also considered
for the kelp wastes. The composting is one of the options [2], although it does
not gain popularity because of the costly process involving the separation of the
above-mentioned various contaminants. Particularly, the contamination of ny-
lon ropes is regarded as crucial in the process. The production of biodiesel is also
an attractive alternative method for the energy recovery from aquatic biomass.
Xu et al. succeeded the microbial oil production from SJ [6]. The influence of the
contamination should be further examined for the application of the kelp hold-
fasts.

Among the other processes, the carbonization of organic waste is one of the
most promising methods. The carbonization of seaweeds has been studied in a
variety of literature [7]-[14]. The hydrothermal technique has been mainly con-
sidered in the view of avoiding the energy-consumptive drying process [7] [8].
On the other hand, harvested Japanese kelps are usually dried for the food in-
dustry, so that the carbonization of the dry matter of kelps is worth to be inves-
tigated. We have, therefore, studied the preparation of activated carbon from
dried holdfasts of SJ in the present work. The chemical activation method utiliz-
ing zinc chloride activator [14] [15] was employed, and the influence of the var-
ious process parameters, such as carbonization temperature and the composition

of ZnCl, have been examined.

2. Materials and Methods

2.1. Materials and Sample Preparation

The process flow for the preparation of activated carbon is shown in Figure 1.
Holdfasts of Saccharina japonica were kindly supplied from local fisheries in
Hakodate region, southern Hokkaido, Japan. In the present work impurities of
ropes, shells and so forth adhered to the holdfasts were thoroughly removed
prior to the experiment in order to exclude their influences. Then the holdfasts
were washed by water and air-dried. The dried holdfasts were then shredded
with a cutter mill. After sieving, the fraction under 350 um was used for the fol-

lowing process. The holdfast powder was mixed with the reagent grade zinc
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chloride powder (Wako pure chem. Co., Ltd.) as activator and the mixture was
heated at 600°C or 900°C under argon atmosphere. The apparatus for carboni-
zation and activation is schematically shown in Figure 2, which is principally the
same as that employed for the preparation of activated carbon from polyester re-
sins [16] [17]. A quartz horizontal reactor (inner diameter of 26 mm and the
length of 1000 mm) was heated in an electric furnace. Approximately 2 g of the
sample mixture were placed on a ceramic boat, then it was placed into the center
of the reactor. The incoming Ar gas was adjusted at a flow rate of 100 mL/min.
The samples were heated at the rate of 10°C - 15°C/min, and kept for 1 hour at
constant temperature. Carbonization products contain zinc components origi-
nating from zinc chloride, which may adversely affect the properties of activated
carbon. They were, therefore, cleaned with HCl aqueous solution (ca.1 mol/L) to

remove the zinc components.

2.2. Characterization Methods

The pyrolysis characteristics of holdfasts were analyzed by Thermogravime-
try/Differential Thermal Analyzer (TG-DTA) (Rigaku, Thermoplus TG8120).
Dried holdfast powder with a particle size of under 350 um was used as a sample.
Temperature was rose from room temperature to 1000°C at a heating rate of
10°C/min. Helium was used as a carrier gas at a flow rate of 100 mL/min. Alu-
minum oxide, Al,O;, was chosen as a reference material for DTA measurements.

Specific surface area of samples was measured at 77 K by a specific surface
meter (Shimadzu, FLOWSORB 2300) based on the Brunauer, Emmett and Tel-
ler, BET theory using the flowing gas (30% N,-70% He) method. Commercial
activated carbon (Wako pure chem. Co., Ltd.) was used for comparison. A scan-
ning electron microscope, SEM, (JEOL, JSM-6360LA) was used to observe the

surface morphology of carbonized and activated samples.

Dried holdfast
Shredding
<350 um
Acid cleaning

Activated carbon

Figure 1. Schematic representation of

the activated carbon preparing process.
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Figure 2. Apparatus for carbonization/activation experiments.

Elemental analysis of carbon, hydrogen, and nitrogen in samples was con-
ducted with Yanaco MT-6 equipment to determine the carbon yield, elemental
composition, and the ash content. The X-ray diffraction (XRD) technique was
used to investigate whether the obtained activated carbon after hydrochloric acid
washing contained an inorganic crystal component or not. In addition, the effi-
ciency of acid cleaning at different heat treatment temperatures and at different
ZnCl, proportions were compared.

