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Activated carbons (AC) serve as adsorbents in various applications
requiring specific functionalities. In this study, the effects of biomass type,
pre-carbonization process, and activation method on the properties of ACs
were investigated. Chemical (KOH and HsPO.) and physical (COy)
activations were performed on slow pyrolyzed and hydrothermally
carbonized (HTC) biochars produced from two feedstocks, willow and
Scots pine bark (SPB). In addition, the adsorption capacities of the ACs
were tested with two dyes and zinc metal. Distinct differences were found
between the biochars and ACs regarding pore size distributions, surface
area (238 - 3505 m2 g1), and surface chemistry. KOH activation produced
highly microporous ACs from all biochars, whereas with Ha3PO4 and CO2
there was also increase in the meso- and macroporosity with the HTC
biochars. Adsorption capacity for dyes was dependent on the surface
area, while for zinc it depended on AC’s pH. The results provide interesting
insights into tailoring ACs for specific applications.
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INTRODUCTION

Activated carbons (ACs) are widely used as adsorbents in numerous applications,
as they possess high surface area and porosity, and in theory, they can be produced from
any raw material with high carbon content and, preferably, low amount of inorganic
compounds (Marsh and Rodriguez-Reinoso 2006; loannidou and Zabaniotou 2007). In
practice, industrial ACs are prepared from quite a few raw materials, which fulfill the
reliability and constancy needed for large-scale production. Such raw materials include
e.g., coal, peat, some woods, fruits, and nutshells (Marsh and Rodriguez-Reinoso 2006).
The global production of ACs is increasing as new, stricter environmental regulations for
air and water purification especially in the Western Europe and Canada are implemented.
Simultaneously the demand coming from developing countries in Asia and Africa is rising.
The development of bioeconomy has directed focus in AC production for utilizing
lignocellulosic side-streams from agro- and forest industries. The suitability of various raw
materials, working procedures and potential adsorption applications are constantly being
tested and further developed (loannidou and Zabaniotou 2007; Jain et al. 2016).

Siipola et al. (2018). “Bio-based activated carbons,” BioResources 13(3), 5976-6002. 5976



PEER-REVIEWED ARTICLE b | oresources.com

Chemical and physical activations are often conducted directly on the biomass, but
biochars provide an interesting option, as pre-carbonization of biomass has been shown to
increase activation yields and surface area due to enhanced microporosity (Basta et al.
2009). The low yields and pore development resulting from biomass activation is due to
excessive degradation of organic matter, whereas biochars resemble more traditional coal
precursors and are therefore more suitable for higher porosity development (Basta et al.
2009; Falco et al. 2013). In this study, slow pyrolyzed and hydrothermally carbonized
biochars were used as raw materials for activations. Slow pyrolysis (SP) is a
thermochemical conversion process performed under low oxygen or preferably inert
atmosphere at elevated temperatures (e.g., 300 to 650 °C) to produce biochar. SP uses
lower temperatures and longer residence times compared to other pyrolysis methods (fast,
flash), where main products are liquid and non-condensable gases. By modifying the
heating rate and temperature, biochars with different qualities in respect to carbon content,
surface area and heating value, for instance, can be produced (Kambo et al. 2015).
Hydrothermal carbonization (HTC) has received much attention during recent years as a
sustainable, straightforward and easily scalable thermochemical conversion process that is
suitable for wet biomass and thus excludes the need for biomass drying prior to
carbonization. During HTC processing, organic raw material is carbonized in water at
moderate temperatures (180 to 260 °C) under self-generated pressures (< 50 bar) for a few
hours (Wikberg et al. 2015a; 2015b). In the process, wet feedstock is converted into
carbonaceous material in a form of solid biochar, often called hydrochar. Other products
include non-condensable gases (mostly CO>) and small aqueous degradation products (e.g.,
residues, sugars, organic acids) together with water. One of the benefits of HTC is that the
lower temperatures do not destroy the porous structures of the biomass as much as
pyrolysis operated at higher temperatures (loannidou and Zabaniotou 2007). In addition,
HTC biochars have high amounts of surface oxygen groups (SOG), which make them
attractive candidates for highly surface-active ACs (Kambo et al. 2015; Jain et al. 2016).

Activation of biochar or biomass is performed using either physical or chemical
activation methods. Physical activation is usually performed at high temperatures up to
1000 °C by using steam or CO- as activation gas or by combining these two (Yahya et al.
2015). The quality of the produced AC (e.g., the surface area and porosity) is a sum of
many factors, such as the type of the raw material, activation gas, temperature, and time.
In chemical activation, the surface area and porosity are introduced inside the carbon by
impregnating the raw material by desired chemical, followed by thermal treatment at
temperatures typically between 300 and 800 °C (loannidou and Zabaniotou 2007).

Many impregnation chemicals have been tested for the chemical activations,
producing very high surface areas above 3000 m? g (loannidou and Zabaniotou 2007;
Yahya et al. 2015; Jain et al. 2016). The chemical is chosen depending on the end
application (Jain et al. 2016) or the raw material type. Phosphoric acid (HsPOs) is
commonly used for lignocellulosic materials starting from biomass (Jagtoyen and
Derbyshire 1998; Romero-Anaya et al. 2012) and alkaline chemicals (e.g., KOH) for the
activation of coals or biochars (Lozano-Castell6 et al. 2001). The phosphoric acid
produces, in general, more mesoporous AC than KOH activation, although the activation
result depends highly on the raw material used (Romero-Anaya et al. 2012). Chemical
activation usually produces higher surface areas than physical activation as the used
impregnation chemicals inhibit the formation of tar and reduce the number of other volatile
products (Lozano-Castell6 et al. 2001). The downsides of the chemical activation are the
laborious working procedure that requires washing of the end product and the
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corrosiveness of the chemicals which wears the equipment (Lozano-Castello et al. 2001).
Finding the optimal activation conditions usually requires long test series with varying
time, temperature, activation chemical, gas, and flow rates. The difficulty in finding
optimal activation conditions to produce desired AC qualities is in the heterogeneity of the
biomass. The original pore structure of the plant affects the resulting pore structure
especially with milder activation temperatures. The amount of lignin and the variety of
chemical compounds in the plant tissue also play a role in the porosity and surface activity
development.

The main focus in AC manufacturing has been shifted from producing the highest
possible surface areas into other qualifications for a multitude of different applications.
Tailoring the pore structure toward certain pore size distributions (PSD) is beneficial in
electrochemical applications, such as supercapacitors or in gas storage applications (Sevilla
and Mokaya 2014). Biochar also performs well in fuel cell applications (Munnings et al.
2014; Cai et al. 2016). Biomass selection plays a vital role in these types of applications.
For example, plant-derived biochars containing naturally existing heteroatoms are
beneficial in direct carbon oxide fuel cell applications (Cai et al. 2016).

