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Abstract Bamboo was converted into a microporous activat-
ed carbon (AC) following either a one- or a two-step activa-
tion process with KOH. The main objective was to analyze the
influence of the carbonization process (pyrolysis and hydro-
thermal carbonization (HTC)) and mixing method of KOH
(dry mixing or impregnation) on the AC textural properties
as well as on the adsorption capacity of water-soluble pollut-
ants and hydrogen (H,) storage. The highest AC yields were
obtained after a two-step activation process. These ACs pre-
sented the largest surface areas (2000-2500 m” g ') and the
best adsorption capacities not only in aqueous media but also
of H,. The type of carbonization process did not have a sig-
nificant effect on yield and adsorption capacities, but it did
affect the surface area and pore size distribution. HTC led to
ACs with a larger total pore volume than ACs from pyrolysis,
but the microporous surface area was smaller. KOH impreg-
nation led to slightly but significantly higher yields than
mixing KOH dry; yet, the textural and adsorption properties
were not significantly improved. KOH impregnation led to
slightly but significantly higher yields than mixing KOH
dry; yet, the surface area and pore size distribution as well as
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adsorption properties were not significantly improved. H, ad-
sorption capacity was highest for ACs from impregnated
hydrochar, followed closely by ACs from pyrochars.

Keywords Bamboo - Activated carbon - Hydrothermal
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1 Introduction

Uncontrolled and improper waste management, the reliability
of industrial development on fossil resources together with the
extensive population growth are significant contributors to
climate change. One of the most notorious consequences of
climate change is the depletion and contamination of water
sources, which in turn threatens aspects like food security,
economic development, and life quality [1]. For this reason,
water treatment processes as well as the development of ad-
sorbents, such as activated carbon (AC), have become strong
research fields. ACs are key materials for removing impurities
from polluted water and have shown to be effective in waste-
water treatment applications [2, 3]. Additionally, ACs are the
most widespread material used in gas storage and separation
systems [4, 5]. The AC properties are strongly dependent on
the precursor as well as on the activation process. Typical
precursors from renewable resources are wood and coconut
shell. Bamboo has been studied as possible precursor to pro-
duce AC physically as well as chemically, and the results have
been promising [6—8]. There is even a feasibility study carried
out by Choy et al. [9], where they demonstrate that it can be
profitable to chemically produce AC from bamboo and KOH.

Bamboo is a plant native from Asia with excellent physical
and mechanical properties (e.g., compression strength,
Young’s modulus, and bending strength) [10, 11]. Its fast
growth, versatility, low weight, and low cost make bamboo a
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promising feedstock for the production of goods used on an
everyday basis, as well as in the food, textile, and paper indus-
tries [12]. Bamboo is not only important for economic pur-
poses but also has a positive impact on the environment; it
promotes carbon sequestration, limits soil erosion in cropping
systems, supports bioremediation, improves groundwater qual-
ity, and increases the organic matter in soils, lowering the de-
mand for artificial fertilizers [13, 14]. This woody plant has a
high lignin and cellulose content in addition to a low water
content [15, 16], making it a suitable candidate for pyrolysis.
Pyrolysis is a thermochemical conversion process that takes
place at temperatures higher than 350 °C and oxygen absence.
During this process, biomass polymeric chains (cellulose, lig-
nin, and hemicellulose) are irreversibly thermally degraded
into solid (pyrochar), tars, and a gaseous mixture of CO,
CO,, H,0, H,, and short-chain hydrocarbons [17]. At pyroly-
sis conditions, biomass decomposition is limited due to slow
heat transfer. From a macroscopic perspective, particle size is
the most influencing factor regarding heat transfer limitations.
When small particles are used, heat transfer occurs more effi-
ciently; thus, the production of liquid and gas products is fa-
vored and a small char amount is yielded. Thermogravimetric
studies with biomass have shown that each biomass compo-
nent decomposes at different temperatures and with no inter-
action between each other. The same experiments with model
substances and mixtures of model substances showed the same
temperature dependence as biomass, but the decomposition
rates were slightly slower. This has been attributed to heat
transfer limitations due to char formation from the carboniza-
tion of the components that decompose at lower temperatures
(e.g., the heat transfer necessary for the decomposition of cel-
lulose is limited by the char formed from hemicellulose) [18,
19]. A recent study conducted by George et al. has shown that
isolated lignins and mixtures of lignin and cellulose produced
larger char yields than lignins embedded in biomasses. This
leads to the conclusion that there might some synergies occur-
ring between the biomass components during pyrolysis as a
result of the intricate intermeshing of the natural polymers [20].