Gas chromatography/mass spectrometry, GC-MS, (Agilent, GC6890 and
JEOL JMS-Q100GC MKII) was used to evaluate the chemical species contained
in the off gas during thermal treatment. A flask containing 250 ml of acetone
was set instead of the water trap in Figure 2 to capture the volatile pyrolytic
products. InertCap 1 column was used for the GC-MS analysis.

3. Results and Discussion
3.1. TG-DTA

The results of TG-DTA analysis of holdfasts are shown in Figure 3. The solid
line represents the result of TG, and the dotted line is that of DTA. From the TG
result, it can be seen that continuous weight-loss occurred after the evaporation
of water contained in the sample around 100°C, suggesting that the decomposi-
tion of various organic substances contained in holdfasts of the kelp sample,
such as cellulose, fucoidan, and alginic acid take place over the wide temperature
range. This is also confirmed by the complex endothermic DTA peaks. As for
the carbonaceous compounds remaining as residue, approximately 70% of
weight was lost at 600°C. The continuous weight reduction stops apparently
above 900°C. On the basis of the result of TG, carbonization temperature at
600°C and 900°C was examined in the present study.

3.2. Carbonaceous Product Yields

The yields of carbonaceous compounds were calculated by the ratio of the
weight of the sample after washing with hydrochloric acid to that of the initial
holdfast sample before heating. The results are summarized in Figure 4. The
yield of kelp without zinc chloride was ~43% at 600°C, comparable to the result
of TG experiment. Comparing the results of samples heated at 600°C and 900°C,
the yields at the higher temperature of 900°C are low, which can be ascribed to
the decomposition and the consequent evaporation of the organic substances at
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elevated temperature as mentioned in the previous section. The yield decreased
by 10% to 20% by the chemical activation, and the weight-loss ratio increased
with increasing the ZnCl, content. This is considered as the result of the weight
reduction caused by the dehydration reaction in the presence of ZnCl, a
well-known Lewis acid [18] [19].

3.3. Specific Surface Area

Figure 5 shows the changes in the specific surface area of the samples as a function
of zinc chloride composition. The carbonized samples without the activator have
very small specific surface areas of 9.1 and 11 m?*/g at 600°C and 900°C, respective-
ly. It is clear that the addition of zinc chloride increased significantly the specific
surface area, showing the high activation effect. When the proportion of zinc chlo-
ride increased, the value of the specific surface area also increased. At the heating
temperature of 900°C and the zinc chloride composition of 75%, the specific sur-
face area is comparable to that of a commercially available activated carbon.

At the same composition of zinc chloride, larger specific surface area was ob-
served at the activation temperature of 600°C than of 900°C. It is known that the
micropores are developed by the expansion of molten ZnCl, above its melting
point of 300°C, resulting in the formation of mesopores, while further increase
in temperature gives rise to the shrinkage of the carbonaceous pores [20]. The
present results indicate that the latter is the dominant process above 600°C for

the carbonization of kelp holdfast in the presence of ZnCl,.
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Figure 3. TG-DTA curves of holdfasts of kelp sample.
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Figure 4. Yield of carbonization/activation products at
three ZnCl, compositions. Filled bars are the results
without ZnCl, and the shadow bars with the activator.
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Figure 5. Specific surface area as a function of zinc
chloride composition.

3.4. Surface Morphology

The surface morphologies of carbonized and activated samples observed with
SEM are shown in Figure 6. The rough particles found in the sample surface are
considered to be zinc compounds and/or ash impurities originally existing in the
kelp samples. Comparing the carbonized sample without ZnCl, (a) and activated
product (b, c), the activated sample had a smoother surface. Therefore, it can be
seen that impurities are reduced by activation and acid cleaning. As for the in-
fluence of temperature, the samples treated at 900°C showed pores with a di-
ameter of about 5 um. The formation of macro-sized pores suggests the fusion of
micropores at elevated temperature. It is considered that the micropores are
formed at lower temperature, though their observation was not possible because

of the limited resolution in SEM measurement.