In order to produce activated carbons that achieve high performance in a selected
application, process optimization on the selected feedstock has to be performed. This
optimization has to be performed keeping the final use of the carbons produced in mind.
The results presented in this study can be regarded as a pre-screening of feedstock and
procedures prior to more detailed process optimization.

In this study, two raw materials, scots pine bark (SPB) and willow, were used to
produce chemically and physically activated carbons from slow pyrolyzed and
hydrothermally carbonized biochars using activation conditions selected on the basis of
thermogravimetric pre-experiments and literature (Fig. 1). These biomasses were selected
because willow grows fast and can be cultivated as an energy plant; pine bark waste, on
the other hand, is produced in vast quantities in saw mills as well as in the pulp and paper
industry. Despite the large quantities of these boreal biomasses annually produced, their
utilization for higher value products, such as activated carbons, has been scarce. Also,
comparisons between slow pyrolysis and HTC pre-carbonized bio-based activated carbons
in regard surface properties produced under similar activation conditions, are few. The
samples were characterized for their elemental composition, BET surface area, porosity
and adsorption capacity. Surface qualities were analyzed using FT-IR and Boehm titration.
In addition, X-ray tomography and image analysis were used to quantitatively analyze
micron-scale porosity of one of the samples. To our knowledge, this is the first time that
X-ray tomography has been used to evaluate influence of chemical activation on skeleton
structure of hydrothermally carbonized biomass. The goal of this work was to understand
the effects of the biomass type, pre-carbonization process, and activation method on the
properties of ACs. The qualities of the produced ACs are also discussed with regard to
potential applications.
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Fig. 1. Activation procedures

EXPERIMENTAL

Materials

Scots pine bark (SPB) and willow (Salix sp., unbarked short rotation coppice) were
acquired from Sweden and dried at < 70 °C in a flat-bed drying wagon with forced
ventilation prior to shredding using a single-shaft shredder (Lindner Micromat 2000,
Lindner-Recyclingtech GmbH, Spittal, Austria) with a 15 mm screen. The raw materials
were carbonized using either slow pyrolysis (SP) at 475 °C for 3 h or HTC at 260 °C for 6
h, resulting in four different types of biochars (Fig. 1). A detailed description of the
carbonization experiments is available elsewhere (Keskinen et al. 2017; Wikberg et al.
2017).

Methods
Thermogravimetric analysis

The thermogravimetric analysis (TGA) of the biochars and the chemically
impregnated biochars were performed using a thermobalance (DMT, Essen, Germany)
under N2 with a temperature range of 240 to 800 °C. The weight loss was monitored as a
function of temperature to determine the temperature area where the highest weight loss
occurs.

Activation methods

The biochars were activated both physically and chemically (Fig. 1). The physical
activation was conducted using CO: as activation gas; for chemical activations, KOH
(Honeywell Riedel-de Haén, Seelze, Germany) and H3POs (BDH Prolabo, VWR
International, Fontenay-sous-Bois, France) were used with a biochar to chemical
impregnation ratio of 1:3 (w:w). The KOH impregnation was performed by heating and
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stirring the mixture at 60 °C for 3 h, whereas for HsPO4 the mixture was heated at 85 °C
for 2 h. After the impregnation, the biochar was dried at 105 °C before the activation
process. The activation temperatures were 700 and 450 °C for KOH and H3POsg,
respectively. The activation time of both chemical activations was 1 h; physical activation
time was 2 h. All activations were performed in a tubular oven (Carbolite GHC 12/600
three zone furnace horizontal, Hope Valley, United Kingdom) that was purged with N for
1 h before heating to ensure the absence of oxygen. The activation chemicals, gases, and
conditions were selected based on the existing literature, supported by the thermal weight
loss pre-experiments. The activation treatments of the impregnated biochars were
performed under N2 atmosphere. With KOH, the N2 flow rate has a substantial effect on
porosity development, with higher rates giving higher porosities (Lillo-Rddenas et al.
2001; Lozano-Castell6 et al. 2001). The flow rate used in the KOH activation was the
maximum rate achievable with the oven, 333 mL/min. In H3POj4 activations a flow rate of
40 mL/min was used. The flow rate of the CO> activation was kept low (50 mL/min) to
ensure activation proceeds through chemical control and any diffusional limitations are
kept to minimum (Linares-Solano et al. 2000). After the activation, the chemically treated
ACs were washed with water until near-neutral pH. To ease the removal of chemicals from
the micropores, the ACs were dried at 105 °C between washing cycles, as water
evaporation from the pores helps remove the chemicals dissolved in water. After the
washings, the ACs were dried at 105 °C and weighed.

Adsorption tests

The adsorption experiments were used to investigate the effect of surface area,
porosity, and pH on the adsorption capacity of selected ACs using two dyes: cationic
methylthioninium chloride (methylene blue, MB) (Merck, Darmstadt, Germany) and
anionic 4-(2-Hydroxy-1-naphthylazo)benzenesulfonic acid sodium salt (acid orange I,
Oll) (Merck), and one metal (zinc, Zn) (Merck). Willow was selected as the experimental
plant due to the range of pH values (3.9 to 9.5) it has within the AC series. HTC-SPB-
H3PO4 was also included in the test due to its ultrahigh surface area and pore volume.
Adsorption of dyes was selected in order to gain insight on the suitability of the ACs for
the removal of mesoscale (2 to 50 nm) organic molecules.

The ACs were tested for their adsorptive properties using adsorption of the dyes
MB and OlI into the pores by the method described in the literature (Raposo and De La
Rubia 2009). A solution containing 300 mg MB or OlI per liter H,O was prepared. After
100 mL of this solution was transferred into Erlenmeyer flasks 250 mL in volume, 100 mg
of AC was added, and the solutions were continuously agitated for 24 h to achieve
equilibrium between adsorption and desorption of the test dye. Portions of each solution
were filtered and, if needed, diluted, and the absorbance of the solution was measured at
664 nm (MB) or 485 nm (OII) on a Shimadzu UV-1800 double-beam spectrophotometer
(Kyoto, Japan). The concentration of the solution was calculated from a calibration line
obtained with known concentrations of the dyes. The adsorbed mass per carbon was
calculated using Eq. 1, and the percent of respective dye removed was calculated using Eq.
2,

q(abs) = (Co—Cy) xV/m Q)
% removed = (Co — C) / Co (2)
where g(abs) is the mass adsorbed per mass unit carbon (mg g?), x is the multiplication
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operation, Co is the initial concentration of the tested dye (300 mg I'%), Ct is the measured
concentration after 24 h, V is the volume of dye solution used, and m is the mass of the
activated carbon used.