Another carbonization process suitable to convert biomass
into a carbon-rich product is hydrothermal carbonization
(HTC). This technology is an interesting approach not only
for carbonizing wet biomass but also for feedstock with a small
particle size, like sawdust. Under HTC conditions, the heat
transfer occurs much faster since the reaction takes place in
water. When covered by water, biomass particles swell, which
allows a more homogeneous decomposition. Additionally, the
char yield is substantially higher since lignin decomposition is
unsubstantial. Another advantage of using HTC compared to
pyrolysis is that the decomposition reactions take place at sig-
nificantly lower temperatures (180-250 °C) in a closed system.
During HTC, mostly carbohydrates (cellulose and hemicellu-
lose) are degraded by means of hydrolysis reactions. Lignins
are mostly left unreacted, since only some chemical bonds can
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be hydrolyzed and most of the chemical structure needs higher
temperature to degrade [21]. Dinjus et al. [22] not only ob-
served that lignin decomposes unsubstantially but they also
suggested that lignin acts as a protective case that restricts the
release of the decomposition products of carbohydrates. The
main products are a solid (hydrochar) with higher H/C and O/C
ratios compared to pyrochar, water-soluble organic compounds
and a gas product, which consists mainly of CO,.

Carbonized biomass is a suitable precursor to produce AC
with similar characteristics than AC from fossil sources.
Chemical activation with KOH is a reliable process to obtain
highly microporous materials, and the most widespread way to
make the mixture of KOH and precursor is through impregna-
tion of a concentrated KOH solution followed by a drying step.
After conducting a thorough literature review, few studies focus-
ing on the method for mixing KOH with the precursor were
found. One of the first authors that compared impregnation of
KOH versus physical (dry) mixing were Ahmadpour and Do
[23] using bituminous coal as precursor. They determined that
by impregnating the coal with KOH, an AC with a higher sur-
face area as well as micropore volumes was obtained. Also, the
mass loss was lower than when they mixed KOH dry. The same
authors repeated these experiments using macadamia nutshell as
precursor. In terms of textural properties, they arrived to similar
results. However, the mass loss was considerably higher (80%
for the macadamia versus 25-30% for the coals), independently
of the mixing method [24]. Lillo-Rddenas et al. [25, 26] activat-
ed Spanish anthracite with NaOH as well as with KOH and
arrived to the conclusion that impregnation leads to higher
yields, microporosities, and apparent surface areas.

To the authors’ knowledge, there are no studies that com-
pare pyrolysis and hydrothermal carbonization as carboniza-
tion steps during a two-step activation. For this reason, the
main objective of this work was to analyze the influence of
the carbonization step and of the KOH mixing process on the
textural properties and adsorption potential of chemically ACs
using bamboo as precursor and KOH as activating agent. This
study shall also contribute to the groundwork for the develop-
ment of new functional materials from biomass.

2 Materials and methods
2.1 Experimental design

The effects of the carbonization process (no carbonization,
hydrothermal carbonization, and pyrolysis) as well as KOH
mixing process with the precursor (dry or impregnation) were
studied. The experiments followed a completely randomized,
3 x 2 factorial incomplete block design to keep track of the
stability of the different reactors and furnaces over time. Each
treatment was repeated twice except for the experiments
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involving raw bamboo, which were repeated at least four
times due to the low AC yields.

2.2 Feedstock

The selected feedstock was giant bamboo (Dendrocalamus
sericeus) residues (dry) obtained from Chiang Mai, Thailand.
The particle size was reduced based on each carbonization
technique: for pyrolysis, bamboo was cut to pieces of approx-
imately 1 x 0.5 x 2 cm; for hydrothermal carbonization (HTC),
bamboo was milled to a particle size smaller than 0.5 mm with
a Retsch SM 200 cutting mill. A smaller particle size was
necessary for HTC to a larger surface area could be in direct
contact with water. Only then, the process can be considered a
hydrothermal conversion, i.e., a conversion in water. Ultimate
and proximate analyses are presented in Table 1.

2.3 Carbonization
2.3.1 Pyrolysis

Pyrolysis was conducted in a quartz glass tube reactor heated
externally with a split tube furnace ROK 50/250/11
(ThermConcept Dr. Fischer GmbH & Co. KG; Fig. 1). The
reactor was loaded with 200 g of bamboo chips and heated up
to 600 °C with a constant heating rate of 10 °C min_'. When
the final temperature was achieved, the reaction was held for
2 h. Nitrogen was constantly introduced in the reactor with a
flow of 3 1 min~' during the whole process to keep an inert
atmosphere. The high flow rates constrained air diffusion to-
wards the inside of the reactor. The pyrochar yield, Y,rochar (%),
was calculated with Eq. 1, where mpyrochar (€) Was the pyrochar
mass obtained after pyrolysis and mpamboo (g) Was the input
mass of bamboo as received. After pyrolysis, the product was
cooled down to room temperature and it was milled with a
Pulverisette 6 classic line ball mill (Fritsch GmbH) to a particle

size smaller than 300 wm. After pyrolysis, the solids were col-
lected for further activation and characterization.