3.5. Elemental Composition

The results of the elemental analysis are summarized in Table 1. It was revealed
that the samples, which were activated with zinc chloride and then washed with
hydrochloric acid, had carbon content of around 80%. On the other hand, the
carbon composition of the sample without hydrochloric acid treatment was 29
wt%, which was even lower than that of the unheated holdfast sample. Moreo-
ver, the ash content of the unwashed sample was higher than that of the samples
washed with hydrochloric acid. Obviously, the activator component remains in
the carbonaceous compounds after thermal treatment of the mixture of kelp and
ZnCl,, and a chemical removal operation such as hydrochloric acid washing is
essential to obtain a material having a high carbon content. As for the ash in the
carbonaceous material, the representative results of XRD are shown in Figure 7.
Many crystalline peaks were detected for the material without HCI treatment.
The existence of zinc sulfur arouse probably from the reaction between zinc
compounds and sulfonate groups in fucoidan. After washing with acid the crys-
talline materials were largely removed as shown in the figure. Thus, washing
treatment is effective for the removal of ash, mainly zinc compounds, although
some crystalline phases were still found in the washed sample, indicating the dif-
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ficulties in the removal of zinc compounds which were presumably penetrated
deep into the carbonaceous compounds above the melting point of the activator.
The complete removal of the ash is one of the future work, though the present
study revealed that the preparation of activated carbon is promising with the
sufficient carbon content with high specific surface area comparable to a com-
mercial activated carbon.

From the viewpoint of the carbon yield, the activated samples had a higher
yield than that of the carbonized samples without activator as shown in Table 1.
It is considered that this is because the generation of volatile components, such
as tar, was suppressed by the dehydration action of zinc chloride [21] [22] [23].
For further discussion on the influence of the zinc chloride, volatile products
evolved during the thermal treatment were studied with GC-MS. As shown in
the results in Figure 8, a large number of compounds with 15 to 20 carbon
atoms were detected in the volatile fraction from carbonization of holdfast, while
GC peaks were hardly detected in the case of activation with zinc chloride. It is
considered that the presence of zinc chloride suppressed the generation of vola-
tile organic compounds as described above. Detailed identification of the volatile
products was not possible solely from the mass spectrum of each GC peak be-
cause of the low confidence coefficient, so that further studies are needed to dis-
cuss the detailed reaction mechanisms. On the other hand, as the carbon content

is improved by activation with zinc chloride, it is promising to prepare activated

carbon with this process.

Figure 6. SEM images of carbonized and activated products: (a) carbonized holdfast at 600°C, (b)
and (c) at the composition of 75% ZnCl, at 600°C and 900°C, respectively.
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Figure 7. XRD patterns of activated samples obtained at 600°C:
(a) 75% ZnCl, without acid washing, (b) and (c) 50% and 75%
ZnCl, with HCI treatment, respectively. The powder diffraction
file numbers of identified substances are listed in the figure.
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Figure 8. GC-MS spectrum of volatile fractions at 900°C: (upper panel)
carbonization without ZnCl,, (lower panel) with 50% of ZnClL,.

Table 1. The results of elemental analysis.

(WI;I%) (w(t:%) (WI:%)) (‘1::;:) Carbon yield (%)
Unheated kelp holdfast 44 31 1.6 5.5 —
600°C (Carbonized) 1.2 41 1.3 13 55
900°C (Carbonized) 1.7 66 2.5 8.6 41
600°C (50% ZnCly), 1.8 29 0.91 14 —
Unwashed
600°C (50% ZnCl,) 1.4 78 3.5 1.7 68
600°C (75% ZnCl,) 1.4 78 3.7 0.11 54
900°C (50% ZnCl,) 0.66 79 2.9 4.2 67
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4. Conclusions

Holdfasts of kelp, Saccharina japonica, were successfully applied for the prepara-
tion of activated carbon. The chemical activation using zinc chloride resulted in
the increase in the specific surface area, exceeding 1000 m*/g at the ZnCl, com-
position above 50 mass%.

Taking into account the fact that the holdfast waste amounts to the thousands
of tons only in the southern region of Hokkaido Island in Japan, we consider
that the production of activated carbon from holdfast of kelp is promising for
the effective usage of its waste. And the findings of the present work will be also
useful for the effective utilization of waste of other species of kelp or algae.

As holdfasts contain contaminants, such as nylon ropes and shells adhering
on holdfast bodies, so that their influences should be carefully examined in the
future work. And the present work obviously triggered further works on the de-
tailed applications of the obtained materials. Examples include adsorbent for

wastewater treatment and supercapacitor material.
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