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1. Introduction 

The growth in demand of commodities, which results from a growing global population, leads to 

the depletion of available resources needed for their production. Additional to fossil resources, also 

those provided by nature like food, land and biomaterials are affected. The increase in the volume 

of generated waste is directly linked to the growth in commodity production and the associated 

need for resources. Additionally, from the increase in social-environmental awareness arises a need 

for the development of novel conversion techniques that can close the material loop and enable the 

valorization of waste. One of the options is to replace primary materials with valorized wastes (i.e. 

secondary materials), and simultaneously reduce resource depletion. For example, the production 

of activated carbons and/or fertilizers from waste fit very well in that scenario. 

Activated carbon (AC) has a wide range of applications, especially in industrial uses due to their 

high surface area and well-developed porosity. These properties make them suitable as catalysis 

support and for the production of super-capacitors (Rashidi and Yusup, 2017). Moreover, they are 

suitable as absorbents of pollutants such as chromium and cadmium from aqueous streams 

(Asadullah et al., 2014) as well as CO2 from flue gases (Dwivedi et al., 2004). ACs are also used 

in wastewater treatment plants for the removal of organic micro-pollutants or even nano-pollutants 

(i.e. pharmaceuticals and complex chemicals), which cannot be handled by conventional systems  

(Benstoem et al., 2018; Freihardt et al., 2017). The increase in the number of reports on the positive 

effect of applying carbonaceous materials in agriculture with respect to crop production and soil 

health gains increasing interest (Li et al., 2020). This opens up possibilities for use of ACs or 

biochar produced from bio-resources in agriculture, as a sustainable fertilizer and soil enhancer.  

The production of ACs consists of two steps. The first is the carbonization of the initial material 

(precursor) at elevated temperature and in an inert atmosphere (usually nitrogen). Its purpose is to 
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increase the material’s carbon content and reduce its reactivity toward gasification. The second 

step is the activation, which is a controlled, partial-gasification and/or further carbonization 

performed to increase the internal surface area of the precursor. The activation can be divided into 

3 treatment types depending on the applied conditions: thermal activation (high temperature only), 

physical activation (high temperature with the supply of oxidising gases) and chemical activation 

(high temperature and the addition of reactive chemicals). The reason of applying high 

temperatures during activation treatment is to achieve the completely conversion of the different 

biopolymers that constitute the biomass. A study carried by Rodriguez et al. (Rodriguez Correa et 

al., 2019) states that at temperatures up to 600 °C only hemicellulose and cellulose have been 

completely converted into carbonaceous structure. While the complete decomposition of lignin 

requires at least a temperature of 800 °C.  In case of thermal and physical activation, the 

carbonaceous material is heated up to temperatures ranging between 600 °C to 1000 °C (Nazem et 

al., 2020; Osman et al., 2019; Rodriguez Correa et al., 2019). The main difference between thermal 

activation and physical activation is the composition of the process gas atmosphere. In thermal 

activation, an inert gas atmosphere is applied, while for the physical activation an oxidising gas 

(gasifying agent) is added, such as CO2 or steam. Finally, in chemical activation, the carbonaceous 

precursor is mixed with a chemical reagent and heated in an inert atmosphere to temperatures 

ranging between 500 °C and 900 °C (Otowa et al., 1997; Plaza et al., 2012). Various reagents, such 

as ZnCl2, H3PO4, K2CO3, Na2CO3, AlCl3, KOH or NaOH can be used, leading to different chemical 

reactions with the precursor (Oginni et al., 2019; Rodríguez Correa et al., 2018; Suhas et al., 2007; 

Wei et al., 2015). The use of KOH as reagent results on the increment of the surface area and porous 

volume of AC, which has several applications such as, adsorption of CO2 (Dissanayake et al., 2020; 

Wang et al., 2020) and Cd and Pb immobilization in soil (Wang et al., 2020). A study carried by 
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Otowa et al. (Otowa et al., 1997) states that the optimum char-to-KOH mass ratio is 1: 4, which 

also corroborated by other studies (Plaza et al., 2012; Zhu et al., 2014).   

Fossil materials like hard coal are considered as the conventional feedstock for the production of 

ACs. Since their application as raw material is not favorable in terms of sustainability, the focus 

switches to the application of bio-based raw materials. In studies on this topic, most of the research 

has been done on “clean” biomass feedstock (i.e. having a low ash content) like wood, bamboo and 

coconut shell (Rodríguez Correa et al., 2018). However, bio-waste feedstock, like animal manure, 

gains more interest due to its low-cost and large abundance.  