Adsorption capacity of zinc metal was tested with selected carbons. A solution
containing 100 mg/L of Zn?** metal ion was prepared; 25 mL of initial solution was
transferred into Erlenmeyer flask with 5 g/L of AC. Because the pH of the prepared ACs
differs, the pH of the solution was adjusted to 6.5 or 4.0 with 0.1 M HCI to prevent the
formation of unwanted precipitate and to verify metal adsorption. After the pH adjustment
solution were continuously agitated for 24 h. Portions of each solution were filtered,
diluted, and the concentration of the metal in the solution was measured with atomic
absorption spectroscopy (AAS) Perkin-Elmer AAnalyst 200 (Boston, MA, USA).
Adsorption capacities of Zn-metal were calculated as previously, using Egs. 1 and 2.

Characterization methods

Elemental analysis for C, H, N, S and O was performed using FLASH 2000 series
analyzer (Thermo Scientific, Waltham, MA, USA), and the ash content gravimetrically
after burning the samples at 550 °C for 23 h. The BET surface area and pore size
distribution were determined with a Micromeritics ASAP 2020 analyzer (Norcross, GA,
USA). Prior to measurements, portions of each sample (200 mg) were pretreated at low
pressures (2 um Hg) and high temperatures (140 °C) for 180 min to clean the surfaces.
Adsorption isotherms were obtained by immersing sample tubes in liquid nitrogen (-197
°C) to obtain isothermal conditions. Nitrogen was added to the samples in small steps, and
the resulting isotherms were obtained. Specific surface areas were calculated from
adsorption isotherms according to the BET (Brunauer—Emmett—Teller) method (Brunauer
et al. 1938). Pore size distributions were calculated using the BJH (Barrett—Joyner—
Halenda) algorithm (Barrett and Joyner 1951) and the DFT (Seaton and Quirke 1989)
function. With the setup of the instrument used, a Micromeritics ASAP 2020, pores down
to 1.5 nm in diameter could be measured. The samples were also characterized by FTIR
spectroscopy for their surface functional groups using Thermo Scientific Nicolet iS50 FT-
IR (Waltham, USA) with attenuated total reflectance unit (ATR) (range 4000 to 400 cm™,
32 scans). The pH was determined by stirring 0.5 g of carbon with 50 mL of deionized
water overnight after which the pH was measured using Metrohm 744 pH Meter (Herisau,
Switzerland). Boehm titration (Boehm et al. 1964) was applied for characterizing the acidic
functionalities on the carbon surfaces. Depending on the amount of carbon sample
available, 0.75, 0.60, or 0.45 g of carbon was shaken for 24 h in 25, 20, or 15 mL of 0.05
M reaction base (NaHCO3, Na.COs, and NaOH, each in three replicates), respectively.
Thereafter, the suspension was filtered and an aliquot of 10 mL of the solution was titrated
with 0.05 M HCI. The inflection points in the titration curves were determined with the
second-derivative method, after which the amount of surface functional groups were
calculated from the difference between the reaction bases before and after the reaction
(Kim et al. 2012).

Micrometer-scale porosity was imaged with x-ray microtomography. HTC-SPB-
H3PO4 was selected for imaging due to its ultrahigh BET surface area. For comparison,
non-activated HTC-SPB was imaged. The sample size in imaging was approximately 1
mm. X-ray tomography was conducted with Zeiss MicroXCT-400 device (Pleasanton,
USA). In total 1600 projection images evenly distributed in full 360° with an exposure time
of 12 s. With the selected magnification, pixel size was 566 nm. Source voltage was 40
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kV, and source current was 250 pA. The 3D reconstruction was done with device
manufacturer’s XMReconstructor software. The resulting images were analysed for
porosity and specific surface area (Vogel et al. 2010).

RESULTS AND DISCUSSION

The attained ACs are denoted in the text using the abbreviations given in Fig. 1; for
example, SP-SPB-KOH refers to slow pyrolyzed scots pine bark biochar that has been
chemically activated with KOH. Biochar refers to the non-activated, but thermochemically
treated, biomass and AC to activated carbon. The activation conditions of these
experiments were chosen based on TGA experiments and literature, and were therefore not
optimized for any of the biochars used. Through optimization of surface areas, for instance,
could be enhanced and the amounts of surface oxygen groups could also be different. The
purpose of the current experiment was to compare the obtained ACs produced from
different biomasses using two different pre-carbonization methods. As each selected
activation method was performed under similar conditions for each biochar, differences in
the results may reveal differences between the used pre-carbonization methods and the
biomasses used. This information is important when selecting suitable biomass and pre-
treatment for a specific AC application.

Porosity and Surface Area of the Activated Carbons

The activation methods produced different PSDs for the SP and HTC biochars
(Table 1). For the SP biochars, the microporosity was increased with all activation
methods. For HTC biochars porosity development was dependent on the activation method.
Both H3PO4 and CO> activations increased the meso- and macroscale porosity of the HTC
biochars but with KOH activation, mainly microporosity was increased. These differences
with the PSDs are probably due to the different physical characteristics of the SP and HTC
biochars, combined with different reaction mechanisms of the used activation chemicals.
PSDs are meaningful in the potential AC application perspective. Microporosity is
favorable for gas adsorption, but larger pores are also needed for the gas transport inside
the micropores (Cui et al. 2004). However, the adsorption of organic molecules, such as
dyes, requires larger mesoscale pores due to the larger molecule size (Rodriguez et al.
2009). In both cases, interconnectivity of the pores is also an important factor. Regarding
developed surface areas, the lowest surface areas were obtained from the SP biochar
activations and the highest from the HTC biochar activations. Phosphoric acid was the most
efficient activation agent producing ultrahigh surface area of 3505 m?/g for the HTC-SPB,
although KOH also produced high surface areas above up to 1594 m?/g for the SP-willow.
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Table 1. BET Surface Areas and Pore Size Distributions of the Biochars and
Activated Carbons

Pore Volume (%)
Activation BET
Biochar Method A Surfacs Micropore ~ Mesopore  Macropore Total
rea(m?a) | 152nm  2-50 nm >50 nm (cm3/g)
HTC willow 3.7 2% 72% 26% 0.028
HTC SPB B 425 nd 82% 18% 0.207
SP willow 8.0 14% 71% 14% 0.012
SP SPB 19.4 na na na na
HTC willow 1682 39% 48% 13% 1.06
HTC SPB 3505 46% 54% nd 2.19
H3PO4
SP willow 376 90% 10% nd 0.187
SP SPB 339 92% 8% nd 0.126
HTC willow 966 94% 4% 2% 0.296
HTC SPB 748 95% 5% nd 0.391
KOH
SP willow 1594 90% 10% nd 0.569
SP SPB 1056 98% 2% nd 0.397
HTC willow 257 74% 17% 9% 0.125
HTC SPB 238 46% 48% 7% 0.164
CO2
SP willow 339 78% 20% 1% 0.147
SP SPB 347 91% 7% 1% 0.137

The pore size distributions were calculated using DFT (density function theory) algorithm. na, not
analyzed; nd, not detected.

