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Abstract: Activated carbons from biomass material of giant 
knotweed Reynoutria sachalinensis (F. Schmidt ex Maxim.) 
Nakai were obtained. Use of this plant for manufacturing 
activated carbon has not been studied yet. Therefore, 
the first activated carbons of giant knotweed origin are 
described. Both physicochemical (by steam and CO2) 
and chemical (by KOH) activation methods were applied. 
Influences of temperature (500, 600, 700 and 800°C), 
burn-off [10, 25 and 50 wt. % (daf)] and KOH concentration 
on pores surface area and volume distribution of the 
obtained activated carbons were explored. Porosity of 
the elaborated sorbents was determined by benzene 
and carbon dioxide sorption measurements. Sorbents 
obtained by steam activation were micro- and mesoporous 
with surface area and volume of pores increasing 
with temperature and burn-off to V = 0.351 cm3 g-1 and  
S = 768 m2 g-1 at 800°C at 50% burn-off. Carbon dioxide 
activation resulted with notably microporous activated 
carbons with porous texture parameters also increasing 
with burn-off to V = 0.286 cm3 g-1 and S = 724 m2 g-1 at 50% 
burn-off. The highest BET surface area of 2541 m2 g-1 was 
achieved when chemical (KOH) activation was performed 
using KOH to char ratio 4:1.
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1 Introduction
Activated carbons are highly porous materials commonly 
used as catalysts [1], capacitor components [2] and drugs 
[3] as well as for storage, separation and purification of 
gases [4] and liquids [5,6]. For their preparation, materials 
with high carbon and low ash contents can be used [7]. 
Among them, the widest commercial application is found 
with coal, wood and coconut shells. To make activated 
carbon production more environmentally friendly, waste 
materials are used as sources. These can be industrial 
wastes, such as by-products of the petroleum industry [8], 
used tires [9] and polymer resins [10,11]; biomass waste, 
i.e. agricultural residues [13-15], cones [16,17], bamboo 
waste [18-20], saw dust [21]; or food-processing wastes, 
such as sugarcane bagasse [22]. Such approaches improve 
the utilization, recovery and reuse of waste and reduce the 
cost of the final product [23].

During our study on activated carbons from biomass, 
we prepared and characterized carbon sorbents from giant 
knotweed Reynoutria sachalinensis (F. Schmidt ex Maxim.) 
Nakai. This is the first report of activated carbons prepared 
from giant knotweed biomass. This herbaceous perennial 
plant from Polygonaceae family can reach up to 2−4 m 
height and originated in northeast Asia. It was introduced 
to Europe in the middle of 18th century as an ornamental 
plant. Additionally, it serves also as a honey and energy 
crop [24]. However, it rapidly has spread into the natural 
environment and proved to be one of the most invasive 
species in Europe [25], which harms biodiversity and 
leads to economic and agricultural losses. Importation, 
cultivation and sale of giant knotweed in Poland requires 
permission [26,27]. Moreover, its removal from protected 
areas is recommended. Biomass of this plant is usually 
used as an energy source. In this paper we evaluated the 
usefulness of ligneous stems of giant knotweed as raw 
material for manufacturing activated carbons.
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2 Experimental procedure
Raw material characterization
Giant knotweed pellets of 10 mm diameter (Fig. 1) used 
as raw material for activated carbon manufacturing were 
obtained from plantation in Russia.

Pellets were standardized to constant mass. Air-
dried raw material was characterized by technical 
analysis in compliance with Polish Standard (PN − 80/G 
− 04511, 04512, 04516), elemental (Elementar VarioEl) and 
thermogravimetric analysis (TG). The TG measurements 
were performed under an argon atmosphere, at 25-900°C 
with a heating rate of 5°C min-1.

Chars preparation
The raw material was first carbonized in the Fischer-
Schrader retort at temperature of 500°C. Technical analysis 
was conducted for the obtained low-temperature char. After 
grinding to grains of less than 3.15 mm, it was subjected to 
further carbonization in the thermogravimetric furnace 
with heating rate of 10°C min-1 under an argon atmosphere 
and held at final temperatures of 500, 600, 700, 800 and 
900°C for 30 min. The final carbonizates were designated 
as C500, C600, C700, C800 and C900, respectively.