_ Mpyrochar % 100 (1)

Y pyrochar ( %)
Mpamboo

2.3.2 Hydrothermal carbonization

Hydrothermal carbonization (HTC) was conducted in 250-ml
stainless steel (1.4401) high pressure autoclaves filled to 75%
of its maximum capacity with a mixture of 20 wt% dry bam-
boo and 80 wt% deionized water. The mixture was prepared
by stirring the ground biomass with water until the biomass
was fully covered by water. The autoclaves were heated up to
250 °C in the furnace of a gas chromatograph Series 11 5890
(Hewlett-Packard). The reaction time lasted 3 h, and temper-
ature as well as pressure were monitored with a data logger
RSG 30 (Endress+Hauser AG). After the reaction time was
completed, the autoclaves were quenched with water until a
temperature lower than 50 °C inside the autoclave was
reached. The liquid and solid fractions were filtered, and the
hydrochar was washed with distilled water until the electrical
conductivity of the filtrate was lower than 15 pS cm . The
hydrochars were dried at 105 °C for at least 16 h and were kept
for further activation and characterization. The hydrochar
yield, Yhydrochar (%), Was calculated with Eq. 2, where m-
hydrochar (8) Was the hydrochar mass obtained after drying
and Mypampoo (g) Was the input mass of bamboo as received.

Mpydrochar

Yhydrochar(%) = x 100 (2)

Mpamboo

2.4 Activation

Chemical activation with KOH was conducted to increase the
surface area and microporosity using uncarbonized bamboo or

Table 1  Ultimate and proximate analysis of the feedstock, chars, and activated carbons (AC)

Sample Cpar (Wt%) Hpar (Wt%) Npar (Wt%)  Spar (Wt%)  Opardir (Wt%)  Ash (Wt%) VMg, (Wt%)  Crix.ao (Wt%)
Feedstock 46.7 5.8 0.9 N.D. 46.5 23 76.6 21.1
Hydrochar 66.8 4.1 1.4 N.D. 27.7 2.0 46.3 51.7
Pyrochar 88.1 1.7 1.6 0.1 8.6 8.0 8.9 83.1
AC raw bamboo—dry 80.7 1.0 0.5 0.05 17.8 3.8 N.M. N.M.
AC raw bamboo—impregnated 77.3 1.0 0.9 0.02 20.8 4.5 N.M. N.M.
AC hydrochar—dry 83.2 0.8 0.5 0.01 15.5 1.4 N.M. N.M.
AC hydrochar—impregnated ~ 84.7 1.5 1.1 0.13 12.7 73 N.M. N.M.
AC pyrochar—dry 83.3 0.9 0.4 N.D. 15.4 4.8 N.M. N.M.
AC pyrochar—impregnated 77.2 1.1 0.5 N.D. 212 54 N.M. N.M.

The chemical composition is given on a dry and ash free basis (DAF). The oxygen was calculated by difference (dif). Volatile matter (VM) and fixed

carbon (Cf,) were calculated on a dry basis (db)
N.D. not detected, N.M. not measured
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Quartz glass
reactor

Fig. 1 Schema of the pyrolysis
experimental setup

the chars as precursors. The precursor-to-KOH mass ratio was
1:4, and KOH was mixed either as a solid powder (dry acti-
vation) or mixed with four parts of distilled water to form a
paste together with the char (impregnation). The impregnated
mixtures were dried at 105 °C for at least 24 h. All mixtures
were prepared in nickel crucibles, which were heated inside a
stainless steel batch reactor. The reactor was heated up inside a
muffle furnace (Nabertherm GmbH) that had been previously
heated up to 600 °C (reaction temperature). This reaction tem-
perature was chosen based on the thermal stability of the py-
rolysis char. Since the char was produced at 600 °C, it
remained thermally stable at this temperature and, therefore,
the effects measured corresponded only to activation. At
higher temperatures, the char not only undergoes an activation
but also to a further decomposition. The reactor reached
600 °C in approximately 70 min, after which the samples were
left to react for 2 h under a constant N, flow of 5 1 min”'. The
temperature inside the reactor was monitored with thermocou-
ples connected to a data logger RSG 30 (Endress+Hauser
AG). When the reaction time was completed, the reactor
was removed from the furnace and was let to cool down to
room temperature under constant N, flow (20 1 minfl).
Afterwards, the solid product was removed from the crucibles
by adding HCI (2 M) and filtering it with hot distilled water
until the filtrate had an electrical conductivity lower than
15 uS ecm ™', The AC was dried for at least 16 h and stored
for further characterization.