The trend of shifting from “clean” biomass to bio-waste feedstock is even more reasonable in the 

production of activated carbons for agricultural applications. Concerning this novel feedstock for 

ACs production, special attention is paid to wastes rich in nutrients (compounds containing N, P, 

K, Ca, Mg) like poultry litter (PL) or swine manure. A special role in the valorization of manure 

for agriculture applications is related to phosphates, which in 2017 have been put on the list of 

critical raw materials in the EU. Manures in the unprocessed form have fertilising properties, but 

their use bears food safety and environmental concerns (e.g. possible pathogen contamination of 

vegetable crops) (Chan et al., 2007). It has also been observed that the direct application of 

unprocessed manure increases the risk of phosphate and nitrate contamination of surface waters 

(Chan et al., 2008; E. D. Vories et al., 2001). A study carried out by Powell et al.,  (Powell et al., 

2008)  shows that thermal treatment reduces the amount of soluble phosphates of the starting 

material. The thermal treatment of manures also removes its odour and reduces emissions of 

greenhouse gases in comparison to their direct use (Santos Dalólio et al., 2017). Additionally, 

biochar produced from manure contains a highly significant amount of nitrogen- and oxygen-

containing functional groups on its internal surface, which have a beneficial effect on nutrient 
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retention in the soil hence increasing their plant availability over longer time periods (Wang et al., 

2015).  

The valorization of PL, which consists of mainly manure, straw, feathers, and feed residues (Santos 

Dalólio et al., 2017) via chemical or physical activation has not yet been studied in detail. 

Furthermore, previous studies report that biochar originated from PL, so through thermal 

activation, has a positive influence on soil quality and crop growth (Cantrell et al., 2012; Chan et 

al., 2008; Cimò et al., 2014; Enders et al., 2012; J. W. Gaskin et al., 2008; Jeffrey M. Novak et al; 

Mukome et al., 2013; Pituello et al., 2015). Moreover, the pathogen activity of PL requires a 

pretreatment for minimizing the bio-hazard risk before the activation treatment. Torrefaction is 

showed as a possible technology for accomplish it (Isemin et al., 2019). In addition, the high water 

content of PL (46 wt. %) (Pizarro et al., 2019) makes more suitable the wet torrefaction instead of 

dry torrefaction because of the elimination of the initial water from the PL would entail a high 

energy consumption. 

This study focuses on the valorization of PL pre-treated with wet torrefaction in a fluidized bed 

reactor (sanitization purpose). Then, it is activated through different treatments (thermal, physical 

and chemical) at two different temperatures (600 and 800 °C). The comparison of the 

physicochemical properties of produced ACs were examined in terms of their use as an absorbent 

in wastewater treatment systems and soil amendment in agriculture.  

2. Method 

2.1.Feedstock 

The wet torrefied poultry litter (WTPL) used in this this study was provided by Tambov State 

Technical University Biocenter (Tambov, Russian Federation).  It was produced through a wet 

torrefaction process in a fluidized bed reactor using PL as initial feedstock and described by Isemin 
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et al. (Isemin et al., 2019). In brief, the installation consists in fluidized bed reactor heated up to 

300 °C in a mixture of N2 gas and steam. Prior to the steam superheater, the flow of steam in 

saturated state at temperature 117 °C and 0.07 MPa overpressure (Isemin et al., 2019).  

2.2. Experimental procedure 

2.2.1. Thermal and physical activation  

Thermal and physical activation were carried in a fixed bed reactor (a vertical self-made stainless 

steel reactor 67.0 cm length x 3.8 cm diameter) and experimental setup previously described 

(Rodríguez Correa et al., 2018). An identical operating procedure of the activation of the precursor 

and reactor cooling was applied for both mentioned activations. The process started with adding 

30g of the WTPL into the reactor. Then, the precursor was activated through heating up to the 

desired temperature (600 °C or 800 °C) with a heating rate of 10 °C/min under 2 L(STP)/min flow 

of N2. Thermal activation was performed by keeping the carbonized precursor at the final 

temperature for 30 min under a N2 atmosphere at an unchanged flow rate. For the physical 

activation, when the desired temperature was reached, the gas was changed from N2 to CO2 with a 

flow rate of 1 L(STP)/min. The carbonised precursor was retained in the reactor at the final 

temperature and with the flow of oxidising gas for 30 min. During cooling down from final to 

ambient temperature, the gas was switched to nitrogen at a flow rate of 2 L(STP)/min. The ACs 

obtained from thermal and physical activation were denoted as Pyro-TTT and CO2-TTT 

respectively, where TTT is the temperature of activation in Celsius degrees.  