Activated carbons preparation
The resulting chars were subjected to physicochemical 
activation by steam and carbon dioxide in the 
thermogravimetric furnace. First, the impact of the 
activation temperature on the porous texture of the 
activated carbons was evaluated. For that purpose, 
chars C500−C800 were steam activated to 50% wt. burn-
off (daf) at the same temperatures as the final charring 
temperatures of the respective carbonizates, meaning 
C500 was activated at 500°C, C600 at 600°C, etc. The four 
steam activated carbons that resulted were designated 
as AH500-50, AH600-50, AH700-50 and AH800-50. The 
development of the porosity of the activated carbons was 
also investigated as a function of burn-off. Char C700 was 
physicochemically activated under isothermal conditions 
at 700°C to 10%, 25% and 50% wt. burn-off (daf). 
Activated carbons obtained by carbon dioxide activation 
were assigned AC700-10, AC700-25 and AC700-50, while  
those obtained by steam activation were called AH700-10, 
AH700-25 and AH700-50. The activated carbon AH700-50 
present in both series was the same sample.

Additionally, low-temperature char obtained 
initially was subjected to chemical activation with solid 
potassium hydroxide purchased from POCH (AR quality). 

We assessed how the resultant pores size and volume 
depend on the weight of KOH to weight of char ratio, here 
termed the ‘weight ratio’. KOH was physically mixed and 
homogenized with char in weight ratios of 1:1, 2:1, 3:1 and 
4:1. Obtained activated carbons were marked as KOH1, 
KOH2, KOH3 and KOH4, respectively. Activation process 
was conducted in a vertical tube furnace for chemical 
activation made by Czylok Company (Poland) at 25−700°C 
under nitrogen atmosphere (flow: 30 dm3 h-1). A heating 
rate of 5°C min-1 was applied until the final activation 
temperature was reached and then maintained for 1h. 
After activation, products were heated in a beaker with 
the addition of 3 M HCl for 30 min to remove reaction by-
products. Hot distilled water was used successively until 
chloride ions were washed out. The obtained activated 
materials were dried in a dryer at 110°C to constant mass.

The percent of char burn-off after activation was 
calculated from equation (1) as the ratio of dry ash-free 
carbon weight loss during process (Δmdaf) to initial dry 
ash-free carbon mass (mdaf).

% burn-off = [Δmdaf × (mdaf)-1] × 100%   	 (1)

Determination of porous texture parameters
Porosity of raw material, chars and activated carbons 
were characterized using sorption measurements in a 
gravimetric apparatus of the McBain–Bakr type [28,29]. 
The surface areas and volumes of micro- and mesopores, 
average mesopores widths and specific surface areas 
(BET) were calculated based on the adsorption isotherm 
of CO2 and adsorption/desorption isotherm of benzene 
(25°C) (see the supplementary materials for a detailed 
description of the calculations).

Figure 1: Giant knotweed pellets used as a raw material for activated 
carbons preparation.
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3 Results and discussion

3.1 Giant knotweed pellets characterization

Raw material in the form of pellets used for preparation 
of the activated carbons contained 11.23% of moisture, 
4.91% of ash (dry state) and 79.47% volatile fraction 
(dry ash-free state − daf). The elemental composition 
was as follows (%): C, 50.0; O, 42.0; H, 5.51; N, 2.12, S, 
0.01 (daf). The characteristics of giant knotweed pellets 
were similar to that of the other biomass materials [30]. 
Thermogravimetric analysis (Fig. 2) revealed that thermal 
decomposition of the analyzed pellets occurred in three 
main phases. The first phase (50−200°C) is associated 
with moisture release (9.4% weight loss). The most 
intensive decomposition of an organic matter occurred 
in the range of 225−375°C  (additional 49.7% weight loss). 
According to literature, cellulose and hemicelluloses 
undergo decomposition in this temperature interval giving  
a volatile fraction of biomass [31]. Above that temperature, 
rate of the decomposition process decreased and further 
weight loss was small, which was due to formation of char 
structural units more resistant to thermal decomposition. 
Compounds with higher thermal stability decompose 
in this phase, e.g. lignin [31]. At the final temperature of 
900°C total weight loss was 74% (daf). A carbonization 
yield of 26% (daf) at 900°C is comparable to that obtained 
for other materials of plant origin, such as palm shell 
(24% yield) [32]. 

Sorption measurements revealed that the giant 
knotweed biomass did not have a developed porous 
texture. Volume of micro- and mesopores (V) did not 
exceed 0.034 cm3 g-1 (Fig. 3A). The porous structure of 
the raw material consisted mainly of submicropores 
(pores of width below 0.4 nm) which constituted 92% of 
a total micro- and mesopores surface area (S). Therefore S  
(77 m2 g-1), the surface area of meso- and micropores 
(including submicropores), was significantly higher 
than BET surface area (SBET) (2 m2 g-1) (Fig. 4A). The latter 
was calculated from an adsorption isotherm of benzene. 
Submicropores are micropores inaccessible to benzene 
molecules, so BET surface area does not include the 
surface area of submicropores. Therefore, in the case 
of notably submicroporous materials, like the giant 
knotweed pellets, SBET values are significantly lower than 
S values.