KOH activation

The KOH activated HTC biochars resulted also in high surface areas with similar
pore volumes and PSDs as the KOH activated SP biochars, with the exception of HTC
biochar produced from willow having some macropore development as well (Table 1). The
pore volumes of the KOH activated SP biochars were approximately three times higher
than the pore volumes of the H3PO4 activated SP biochars. KOH was clearly the best
activator for the SP biochars.

Alkaline metal compounds are commonly used for coal or biochar activation, and
they can produce large surface areas and highly microporous structures (Lozano-Castell6
et al. 2001). Activation with KOH has been proposed to proceed as 6KOH + 2C - 2K +
3H2 + 2K>COs (Lillo-Rddenas et al. 2003, 2007), where the reactivity of the precursor has
been linked to the start of hydrogen evolution during heating. When hydrogen evolution
begins earlier, the precursor is more reactive towards KOH. Lillo-Rddenas et al. (2007)
studied the effect of precursors’ nature on the resulting AC porosity with alkaline activation
and used 20% weight loss as an indicator of the precursor reactivity. That is, the lower the
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temperature at this weight loss, the higher the reactivity in the chemical activation reaction.
Using the above described 20% weight loss to assess biochar reactivity in this study, the
TGA curves of the KOH impregnated biochars showed SP willow to be the least reactive
biochar (Fig. 2). This was expected, as the most reactive carbon atoms are already
volatilized during pyrolysis and the remaining carbons hold better the structural order.
Surprisingly, the most reactive appeared to be SP SPB biochar, which produced the second
highest surface area and pore volume after SP willow. The reactivity should decrease with
rising pre-carbonization temperature (Lillo-Rodenas et al. 2007). Therefore, HTC
biochars, which did not have as high loss in their SOG activity and are therefore more
prone to react with KOH, should have been the most reactive. The HTC biochars’ TGA
curves remained, however, between the SP biochars. The high reactivity with KOH was
still marked, as there were analytical difficulties during the TGA measurement due to
vigorous reaction of HTC biochars with KOH by foaming. These analytical difficulties
may explain the surprising TGA result. During the activation, especially HTC SPB began
to foam, which also contributed to the low yield of the AC. The TGA and activation results
indicate that the activation conditions may not have been optimal for the HTC biochars,
especially the KOH:biochar ratio may have been too large. Too high amount of KOH may
have accelerated the reaction, causing larger structure dilation into meso- and macropore
scale (Lozano-Castell6 et al. 2001). This is supported by the larger proportion of mesopores
in the HTC ACs compared to SP ACs. The surface areas were also lower for HTC biochars
than for SP biochars. Regarding the biomass type, no clear differences between willow and
SPB were observed, the biggest differences were caused by the pre-carbonization methods.

Phosphoric acid activation

Phosphoric acid is an efficient activator with fresh biomass, as it can be efficiently
absorbed in the plant tissue and cells and it has been used as impregnation chemical in
activation of various biomasses (Jagtoyen and Derbyshire 1998; Girgis and El-Hendawy
2002; Suarez-Garcia et al. 2002; Soleimani and Kaghazchi 2007; Patnukao and Pavasant
2008). The acid hydrolyzes glycosidic linkages in polysaccharides and cleaves aryl ether
bonds in lignin at low temperatures followed by crosslinking reactions causing structural
stabilization and dilation (Jagtoyen and Derbyshire 1998). HTC biochars are produced in
lower temperatures than SP biochars and can retain the biomass characteristics, e.g.
morphology and surface oxygen groups, better than SP biochars (Kambo et al. 2015). For
this reason, HTC biochars are able to react with the impregnation chemical better than
pyrolyzed biochars (Jain et al. 2016).

The suitability of HsPO4 for impregnation of HTC biochars is clear; the lowest
surface area HTC willow biochar produced second highest surface area (1682 m?/g),
following HTC SPB biochar with the ultra-high surface area (3505 m?/g).
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Fig. 2. Thermogravimetric curves of the biochars and chemically impregnated biochars. A:
biochars as such; B: H3PO4 impregnated biochars; C: KOH impregnated biochars.
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The much more stable and hard structure of SP biochars, combined with low
porosity, can prevent the formation of rigid cross-linked structure inside the biochar
particles and therefore the pore volumes and surface areas remain low. The used activation
temperature (450 °C) may have also been too low: according to the TGA pre-experiments
the fastest weight loss of the HsPO4 impregnated biochars occurred above 500 °C, although
over 20 % weight loss was expected at the selected temperature. The activation weight loss
was, however, only 2 to 4% with 90% of micropores and 10% mesopores (Tables 1 and 2).
As a comparison, Teng et al. (1998) produced surface areas up to 854 m?/g on bituminous
coal with H3PO4 at 500 °C and 3 h, producing 80% micropores and 20% mesopores. One
of their conclusion was that impregnation time need to be long enough and coal:acid ratio
large enough for H3PO4 to enter the pore system, which may have been limiting factors in
the present study preventing higher pore development. The TGA pre-experiment was not
able to predict the weight loss behavior of pyrolyzed biochars during activation as
accurately as HTC biochar behavior. Regarding biomass type, there were differences
between HTC pre-carbonized willow and SPB, willow producing wider PSD. Willow
produced the highest amount of macropores of all ACs in this study.

Physical activation

The physical activation with CO2 produced the lowest surface areas and pore
volumes (Table 1). The lowest surface areas and pore volumes were formed for the HTC
biochars. The PSDs of all CO2 ACs contained also macroporosity, which was not seen with
the chemical activations apart from the exceptions of HTC-willow-H3POs and HTC-
willow-KOH.