2.5 Characterization

2.5.1 Chemical composition analysis

C, H, N, and S contents were measured at 1000 °C in a Euro
EA CHNSO Elemental Analyzer (HEKAtech) according to
the DIN standard 51732 [27]. Ash contents were determined

at 550, 815, and 650 °C for bamboo, chars, and ACs, respec-
tively, following the corresponding DIN standards 14775
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[28], 51719 [29], and 12902 [30]. The AC quantity obtained
from uncarbonized bamboo was not enough to analyze the ash
content as per the DIN standard; therefore, it was determined
by means of thermogravimetric analysis following the ASTM
standard D7582-12 [31]. Volatile matter and fixed carbon
(Csx) contents were determined as per the DIN standards
51720 [32] and 51734 [33], respectively.

2.5.2 Textural characterization

Apparent BET surface areas (Sggt) as well as total micropore
volumes and areas were determined for the textural character-
ization. Sgpts were calculated from N, isotherms at 77 K and
CO, isotherms at 273 K using the Brunauer, Emmett, and
Teller model and following the standard ISO 9277:2010
[34]. The N, and CO, isotherms were measured in an
Quadrasorb SI and a Nova from Quantachrome Instruments,
respectively, after the samples were degasified at 250 °C for at
least 16 h. To control the decomposition degree of the sample
at this temperature, TGA analyses of the activated carbons
were conducted for at least 16 h (s. “Supplementary
materials”). The total micropore volumes and areas were cal-
culated applying the t-plot model to the relative pressure range
0.2-0.5 of the N, isotherms. The pore size distribution as well
as the average pore size were calculated from the CO, iso-
therms using the density functional theory (DFT) [35].

2.5.3 Adsorption capacity in aqueous media

The adsorption capacity of the ACs was studied by measuring
the maximum adsorbed amount of methylene blue, phenols,
and iodine in aqueous solution. For this, 0.1 g of AC previ-
ously dried at 105 °C were mixed with 100 ml of methylene
blue or phenol solutions with concentrations of 750 and
1000 mg 1!, respectively. The mixtures were constantly
stirred at room temperature during 24 h to ensure that equilib-
rium was reached. Subsequently, the samples were filtered
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using a Whatman filter paper (40 um) previously saturated
with the solution to determine the final concentration of the
liquid fraction. For this, a DR600 spectrophotometer (Hach-
Lange) was set at a wavelength of 664 nm for methylene blue
and a cuvette fast test LCK 346 (5-200 mg 1'") from Hach-
Lange was used for phenols. The equilibrium concentration ¢,
(mg g_l) was calculated with Eq. 3, where C; (mg 1) is the
initial solution concentration, C, (mg ") is the solution con-
centration at equilibrium, V (1) is the solution volume, and W
(g) is the AC mass after drying.

(Co—C,) XV

- G)

qe =

Iodine number was estimated with a single-point isotherm
following the AWWA B600-78 standard and using a
TitroLine 7000 automatic titrator (SI Analytics).

2.6 Adsorption capacity for hydrogen storage

Hydrogen (H,) adsorption isotherms were measured for the
ACs that presented the largest surface areas. The isotherms
were measured at 77 K in an Autosorb IQ (Quantachrome
Instruments) for a pressure range between and 8 x 10~® and
1 bar. Prior to the measurement, the samples were degasified
at 250 °C for at least 16 h.

2.7 Statistical analysis

An analysis of variance was done with the statistical software
SAS to estimate the means and standard errors of the yield,
methylene blue adsorption capacity, iodine number, phenol
adsorption capacity, and BET surface areas. For this, a two-
factorial linear model with all factors fixed was used (Eq. 4).

v = block + carbonization + activation 4)

~+carbonization X activation

The presence or absence of interactions between factors
was evaluated using an f-test, and the significant differences
between the means were determined with a 7 test. In all cases,
the significance level was set at 0.05. Variance homogeneity
and normal distribution were visually inspected from the re-
sidual plots.

3 Results and discussion

3.1 Carbonization

Pyrolysis and HTC were used as carbonization steps prior to the
activation. During both processes, lignocellulosic material

underwent a decomposition; yet, the reaction mechanisms were
different in each case. For this reason, solid products with