In spite of the poorly developed porous texture of the 
raw material, high carbon and low ash contents make it 
suitable for preparation of activated carbons.

3.2 Chars characterization

Charring of the raw material gave low-temperature char 
with 34% yield. It contained 0.99% moisture, 10.75% ash 
(dry state) and 26.64% volatile fraction (daf state). Further 
carbonization to higher temperature causes significantly 
lower weight loss, and gave chars C500–C900 with 
71−84% yields of the low-temperature char weight. The 
porous texture of the chars was much more developed. 
Volume of micro- and mesopores (V) ranged from 0.125 
to 0.168 cm3 g-1 depending on the temperature applied  
(Fig. 3B and Table S1), so it was three times greater than 
that in the raw material. Also, their S values increased 
and were in the range of 310−415 m2 g-1, compared to SBET – 
13−46 m2 g-1 (Fig. 4B and Table S2). It was likewise observed 
for the raw material, with the chars SBET considerably 
smaller than S. The difference is associated with the 
predominance of submicropores in their porous texture, 
which accounted for 61−88% of the total adsorption pores 
volume. The higher the carbonization temperature, the 
bigger values of above mentioned parameters. The same 
trend has been observed for coconut shell chars [33]. 
However, when temperature exceeded 800°C, total pore 
volume and surface area decreased. The biggest decrease 
of these parameters values was observed for micropores 
(0.4–2 nm width). This can be explained by progressive 
partial blockage of these pores by deposited carbonization 
by-products, mainly condensed tars, or by rearrangement 
of the char structure [34].

Figure 2: Thermogravimetric analysis of giant knotweed pellets in 
analytical state (Ua) and dry ash-free state (Udaf).
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3.3 Steam activation – activation  
       temperature effect

Chars C500–C800 were used for steam activation. The 
duration of this process was decreased when temperature 
was increased from 878 to 45 min. In the course of 
activation process, all submicropores, which dominated 

in the chars, were widened to micropores range (Figs. 3C 
and 4C). The resulting activated carbons were micro- and 
mesoporous materials in which micropores accounted for 
68−76% of total adsorption pores volume and mesopores 
(2−50 nm width) – for 24−32%. Volume and surface area of 
micro- and mesopores also increased with temperature of 
the activation process in the range of 0.266−0.351 cm3 g-1  

Figure 3: Distribution of micro- and mesopores volume according to pore size in raw material (A), chars (B) and activated carbons obtained by 
steam activation at different temperatures (C), steam and carbon dioxide activation to different burn-off (D) and chemical (KOH) activation (E).

Figure 4: Distribution of micro- and mesopores surface area according to pore size and BET surface area in raw material (A), chars (B) and 
activated carbons obtained by steam activation at different temperature (C), steam and carbon dioxide activation to different burn-off (D) and 
chemical (KOH) activation (E).
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and 596−768 m2 g-1, respectively (Figs. 3C, 4C and  
Tables S1, S2). These values were approximately twice  
those of corresponding chars. BET surface area also 
rose from 508 to 685 m2 g-1 (Tab. S2). The increase of 
the parameters’ values was associated with the pores’ 
enlargement caused by reaction of carbon with an 
oxidizing agent.

3.4 Physicochemical activation – burn-off  
       and activating agent effect

We compared the impact of two activating agents, steam 
and carbon dioxide, used for physicochemical activation 
on porous texture of obtained sorbents. First, we checked 
their reactivity towards char during reaction. Average 
reactivity (Rav

daf) was calculated from Eq. 2, as dry ash-
free char weight loss during carbon reaction with steam 
or carbon dioxide (Δmdaf) divided by total reaction time (t) 
and initial dry ash-free char mass (mdaf).

Rdaf = Δmdaf × (mdaf × t)-1 	 [h-1] 	 (2)

Average reactivity with steam varied between 0.21−0.28 h-1,  
whereas with carbon dioxide it was between 0.035− 
0.042 h-1. Thus, steam was over six times more reactive than 
carbon dioxide. Experimental data shows that weight loss 
is nearly linear with time for reactions both with steam 
and carbon dioxide (R2 = 0.992 and 0.995, respectively) 
(Fig. 5).