The physical activation showed no clear differences between the HTC and SP
biochars, as both produced low surface areas and pore volumes. One reason may have been
the activation time. Zhang et al. (2004) reported lower pore volumes for pyrolyzed corn
hulls and corn stover using 800 °C and 2 h compared to 1 h duration. The same effect was
not seen with oak char. They suggested that pore structure formation exceeded that of the
destruction as a possible reason. Pore structure collapse could be a plausible reason for the
lower surface areas and yields of HTC biochars, as the SP biochars were carbonized at 475
°C, resulting in much condensed and stable structure than that obtained through HTC at
lower temperatures of 260 °C (Kambo et al. 2015). Therefore, SP biochars were able to
form microporosity compared to HTC biochars, as can be seen from the yields and
micropore volumes (Tables 1 and 2). The SP biochars could have possibly endured longer
activation time and/or temperature and thereby develop larger surface area. The low surface
areas of the HTC ACs were still surprising, as for example Hao et al. (2013) have reported
surface areas of 489 to 749 m?/g for CO; activated HTC biochars produced from various
precursors in similar conditions. Willow produced similar PSDs with both pre-
carbonization methods but with pine bark, the PSD was considerably wider with the HTC
treated biochar. The surface areas of the H3PO4 activated and CO> activated SP biochars
were quite similar.
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Table 2. Yields, Elemental Composition, Ash Content, and pH of Biochars and Activated Carbons

Sample ;Ztllc\ile(l};sn ;I;%al yield Elemental composition (%, mass based) Ash (%) pH
O C H N S
Biochars
HTC willow - 37 25+0 701 5.1+0.0 0.63 £ 0.05 00 1.1 4.5
HTC SPB - 54 25+0 690 50+0.1 0.28 £0.01 0+0 2.1 4.4
SP willow - 34 100 780 2.8+0.0 0.81 +0.08 00 6.9 6.9
SP SPB - 40 9.8+0.1 78 + 27+0.1 0.34 £0.02 0+0 4.0 6.5
Activated carbons
HTC willow H3PO4 69 25 9.0+0.3 797 25+0.0 0.74 +£0.09 0+0 2.3 3.9
HTC SPB H3PO4 69 38 56+0.1 83+ 1.7+0.0 0.22 £0.02 0+0 2.6 4.0
SP willow HsPO4 98 33 5.6+0.0 84 + 20+0.0 0.45+0.03 0+0 0.44 4.2
SP SPB H3POq4 96 39 85+0.1 78 + 26+0.0 0.32+0.01 0+0 3.9 3.8
HTC willow KOH 45 16 11 ** 86+8 0.83+0.1 0.26 £ 0.01 0+0 2.7 6.2
HTC SPB KOH 26 14 6.5+0.7 84 + 0.66 £ 0.01 0.14 £ 0.00 0+0 4.7 4.9
SP willow KOH 72 24 9.4+0.3 84 + 0.68 £ 0.07 0.05 £ 0.00 0+0 3.9 7.2
SP SPB KOH 78 32 79+0.2 83+ 0.65 + 0.03 0.15+0.00 0+0 5.9 5.2
HTC willow CO2 52 19 1.3+0.1 92+2 0.68 £ 0.04 0.58+0.06 0.04+0.03* 25 5.4
HTC SPB CO: 54 29 0.96 £ 0.02 91+ 0.69 £ 0.01 0.25+0.02 0+0 4.1 6.8
SP willow CO2 80 27 3.3+x04 84 + 0.66 £ 0.01 0.63 +£0.03 0+0 7.3 9.5
SP SPB CO2 81 33 20+0.1 86 + 0.70 £ 0.02 0.20+0.01 0+0 7.0 6.4
* most likely contamination during analysis; ** single determination
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Surface Properties of the Biochars and Activated Carbons

The FTIR spectra for the biochars are presented in Fig. 3 and those for the ACs are
in Fig. 4. There is clear difference in the spectra between the pre-treatments, HTC
producing higher surface activity compared to SP. The peak around 1600 cm™ (aromatic
C=C streching in lignin) were found for both HTC and SP biochars, but peaks around 1450
cm™ (C-H deformation in lignin and carbohydrates), 1270 and 1210 cm™ (C-O stretching
in lignin and xylan), and 1030 cm™ (C-O stretching of carboxylic, ester and ether groups
in cellulose and hemicellulose) (Labbé et al. 2006; Keiluweit et al. 2010) were clearly
found only for HTC biochars. The biochar spectra of the HTC biochars showed alkyl peaks
around 2929 and 2850 cm™ appearing in area that has been found to correlate with
hydrophobicity index of soil organic matter (Kinney et al. 2012). These peaks were
completely missing from all SP biochars, as are the peaks around 1700 cm™ (carboxyl C=0
stretching) and 1510 cm™ (C-H or N-H bending). The peak around 1510 cm™ has been
found to characterize undecomposed litter (Haberhauer et al. 1998), which reflects the raw
biomass characteristics of HTC biochars. The differences between biomasses were also
small. The only clear difference was the peak at 1115 cm™ associated with aromatic skeletal
and C-O stretching (Labbé et al. 2006) that was clearly present only in HTC willow
biochar.
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Fig. 3. FT-IR spectra of the biochars. Baseline corrected

The FTIR spectra of the activated carbons (Fig. 4) showed that chemical activation
using H3PO4 produced the most surface-active ACs regarding the number of peaks and
intensity. The CO> spectra resembled the KOH spectra with the amounts and peak
locations. The SP-willow-CO, was the only one producing a strong peak at 1400 cm™ of
all activations (in-plane deformation of OH, Laginhas et al. 2016), which may partly
explain its good performance in the adsorption tests (see section Adsorption capacity). The
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HsPO4 ACs all have a strong peaks at 1590 to 1560 cm™* (aromatic C=C stretching in lignin
or conjugated C-O stretching) (Labbé et al. 2006) and ~1170-1160 cm™ (C-O-C stretching
of ester groups in cellulose and hemicellulose) (Keiluweit et al. 2010). The CO2 and KOH
ACs also have a peak around the same region but of much lower intensity than with the
HsPO4 ACs. The CO, and KOH ACs had a medium or a strong peak at ~1030 cm™ (C-O
stretching of carboxylic, ester and ether groups). The disappearance of peak at 1030 cm™
with H3POs is related to dehydration and depolymezation reactions during the activation
(Jagtoyen and Derbyshire 1998; Keiluweit et al. 2010).

The effects of the HTC and SP pre-treatments were not that clear as they were with
the biochars. The biggest differences were found between H3PO4 activated HTC- and SP-
SPB biochars and KOH activated HTC- and SP-willow biochars. The differences between
the biomasses were better seen with the activated HTC biochars, where willow produced
slightly higher intensities compared to SPB ACs. With activated SP biochars, only H3zPO4
activated willow had distinctly higher peak intensities compared to HsPOj4 activated SPB.