different properties were obtained. This was observed from the
ultimate and proximate analysis presented in Table 1. Compared
to the feedstock, the products from both carbonization processes
had higher carbon contents and lower oxygen, nitrogen, and
hydrogen contents. However, the HTC product (hydrochar)
had a significantly higher oxygen content than the pyrolysis
product (pyrochar). Bamboo is composed of approximately
45% cellulose, 22% hemicellulose, and 25% lignin [15, 16].
Based on thermogravimetric experiments, under pyrolytic con-
ditions and at 600 °C cellulose and hemicellulose decompose
completely, lignin undergoes a partial but strong decomposition
[36]. This thermochemical conversion occurs mainly through
fragmentation, decarboxylation, decarbonylation, and dehydra-
tion reactions that lead to a strong oxygen and hydrogen loss in
the form of H,O, CO,, CO, as well as some H, and CHy4 [37].
Concerning HTC at 250 °C, carbohydrates are the most degrad-
ed biomass components due to dehydration and decarboxylation
reactions. Consecutively, the polymerization of the products
from the carbohydrate decomposition takes place. Under HTC
conditions, the decomposition of lignin is very low [22]. For this
reason, the oxygen loss as well as the production of mainly CO,
are considerably lower compared to pyrolysis [38]. Accordingly,
hydrochar is a mixture of the nearly unchanged lignin and the
products obtained after the polymerization reactions subsequent
to the carbohydrate decomposition [39]. Consequently, the vol-
atile matter of the hydrochars is considerably higher than that of
the pyrochars and, in turn, pyrochars have a higher Cy, content.
Regarding the ash content of hydrochars, it presented a slight
decrease compared to bamboo since minerals dissolve in water
under hydrothermal conditions [40]. In the case of pyrolysis,
most minerals remain within the solid material during the car-
bonization process and its content increases in the pyrochar due
to organic matter losses. Due to the strong oxygen loss during
pyrolysis, the pyrochar yield (Ypyrochar = 26.2 & 0.3%) was sig-
nificantly lower (p value <0.001) than the hydrochar yield
(Yhydrochar =529+ 02%)

3.2 Activation

AC yield was calculated based on the initial amount of char as
well as on the initial amount of bamboo (Fig. 2). In general,
the yields based on the initial amount of char are higher when
chars were used as precursors instead of raw biomass.
Pyrochar led to the highest amount of AC, followed by
hydrochar, and both were significantly higher (p value
<0.001) than raw bamboo. The low yields obtained after the
activation of raw bamboo agree with several studies; Chandra
et al. [41] impregnated raw durian shells with KOH at differ-
ent ratios and temperatures, which led to yields between 20
and 25% at 650 °C. Muniandy et al. [42] conducted a one-step
activation with rice straw using different impregnation ratios,
temperatures as well as time, and they reached yields between
16.5 and 18%. To explain this, it is necessary to consider the
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Fig. 2 Activated carbon yields
obtained after each treatment
based on the activation precursor
(a) and on the initial amount of
bamboo (b). The error bars
correspond to the standard error,
and the /letters indicate the
significant differences estimated
with the statistical model
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thermal instability of bamboo compared to the chars. During
activation, bamboo underwent not only an expansion of its
surface area but also a carbonization and a decomposition. It
has been demonstrated before that potassium lowers the acti-
vation energy of biomass [43] and cellulose [44] during py-
rolysis in view of accelerating the feedstock splitting. In other
words, it increases especially the gas formation as parallel
reaction of the char formation. The effects of potassium have
been studied not only by adding potassium but also by remov-
ing it through leaching the mineral content of biomass. In both
cases, it has been observed that potassium changes the product
distribution of pyrolysis by enhancing permanent gases and
reducing the tars [45, 46].

Concerning the activation of chars, chemical activation
with KOH can be understood as an alkali catalyzed gasifica-
tion of the biomass [47, 48]. Hydrochar led to higher AC
yields (based on char) than raw bamboo, but the yields are
lower than when using pyrochar. This can be explained by its
lower thermal stability compared to pyrochar. This can be
evaluated in terms of the Cg, content, which is lower for the
hydrochar than for the pyrochar. The AC yields from bamboo
hydrochar are comparable to those obtained by Sevilla et al.
[49] after activating eucalyptus saw dust with KOH at 700 °C
(36 g activated carbons/100 g hydrochar). Hydrochar consists
mainly of undecomposed lignin and a carbon-rich product
formed after the decomposition of carbohydrates (cellulose
and hemicellulose); therefore, it can be expected that the ther-
mal decomposition of hydrochar resembles that of a thermally
stable lignin. For this reason, a decomposition/carbonization
process takes place at the activation temperature together with
an alkali-catalyzed gasification. Regarding the behavior of
pyrochar during activation, it can be assumed that pyrochar
underwent mostly carbon oxidation (gasification) rather than
decomposition (pyrolytic) reactions due to its thermal stabili-
ty. Pyrochars are thermally stable until the temperature they
experienced during their production [50, 51]. The pyrochar
used in the current study was produced at 600 °C, which
means that it was stable up to this temperature; this indicates
that the mass loss experienced during activation was a result of
oxidation reactions catalyzed by potassium. If higher activa-
tion temperatures were used, not only gasification reactions
would occur faster but also parallel decomposition reactions
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would take place, analogous to the behavior of hydrochar.
From the yields calculated from the initial amount of biomass,
it is interesting to observe that there were no significant dif-
ferences (p value = 0.72 for dry mixing and p value = 0.19 for
limpregnation) between the ACs produced with hydrochar
and pyrochar. Based on this, it can be an indication that AC
is a state of lower Gibbs free enthalpy and that the path to
obtain activated carbon is irrelevant. However, if the yields
of the activated carbons from raw bamboo are brought into
the discussion, then it is possible to observe that the previous
statement is not necessarily true. To understand this, it is nec-
essary to find a common ground between pyrolysis and HTC
and that is the decomposition of carbohydrates. In both carbon-
ization processes, carbohydrates decompose fully giving a cer-
tain thermal stability and polyaromatic structure to the char.
Therefore, to obtain a large surface area and a high activated
carbon yield, it might be enough to carbonize the carbohy-
drates. This makes sense, since lignin already possess a high
aromaticity degree as well as a relatively high thermal stability.