Carbon dioxide activated sorbents were mostly 
microporous (~90% of total adsorption pores volume 
in all samples), while steam activated chars had a 
higher contribution of the mesopores (up to 29% of total 
adsorption pores volume in AH700-50). This is due to 
the different activity of both oxidizing agents during 
activation. Less reactive carbon dioxide more deeply 
penetrates the pores’ structure and widens submicro- and 
micropores. The much higher reaction rate of the steam 
causes the reaction to proceed more closely to the pores’ 
exteriors. Gaseous products of the reaction impede steam’s 
migration deep into the pores. This results in widening of 
micro- and mesopores of the char [35]. Generally, at the 
same burn-off, similar pore volumes and surface areas 
were achieved for both activating agents, but slightly 
bigger after steam activation. Pores widened and porosity 
developed with increasing burn-off, which agrees with the 
previous studies of burn-off impact on the development of 
activated carbon porous texture [36]. This means that the 
volumes and surface areas of submicropores decreased, 
and in the samples AH700-50 and AC700-50, the narrowest 

pores utterly disappeared, while those of micropores and 
mesopores increased and the highest values were observed 
at 50% wt. burn-off (daf). Overall adsorption pore volume 
and surface area also increased with burn-off, reaching 
0.340 cm3 g-1 and 720 m2 g-1 for AH700-50 and 0.286 cm3 g-1 
and 724 m2 g-1 for AC700-50 (Figs. 3D, 4D and Tables S1, S2). 
The highest BET surface area of 664 m2 g-1 was obtained for 
AH700-50 (Table S2). Generally, the values of the porous 
texture parameters suggest that these activated carbons 
are sorbents of an average quality.

3.5. Chemical activation – KOH concentration 
effect

Through chemical activation, we obtained four activated 
carbons with yields ranging from 38% (KOH4) to 60% 
(KOH1). A higher concentration of potassium hydroxide 
resulted in a the lower yield of the reaction product. The 
resulting sorbents were highly microporous (86−93% of 
total adsorption pores volume). Volume and surface area 
of micropores and mesopores increased with increasing 
KOH-to-char weight ratio. Submicropores were absent 
in all samples except KOH1. Total micro- and mesopores 
volume and surface area also increased from 0.431 to  
1.161 cm3 g-1 and from 1065 to 2856 m2 g-1 (BET surface 
area: 741–2541 m2 g-1) (Figs. 3E, 4E and Tables S1, S2). 
The same trend was observed for chemical activation by 
solid KOH of bituminous coal when the KOH-to-char ratio 
was increased from 2:1 to 4:1 [37]. The parameter values 
obtained for KOH1 were similar to those for activated 
carbon made from another lignoceous biomass, namely 
bamboo waste. As a result of chemical activation with 
NaOH impregnation at 950°C, the authors obtained 
porous sorbents with total pore volume of 0.42 cm3 g-1 and 

Figure 5: Weight loss of C700 as a function of reaction time during 
steam and carbon dioxide activation to 50% wt. burn-off (daf) at 
700°C.
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specific surface area of 985 m2 g-1 [38]. The most significant 
developement of porous texture of the activated carbons 
was observed when KOH-to-char weight ratio rose from 
2:1 to 3:1; further increase in the KOH-to-char ratio did not 
have as noticeable impact. Activated carbons obtained by 
chemical (KOH) activation are characterized by far more 
developed porous texture compared to those activated 
physicochemically described earlier.

4 Conclusions
As a result of the study, we obtained activated carbons 
from biomass material − giant knotweed pellets − which so 
far has not been used for activated carbon preparation. We 
applied various activation techniques: physicochemical 
activation by steam and carbon dioxide and chemical 
activation with solid KOH as an activating agent. The 
activated carbons obtained from steam activation were 
micro- and mesoporous, with 20−30% mesopores 
contribution to the total adsorption pores volume. 
Those activated carbons obtained by carbon dioxide and 
KOH activation were notably microporous with ~90% 
proportion of micropores in the total adsorption pores 
volume. Physicochemical activation of chars resulted in 
sorbents with BET surface area no higher than 700 m2 g-1. 
This value is not attractive for commercial application if 
we consider microporous sorbents. However, activated 
carbons obtained by steam activation are more mesoporous 
and therefore could serve as potentially good materials 
for adsorption from solutions of bigger size molecules, 
e.g. organic dyes or biosurfactants. Chemical activation 
allowed the production of materials with much more 
developed porous textures. In all samples, irrespective 
of KOH-to-char weight ratio, BET surface area was higher 
than in any sample from physicochemical activation. 
Activated carbon with the highest BET surface area of 
2541 m2 g-1 was obtained by this method. Predominantly 
microporous structure makes these materials suitable 
for gas storage, purification and separation. In addition 
to the impact of the chosen method on porous texture of 
received sorbents, we also examined how temperature, 
burn-off and KOH-to-char weight ratio affect porosity of 
the obtained products. Activation at higher temperature 
allows production of sorbents with higher pore volumes 
and surface areas. Conducting physicochemical activation 
for longer periods of time to higher burn-off also resulted 
in materials with more developed porous texture. During 
chemical activation, the higher concentration of KOH, the 
more microporous products were obtained with better 

developed porosity. Activated carbon manufacturing is an 
interesting alternative to the current application of giant 
knotweed pellets, which are used mainly for co-firing in 
energetic boilers.
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