Chemical activations produced or retained the most of surface oxygen groups
(SOG) in the ACs. H3PO4 activation uses milder temperatures compared to KOH and CO»
activations, which may be beneficial for preservation of carboxylic groups of the biochar,
but it can cause structural changes in the biochar, which can lead to extensive growth in
the size of aromatic units (Jagtoyen and Derbyshire 1998) including the polycyclic
hydrocarbons (PAHSs). The three-peak group at 874 to 750 cm™ in the FTIR spectra,
attributed to aromatic C-H bands found in PAHSs (Lee and Choi 2000; Sandford et al. 2013)
(Fig. 3) missing from the HTC biochar spectra, is clearly seen in all of the HsPO4 activated
carbons, including the HTC ACs. The peak group seems to have disappeared from the CO-
and KOH activated SP carbons, which, in contrast, points to a decrease in aromaticity. The
appearance of PAHSs in the ACs is clearly a negative aspect of the acid activation method,
as PAH compounds are harmful and their amount is strictly regulated. However, the alkyl
region 3000 to 2800 cm™ connected to hydrophobicity (Kinney et al. 2012), disappeared
from the HTC AC spectras and indicate loss of hydrophobicity from the HTC biochars due
to activation.
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Fig. 4. FT-IR spectra of the activated carbons. Baseline corrected
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The amount of SOGs can affect the ability of ACs to function as an adsorbent for
different types of atoms and molecules, and their amount is therefore of interest. The
chemically activated carbons had the largest quantities of surface activity while in
physically activated carbons oxygen surface groups could not be detected (Table 3).
Phosphoric acid ACs had rather even distribution of all oxygen groups, whereas lactonic
groups dominate KOH ACs. Phenolic groups are missing from KOH activated SP-willow
and from KOH activated HTC-SPB, as they could not be analyzed due to mobilization of
interfering compounds during NaOH equilibration. This mobilization was evidenced by
somewhat dark color of the extract and anomalous shape of the titration curve. The CO>
ACs produced in higher temperature did not have a detectable amount of surface oxygen
groups.

Table 3. Boehm Titration Results of the Surface Oxygen Groups

Activation Groups Total acidity
method Carboxyls Lactones Phenols (meg/g)
(meq/g) (meq/g) (meq/g)
HTC willow 0.17 0.11 0.21 0.49
HTC SPB 0.23 0.26 0.30 0.78
H3POa4
SP willow 0.27 0.20 0.13 0.61
SP SPB 0.21 0.14 0.16 0.50
HTC willow 0.14 0.36 0.17 0.67
HTC SPB KOH 0.14 0.45 na na
SP willow 0.15 0.54 0.00 0.69
SP SPB 0.14 0.31 0.18 0.63
HTC willow nd nd nd nd
HTC SPB nd nd nd nd
CO2
SP willow nd nd nd nd
SP SPB nd nd nd nd

na, not analyzed; nd, not detected.

The Van Krevelen diagram can also be used to describe the reduction of oxygen
and hydrogen in the carbonization process. The conversion proceeds gradually from the
upper right corner of the diagram to lower left as the carbonization advances. The intensity
of the carbonization is described by the distance of the dots. The increase in aromaticity
due to activation is visible also in the Van Krevelen plot (Fig. 5) in the decreasing H/C
ratios as the temperature rises. The decrease is most drastic with the activated HTC
biochars where significant structural condensation occurs. The O/C ratios are in the same
range for both chemical activations. Overall, activation using KOH and CO: caused
slightly larger changes in both H/C and O/C ratios than activation using HsPOs when
compared to the biochars. The difference between the chemical activations is caused by
the different activation mechanisms, where KOH promotes higher structural carbon
stabilization by forming crystallites and removing crosslinking compared to H3zPOa
activation mechanism (Moreno-Castilla et al. 2001). The loss of surface oxygen groups
due to high activation temperature of CO; activation is also seen in Fig. 5.
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Fig. 5. The Van Krevelen plot of the biochars and the differently activated carbons

Yields and Chemical Composition

The activation yields from biochar to activated carbon varied between 26% and
98% being higher for SP biochars mainly due to the higher temperature used in the
carbonization process, which causes volatilization of thermally less stable molecules
already in the pre-carbonization stage (Table 2). Hence, the lower activation yields for HTC
biochars are mostly due to the higher reduction of oxygen and hydrogen during activation.
Especially with the KOH activation, the yields were low for the HTC biochars. This might
partly be due to unoptimized activation conditions (see section KOH activation). The
slightly lower yields of the KOH activated SP biochars are, on the other hand, caused by
the surface area formation, as they had the highest surface areas of all SP ACs. The yields
of H3PO4 activation were higher than those of KOH activation at all points, but also those
of the physical activation. This is probably due to the different activation mechanisms, as
KOH and CO; reaction are oxidative, but with HzPO4 the pore structure formation is based
on the dehydration reactions and the occupation of the acid in the pores, which prevents
destructuring (Romero-Anaya et al. 2012). With HzPO4 activation of willow biochars, the
total activation yields are smaller than those of SPB, especially with HTC biochars. Despite
the higher potential of HTC biochars to react with impregnation chemicals, the chemical
activation did not result in equally high surface areas with KOH and H3POa. It is clear from
the results that the activation chemical had the highest impact on the surface area
development. However, HTC biochars did produce considerably higher surface areas with
both chemicals, whereas SP biochars reacted properly only with KOH, which was used
with higher activation temperature. The total yields from biomass to biochar to activated
carbon varied between 14% and 35%, being higher in general for SP biochars due to higher
pre-carbonization yields combined with higher activations yields. Slightly higher yields
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were observed for SPB than willow. The amount of ash was generally higher with ACs
produced from the SP biochars. This arises from the HTC treatment, where part of the
inorganics are leached from the biomass to the liquid phase and therefore not retained in
the biochar (Funke and Ziegler 2010).

The amount of carbon in the ACs varies between 78% and 92%, being highest for
CO. activated HTC biochars (Table 2). Differences between biochars regarding carbon
content within activation methods are small and lost within the standard deviation. Bigger
differences were found for oxygen content. SP biochars retained their oxygen better with
the chemical activations, while with physical activations the amount of oxygen was
drastically decreased. HTC biochars lost more oxygen than SP biochars with physical
activation. Willow as raw material retained oxygen better than SPB, which is interesting,
as willow and SPB biochars had the same initial oxygen content. The nitrogen contents
were highest and of similar magnitude with the H3PO4 and CO, ACs. KOH activation
produced low N contents for all ACs, the largest drop being from 0.81% to 0.05% with SP-
willow-KOH. Overall, the N contents of the ACs reflected the original N contents of the
biochars, and of the raw biomass. The biomass N contents were 0.4 and 0.3 % for willow
and SPB, respectively (Wikberg et al. 2017). Apart from the SP-willow-KOH, willow ACs
contained higher amounts of N than SPB.