Regarding the method employed for mixing the KOH, it
was interesting to observe that the yield was significantly
higher, if the KOH was mixed by impregnation than as a solid
powder (p value = 0.001 for hydrochar and p value = 0.0003
for pyrochars). This agrees with the findings of Ahmadpour
and Do [23] and of Lillo-Rédenas et al. [25]. Both groups
activated coals from fossil sources with alkali metal hydrox-
ides and obtained lower yields after dry mixing the activating
agent than when impregnating the coal with a concentrate
solution. A possible explanation are the high temperatures that
occurred during the impregnation process. The reaction be-
tween KOH and water is extremely exothermic, and it could
enhance the reaction between the minerals in the ashes and the
potassium hydroxide, leaving less potassium available to react
with the carbon [52].

3.2.1 Textural characterization

The textural characterization of ACs comprises the apparent
surface area calculated from the Brunauer-Emmett-Teller model
(SBgT), micropore area (Spicro), and volume (Viyiero) calculated
from the t-plot, and the total pore volume (Vj 99), which is the
total volume adsorbed at a relative pressure of 0.99 (Table 2).
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These results show that ACs from raw bamboo developed the
lowest SgeTs Vinicro» and V99 compared to the ACs obtained
from chars. This can be explained due to pore blockage and pore
expansion provoked by decomposition and gasification reac-
tions during the activation process. Hirunpraditkoon et al. [53]
activated bamboo impregnated with KOH at 800 °C for different
times, and they obtained similar Sggt (1169-1533 m’ g_]) and
Vo.99 (0.41-0.49) as the AC from raw bamboo presented in the
current work. The differences between a one-step (activation of
the raw biomass) and a two-step (carbonization followed by an
activation) activation were also studied by Basta et al. [54] using
rice straw as precursor and impregnation as mixing technique.
They arrived to similar results as those presented here: the ACs
obtained from a one-step activation led to the lowest yields as
well as to the lowest surface areas and porosities. However, the
values of the textural properties for rice straw were considerably
lower than the ones measured in this study for bamboo. This can
be explained by the extremely ash content of rice in addition to
its low lignin content [19].

Regarding the ACs obtained from the different chars, there
was no significant difference in terms of Sggt. However, in
terms of pore volume, ACs from pyrochars had a higher mi-
cropore volume as well as total pore volume compared to the
ACs from hydrochars. Regarding V99, hydrochars were su-
perior than pyrochars. This can also be observed from the N,
isotherms presented in Fig. 3a. These isotherms can be classi-
fied as type I isotherms and the inflection point, i.e., the point
when the activated carbon becomes saturated with gas and the
plot becomes a plateau, from the ACs from hydrochar and
from pyrochar occur approximately at the same relative pres-
sure and adsorbed volume. This indicates that the internal
surface area corresponding to micropores is very similar for
both cases (18602196 m? g ' for ACs from hydrochar and
1886-1908 m? g_1 for ACs from pyrochars). However, from
the ratio of micropore-to-total surface area can be determined
that ACs from pyrochars are composed mainly by micropores
(92% of the surface area is microporous), contrary to the
others. The isotherms also showed that ACs produced after
dry mixing KOH adsorbed more N, than those obtained by

Table 2  Textural characterization of all activated carbons

impregnation. This is also reflected on the total pore volume,
and this difference is particularly marked in the case of ACs
from raw bamboo. However, it is relatively small in the case of
the ACs obtained from chars.

Figure 3c describes the pore size distribution calculated from
the CO, isotherms using the DFT theory. Most pores are small-
er than 1 nm for all ACs, and ACs from hydrochars have a
larger pore volume in this range than those from pyrochar.
AC from raw bamboo have the lowest pore distribution.

Contrary to the results presented here, the findings of Lillo-
Rodenas et al. [55] showed that pyrolyzing biomass prior to an
activation process with alkali metals leads to lower surface
areas and pore volumes compared to the activation of raw
biomass. A possible explanation for this contradiction are the
different process temperatures employed by Lillo-Rédenas
et al. [55]. They pyrolyzed the biomass at 850 °C, making
the char thermally stable up to this temperature. By activating
at 750 °C, the char decomposition was very slow and, there-
fore, the surface area and porosity development was hindered.

Choy et al. [9] carried out a feasibility study for a plant to
produce AC from bamboo and KOH. The calculated econom-
ic indices were promising, especially if the production plant
was coupled with another facility (e.g., a thermoelectrical
plant, a cement manufacturer, or a hazardous waste treatment
facility). Given the facts that there are no significant differ-
ences between the AC yields obtained from bamboo
hydrochars and pyrochars, that there are slight differences
between the textural properties of the ACs, and that HTC
works at lower temperatures, better economic indices can be
expected, if HTC is considered as carbonization step.

3.2.2 Adsorption capacity in aqueous media

The ACs produced from bamboo were tested for their iodine
number, methylene blue, and phenol indexes (Fig. 4). AC
produced by dry mixing KOH and pyrochar presented the
highest adsorption capacity in aqueous media overall. It was
closely followed by the AC from impregnated hydrochar. The
ACs from impregnated pyrochar and dry mixed hydrochar

Sample SBET, N2 (mz gf') SBET, co?” Vinicro Vo.99 dpgr, coz (nm) Ratio
(m’*g ) em’gh  (em'gh) Smicro/SpET
Raw bamboo—dry KOH 1240c + 225 1082 0.49 0.78 0.82 89%
Raw bamboo—impregnated KOH 1366bc + 318 923 0.50 0.69 0.82 84%
Hydrochar—dry KOH 2117ab + 142 1393 0.49 1.14 0.86 85%
Hydrochar—impregnated KOH 2262a+ 183 1990 0.50 1.30 0.57 88%
Pyrochar—dry KOH 1977ab + 142 1548 0.78 0.97 0.52 92%
Pyrochar—impregnated KOH 2078ab + 225 1435 0.84 0.95 0.57 92%

The Sggr errors and the lower case letters indicating the significant differences were estimated with the statistical model

#Only one sample of the three replicates was measured
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Fig. 3 (a) N, isotherms measured at 77 K, (b) CO, isotherms measured
at 298 K, and (c) pore size distribution calculated from the CO, isotherm
using the DFT model for all activated carbons. The white and black

came in third, showing no significant differences between
them in any case. The poorest performance was shown by
the ACs from raw bamboo, which agrees with the expecta-
tions due to its low surface area and pore volumes.

lodine adsorption, also known as iodine number, is an in-
dicator of the internal surface of a porous solid [56]. In this
case, the results show that there are slight, although signifi-
cant, differences between the ACs and the chars. Nonetheless,
the adsorption capacity of these ACs is significantly higher
than that from the AC produced from raw bamboo. These
results agree with the results shown in Table 2.

Methylene blue and phenol indexes are important parame-
ters that give information regarding adsorption capacity of
large molecules and phenolic compounds. Methylene blue

@ Springer

Pore size [nm]

symbols correspond to the activated carbons produced by dry mixing
and impregnation of KOH, respectively

and phenol have a molecular diameter of 1.6 [57] and 0.6 nm
[58], respectively. For this reason, it was expected that phenol
entered micropores more easily than methylene blue. This was
observed in the case of the ACs prepared from the different
chars, which adsorbed a larger concentration of phenol mole-
cules (between 3.0 and 3.6 mmol g ') than of methylene blue
(2.2-2.3 mmol g ). Overall, ACs from pyrochar adsorbed
more phenol than those obtained from hydrochar, which is
consistent with the fact that the internal surface area of these
carbons is composed mainly by micropores. Compared to ac-
tivated carbons from bamboo studied by different research
groups, the adsorption capacity of the ACs described in the
current work is remarkably higher and the main explanation
is its large microporosity. Wu et al. [59] produced activated
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carbon from Makino bamboo following a physical activation
process with water steam and by varying reaction temperature
and time. The activated carbon produced at the optimal param-
eters (850 °C for 2 h) developed the best properties including
surface area (915 m? gﬁl), average pore size (2.63 nm), and
presented the highest iodine number (1044 g kg™ ') as
well as phenol (approx. 2.2 mol kg ") and methylene blue
(361 gkg ). Kim et al. [60] used mesoporous activated carbon
from bamboo with a surface area of 1329 m* g ' to adsorb
different dyes and phenol, and they measured a maximum
adsorption capacity of approximately 50 mg g '

Even though statistics suggest that AC from pyrochar per-
formed the best, the differences between adsorption capacities
of the ACs are not large enough to conclude which char or
which mixing process produce the AC with the best adsorp-
tion capacities in aqueous media.