Adsorption Capacity

The adsorption capacity was tested with activated carbons produced from willow
biochar, as willow produced the widest range of AC pH values and with the H3PO4
activated biochar HTC SPB due to the ultrahigh surface area (Table 4). Adsorption capacity
of the ACs is typically dependent on the surface area, pore volume, pore size distribution,
and the surface chemistry. High surface areas increase the adsorption capacity and wide
pore size distribution affects the ability of the molecules to enter the carbon pores.
Methylene blue number is, in fact, traditionally used as an indicator of macro- and
mesopore capacity (Raposo and De La Rubia 2009). Therefore, ACs with microporosity
alone do not effectively adsorb MB, although the surface area might be high. All the tested
ACs in this adsorption series had enough mesoscale porosity so that significant MB
adsorption was possible. The adsorption capacities for MB ranged from 54 to 95 %.

The dye adsorption results show that surface area is the determining factor in
adsorption (Table 4). Phosphoric acid activated HTC SBP with its ultrahigh surface area
was the best adsorbent, reaching nearly 100% adsorption capacity with both dyes. HTC-
willow-H3PO4 with much lower surface area reached the same or nearly the same capacity
with both dyes as HTC-SPB-HzPOs, probably due to its wider pore size distribution with
both meso- and macropores, allowing easier access for the dye molecules. SP-willow-KOH
reached over 90% adsorption due to its high surface area.

MB as a cationic dye should perform best at higher pH and anionic Oll in low pH
(Rodriguez et al. 2009), but this effect was not clearly seen. As the pH of the dye solutions
was not adjusted to any certain value prior the experiment, the AC pH influenced the
solution pH and thereby the adsorption results. Of the three ACs with pH-values around 4,
two performed well with OIl with over 90% adsorption, but the third reached only 52%.
The low performer was SP- willow-H3PO4 with very low surface area. Perhaps the most
visible pH effect with OIl can be seen between SP-willow-KOH (AC pH 7.2) and HTC-
willow-H3PO4 (AC pH 3.9), where the latter AC had 28% larger adsorption capacity
although their surface areas are almost the same. Then again, HTC- willow-H3sPO4 had
much larger mesopore volume, which may cause the difference in the results. With MB
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there appeared to be some pH effect with the ACs having large surface areas but not so
much with the low surface areas. Physically activated willow had the highest pH but
adsorption barely exceeded 50% with both dyes.

The adsorption of Zn was again strongly dependent on the AC’s pH and less
dependent of the pore volume or surface area. The ACs having pH value above 6 were
clearly the best performing adsorbents. The low pH phosphoric acid ACs were the least
efficient adsorbents for Zn, and even the ultrahigh HTC-SPB-H3PO4 exhibited negligible
adsorption capacity. The HsPOj4 activated biochars were also tested using higher pH (6.5),
but the adsorption capacities did not increase. The pH of the Zn-solutions did rise during
the experiment but stayed below pH 6, apart from the SP-willow-CO., which had end-pH
of 7.5 and the highest adsorption capacity. At pH-values above 7, Zn?" is increasingly
present as solid Zn(OH)2 (Leyva Ramos et al. 2002); therefore part of the high adsorption
capacity of SP-willow-CO2 may be explained by Zn(OH)> precipitation. However, the Zn
results confirm that BET surface area was not the only parameter affecting the sorption
process. This is in agreement with the results of Abdelhadi et al. (2017), who produced
biochar from olive mill waste and compared it with commercial activated carbon for heavy
metal adsorption. The synthetized biochars had higher sorption capacity despite their lower
surface area compared to the activated carbon.

The content of functional groups on the ACs affect the results as well. The
correlations between the amount of different acidic surface groups and adsorption
capacities (Table 5) revealed differences between the adsorbates. The phenolic group was
the most influential SOG affecting the dye adsorption. MB correlated also with carboxylic
and lactonic groups, which may partly explain its slightly higher capacities compared to
Oll. The lactonic group appeared to correlate most with the Zn adsorption; HTC-willow-
KOH (Zn adsorption capacity 61%) contained three times higher concentration of lactone
groups than HTC-willow-H3sPOs (Zn adsorption capacity 7%). The results confirm that
activation with H3PO4 and KOH produce different content of SOGs on activated carbons,
which may have strong influence in sorption applications. The effect of SOG activity could,
however, only be analyzed for the chemically activated biochars, as for the CO> activated
biochars acidic activity could not be detected with the used titration method.

Table 4. Adsorption Capacities of Selected Activated Carbons

Sample MB oll Zn AC pH
HTC willow HsPO4 92 % 95 % 7% 3.9
HTC SPB H3PO4 95 % 95 % 9% 4.0
SP willow HzPO4 62 % 52 % 5% 4.2
HTC willow CO:2 55 % 47 % 13 % 54
HTC willow KOH 80 % 50 % 61 % 6.2
SP willow KOH 91 % 67 % 88 % 7.2
SP willow CO: 54 % 52% | 98% 9.5

Note: the pH of the dye adsorption was not adjusted; Zn adsorption was performed at pH 4.
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Table 5. The Pearson’s Correlation Coefficients between the Amount of Acidic
Surface Groups and Adsorption Capacity

Correlation MB oll Zn

Carboxylic groups 0.57 0.47 -0.48
Lactonic groups 0.63 0.11 0.36
Phenolic groups 0.80 0.70 -0.56
Total acidity 0.80 0.48 -0.15

Comparing adsorption capacity results across studies is somewhat challenging, as
the results are affected by multiple factors, such as the adsorbate and adsorbent
concentrations, pH, temperature, time, and competing ions. For reference, Kolodynska et
al (2017) compared biochar (BET surface area 115.5 m?/g) obtained from gasification
process with commercial AC (Purolite 20, BET surface area 759.9 m?/g) in adsorption of
various heavy metals. Their results showed much higher Zn adsorption capacities for the
biochar (18.6 mg/g) than for the AC (8.5 mg/g) at initial pH 5 and Zn concentration 100
mg/L. Kalavathy et al. (2010) studied Ni and Zn adsorption on HsPOs AC prepared from
rubber wood saw dust (BET surface area 1673.9 m?/g, methylene blue number 255, pH 6
(Kalavathy et al. 2005)). The maximum adsorption capacity for Zn was found to be 22.0
mg/g. The three best performing ACs in the current study adsorbed 13.5 (HTC willow
KOH), 19.1 (SP willow KOH), and 21.5 (SP willow CO,) mg/g of Zn. The adsorption
performances of the ACs are therefore similar to those in literature, although the
experiment conditions were not identical. Dye removal capacities for MB have ranged from
90 mg/g to 683 mg/g using various waste biomasses as AC precursors and same activation
reagents as in current study (Gonzalez-Garcia 2018). Zhang et al. (2007) tested activated
carbon produced from coconut shells (BET surface area 799 m?/g, pH 5.2) for OlI
adsorption acquiring adsorption capacity of 404 mg/g. The MB adsorption capacities of
this study ranged from 161 to 286 mg/g and the OlI capacities from 140 to 286 mg/g. The
results are therefore in the range of those found in literature.