3.3 Analysis of the activated carbon potentials
for hydrogen storage

Physisorption in ACs for hydrogen (H,) storage is one of the
most widespread techniques. This process consists of the weak
adsorption of molecules on the carbon surface, and it does not
involve changing the molecular nature of H; as it happens when
storing H, in ammonia, formic acid, or in complex metal

hydrides [61]. Due to their large surface areas and high micro-
pore volumes, ACs produced from bamboo pyrochar and
hydrochar were analyzed for H, adsorption. The maximum H,
adsorption at 77 K and 1 bar presented by the ACs obtained from
hydrochars mixed with dry KOH and impregnated as well as
from pyrochars mixed with dry KOH and impregnated were 2.0,
3.2, 2.5, and 2.3 wt%, respectively (Fig. 5). As expected, the AC
with the largest surface area and pore volume, namely the AC
from bamboo hydrochar impregnated with KOH, showed the
largest adsorption capacity. It was followed by both ACs obtain-
ed from pyrolysis chars and by the AC from hydrochar mixed
with dry KOH. A possible reason to explain the larger adsorption
capacities from the AC from impregnated hydrochar is the total
pore volume as well as the pore size distribution, since H, mol-
ecules can enter pores larger than 0.55 nm [62]. As it can be seen
from Fig. 3c and Table 2, AC from impregnated hydrochar
possessed a slightly higher micropore and total pore volumes
than AC from hydrochar mixed with dry KOH. Additionally,
AC from impregnated hydrochar had a larger volume of pores
with a size close to 0.55 nm. Another influencing factor is the
presence of larger micropores, which aid transportation phenom-
ena. AC from hydrochar mixed with dry KOH had a larger
average pore size (0.86 nm) than AC from impregnated
hydrochar (0.57 nm); however, the volume of pores with a size
between 0.6 and 0.8 nm was almost nonexistent in the AC from

@ Springer
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activated carbons produced by dry mixing and impregnation of KOH,
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hydrochar mixed with dry KOH. AC from impregnated
hydrochar had a larger volume of larger pores, which promoted
H, diffusion towards the smaller pores. The differences between
ACs from pyrochars and AC from impregnated hydrochar can
be explained in a similar way. ACs from pyrochars presented
a considerably larger micropore volume than AC from
hydrochars, but the volume of pores with a size close to
0.55 nm was smaller than that of the AC from impregnated
hydrochar. The presence of oxygenated groups can also interfere
with the adsorption of hydrogen due to steric hindrance effects
and to weaker interactions between hydrogen—oxygen com-
pared to the interactions between hydrogen—and carbon [62].
This could also explain the larger hydrogen adsorption volumes
of the AC from impregnated hydrochar, since it has the lowest
oxygen content.

Based on the thorough review presented by Thomas [63],
the largest adsorbed amount of H, at 77 K and 1 bar reported for
different carbon materials was approximately 3 wt%.
Additionally, those carbon materials with similar BET surface
areas to the ACs presented in the present work adsorbed gen-
erally H, amounts lower than 2.5%. This indicates that the ACs
obtained in this study have a superior adsorption capacity than
other ACs from nonrenewable precursors with comparable sur-
face areas. Also, the H, adsorption was larger than that of most
metal oxide frameworks (MOFs) presented in the same review.

Sevilla et al. [49] produced ACs from hydrochars from
different organic precursors with slightly lower surface areas
and microporosities than those of the ACs presented in this
work. Also, the H, adsorption capacities at 1 bar were similar.
Based on this information and on the fact that there is a rather
linear relation between BET surface area and H, adsorption
capacity [64], it is safe to assume that at higher pressures, the
ACs produced from bamboo will adsorb the same amount or
slightly more H, than those produced by Sevilla et al. [49].

@ Springer

Figure 5 describes the H, adsorption isotherms of the ACs.
The H, isotherms follow a similar trend than the CO, and N,
isotherms. The isotherms showed no hysteresis, implying that
the physisorption process is completely reversible at the mea-
surement conditions. This provides some information on the
reversible storage capacity (RSC) of the material, which is a
determining design parameter [65]. However, experiments in-
volving cycles of H, charge and discharge are needed to ob-
tain a better assessment of the RSC of these ACs.

One disadvantage of employing powder AC for H, storage
is its low bulk density. This could be improved by compressing
the powders into pellets or larger particles after. Nonetheless,
since pelletizing and binder addition can have a negative effect
on the textural properties [66], the losses concerning surface
area and pore volumes should be analyzed to evaluate the
hydrogen storage potential of pellets.

4 Conclusions

ACs from bamboo were produced following either a one-step
or a two-step chemical activation process with KOH as acti-
vating agent. KOH was mixed with the precursor either by
impregnation or by dry mixing. It was established that a car-
bonization process is necessary to develop large surface areas
and microporosities. On the other hand, the type of carboni-
zation process had no significant effect on yield, but it did
affect the textural properties.

ACs produced chemically with KOH from bamboo
hydrochar and pyrochar showed promising results to be
employed in different applications that involve physisorption
processes. The carbonization process had no significant effect
regarding adsorption in aqueous media; however, there were
clear differences in terms of gas adsorption processes. In this
case, ACs from hydrochar adsorbed the highest amount of N,
COz, and H2.

Despite showing significant differences in terms of yield
and adsorption behavior in aqueous media, the mixing method
of KOH with the precursor can be considered irrelevant.
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