Overall, all the ACs were suitable for dye adsorption, regardless of the pore volume
or the AC pH and the higher pH ACs for Zn adsorption, but clearly the results depend on
the surface oxygen groups as well.

Micrometer-scale Pore Structure

X-ray microtomography and image analysis were utilized to observe possible
changes in biochar sceleton structure due to activation. Visualizations of the images
samples are shown in Fig. 6. The porosity obtained image analysis were 0.68 and 0.70 and
specific surface area 103 and 109 mm?mm? for the activated and non-activated sample,
respectively. For comparison, corresponding values for different biochars can be found
from Hyvéluoma et al. (2017). As gas adsorption measurements are limited to pores
smaller than a few hundred nanometers, a majority of the total porosity cannot be detected
with this method. However, larger pores are important as means of transport, providing
pathways for the adsorbate from the surfaces to the adsorption sites at the interior parts of
biochar particles. Thus it would be important to know whether activation influences the
micrometer-scale porosity and pore connectivity. Because HTC-SPB-H3POs had the
highest BET surface area, this AC and its non-activated counterpart were selected for
imaging.

Imaging is able to discern only that part of surface area, which is visible at the used
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imaging resolution. In spite of the ultrahigh surface area of the activated sample, the surface
areas calculated from the images indicate that activation did not have any noticeable effect
on the micrometer-scale porosity. The porosity and specific surface area of the activated
and nonactivated SPB samples were very close to each other and in the same range as those
determined earlier for various biochars in Hyvéluoma et al. (2017). The micrometer scale
pores of the activated SPB sample can be characterized as large cavities with size up to ca.
70 pum. These cavities did not have micrometer-sized connections and thereby did not
provide fast transport pathways to inner parts of biochar particles. Thus, sorption sites in
the inner parts may be more slowly accessible than those on the particle surfaces. Non-
activated willow biochar used in the present work was imaged in a previous study by
Hyvaluoma et al. (2017) who found it to have pore structure consisting of straight tubular
pores oriented in a parallel manner. It could thus be hypothetized that the biochar skeleton
and transport taking place in micrometer-scale pores might affect the functions of ACs in
different environments. X-ray microtomography and image analysis revealed that HsPO4-
activation did not affect the micrometer-scale pore structure of HTC-SPB and thus these
functions can be influenced only via raw material selection.

The interpretation of the obtained physical properties in the ACs requires
information about the original pore structure of the raw biomass. The SPB raw material
used here was of “practical quality” and originated from an industrial process. The same
material was used in a previous study (Hyvaluoma et al. 2017), where this material was
found to be heterogeneous due to robust debarking method and contained also stemwood
in addition to the actual bark. If macroporosity is desirable in the resulting AC, then the
selected precursor biochar needs to contain macropores already before activation. The best
activation results probably could be achieved if the activation method (biochar:chemical
ratio, temperature, time, etc.) is optimized with the biomass pore structure, but the
heterogeneity of especially waste biomass does clearly pose a challenge.

",‘-"&*
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Fig 6. 3D reconstructions of the pore structure of HTC-SPB (left) and HTC-SPB-HsPOa (right)

Potential Applications for the Bio-Based ACs

The amount of research conducted on various electrochemical applications suitable
for activated biochars has been increasing during recent years. The interest rises from the
need to develop environmentally friendly materials with low costs and high performance
(Sevilla and Mokaya 2014). Activated carbons have traditionally been used in water and
gas purification applications, of which water purification was also tested in this study.
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Recent advances in the ability to tailor the porous structure of the ACs have shifted the
focus to the development of, for example, electrode materials and hydrogen storages that
may require highly specific PSDs. Activated carbons produced from various waste
biomasses have been shown to perform extremely well in these types of applications
(Munnings et al. 2014; Fuertes and Sevilla 2015; Pang et al. 2016). Supercapacitors have
proven to be highly potential target application for HTC based ACs specific capacitances
exceeding the values of commercially available supercapacitors (Sevilla and Mokaya 2014;
Fuertes and Sevilla 2015). Supercapacitors benefit from narrow PSD consisting of micro-
and mesopores, which is difficult to obtain through physical activation. Chemical
activation can be used to tailor the PSD by altering impregnation ratios, activation
temperatures and time, as discovered also from the results of this study. The ACs produced
in this study possess qualities suitable for supercapacitors. Phosphoric acid activation of
the HTC biochars have produced PSDs with equal amounts of micro- and mesopores, in
addition to high surface areas. One interesting difference between the activated carbons
was the amount of nitrogen. The amount of nitrogen may be highly interesting factor when
considering electrochemical applications, which benefit from nitrogen. In some cases,
nitrogen has been doped to the carbon structure for example by adding melamine in the
activation chemical mixture (Fuertes and Sevilla 2015). Selection of raw materials that
originally contain high amount of nitrogen may produce ACs with good performance
without any extra doping. Phosphoric acid activated HTC willow had 0.74% of nitrogen in
the structure (Table 2). As a comparison, Fuertes and Sevilla (2015) have produced
nitrogen-doped KOH activated HTC biochar from sawdust having 1.3% of nitrogen (AC
without N-doping had N content of 0.1%). Willow, exhibiting seven times higher amount
of nitrogen compared to sawdust and comparable nitrogen amount to the N-doped sawdust,
makes it an interesting raw material candidate for this type of ACs.

CONCLUSIONS

1. Chemical and physical characteristics of activated carbons depend on all the following
variables: raw material type, pre-carbonization process, and most of all the selection of
activation method. Regarding surface area development, both tested chemical
activations were suitable for the HTC biochars, HsPO4 being the most suitable. For
slow pyrolyzed biochars, only KOH activation produced adequate results. CO, was the
least efficient activator for all biochars.

2. The pore size distributions also varied considerably between the activations, where
KOH produced highly microporous ACs, whereas with HsPO4 and CO> wider pore size
distributions were obtained. Only HTC willow biochars produced macroporosity with
chemical activations.

3. The effect of the original pore size distribution on the results was also seen to have an
effect. Chemical activation using HsPO4 did not affect macropore structure of the SPB
activated carbon.

4. All the tested activated carbons were suitable for dye adsorption, but high surface area
H3PO4 activated HTC biochars were clearly the best performers. Zinc adsorption was
dependent on the pH of the ACs but also on the amount of lactonic surface oxygen
groups.
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