2.2.2. Chemical activation 

Chemical activation of the WTPL was carried out in nickel crucibles with a volume of 270 ml 

(BOCHEM, VWR) and experimental setup previously described by (Rodríguez Correa et al., 

2018). KOH was used as the activation agent with a char-to-KOH mass ratio of 1:4. The crucibles 
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were placed in a sealed stainless steel box with a constant flow of N2 20 L(STP)/min to flush out 

O2 and to obtain an inert atmosphere. Then, the box was placed into the muffle furnace, which was 

pre-heated to the desired final temperature (600 °C or 800 °C) (Nazem et al., 2020; Osman et al., 

2019), and the flow of N2 was reduced to 5 L(STP)/min. After achieving the desired temperature, 

the box was kept in the oven for 30 min. Afterwards, the box was taken out from muffle furnace to 

cool down from the operating to ambient temperature and the flow of N2 was increased to 20 

L(STP)/min. 

To neutralize unreacted KOH and alkaline compounds resulting from the activation, the previously 

cooled down AC was mixed with 250 ml of an aqueous solution of 1M HCl (Sigma-Aldrich). Next, 

the suspension of AC and acid was separated by a quantitative paper filter (grade 413, VWR) placed 

onto a Büchner flask bottle and connected to a vacuum pump. Prior to the filtration, 5 g of FeSO4 

∙ 7 H2O was put in the Büchner flask to bind hydrocyanic acid that can evolve during the procedure. 

After the separation of the suspension, the AC was washed on the same setup with warm deionized 

water to remove the remaining leftovers until the conductivity of the filtrate was lower than 10 

µS/cm. The obtained, wet AC was oven-dried overnight at 105 °C. The ACs obtained from 

chemical activation were labelled as KOH- TTT, where TTT is the temperature of activation in 

Celsius degrees. 

2.3.Characterization of solids  

Moisture content, volatile matter (VM), and ash content of the WTPL and ACs were determined 

according to the standard procedures DIN EN 51718, DIN EN 51720:1978-06, DIN 51719, 

respectively.  Fixed carbon (FC) was calculated by equation (1). 

𝐹𝐹𝐹𝐹 (𝑤𝑤𝑤𝑤. %) = 100% −𝑀𝑀𝑀𝑀 (𝑤𝑤𝑤𝑤. %) − 𝑉𝑉𝑉𝑉 (𝑤𝑤𝑤𝑤. %) − 𝐴𝐴𝐴𝐴ℎ (𝑤𝑤𝑤𝑤. %). (1) 
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The elemental composition (C, H, N, S) of the biomass, biochar, and activated carbon was 

determined by the EURO EA 3000 analyzer (EuroEA 3000 Serie) equipped with a thermal 

conductivity detector (TCD). According to equation (2), the oxygen content was calculated as 

follows: 

𝑂𝑂 (𝑤𝑤𝑡𝑡. %) = 100 % − 𝑁𝑁 (𝑤𝑤𝑤𝑤. %) − 𝐶𝐶(𝑤𝑤𝑤𝑤. %) − 𝐻𝐻(𝑤𝑤𝑤𝑤. %) − 𝑆𝑆(𝑤𝑤𝑤𝑤. %)

− 𝐴𝐴𝐴𝐴ℎ (𝑤𝑤𝑤𝑤. %). 
(2) 

In advance of the characterization of the surface functional groups of WTPL and activated carbons, 

they were mixed with potassium bromide (KBr) (1:10 ratio) and pelletized with a force of 20 metric 

tons. Pellets prepared in such procedure were then analysed in a FTIR spectrophotometer (Bruker 

ALPHA II PLATINUM-ATR) with wavenumbers (ν�) ranging from 4000 cm−1 to 400 cm−1.  

Inductively coupled plasma optical emission spectrometry (ICP-OES, Agilent Technologies 700 

Series) was used to determine the composition of mineral matter in the initial WTPL and ACs. The 

procedure of measurement was done according to  Ovsyannikova et al. (Ovsyannikova et al., 2019).  

To measure the pH of the aqueous solution induced by the ACs, 1 g of the investigated sample was 

mixed with 20 g of deionized water and shaken for 2 h to obtain a stable ionic equilibrium between 

solid and liquid phase. Then, the obtained suspension was separated by decantation. The pH of the 

clear filtrate was measured by a HACH HQ40d multi equipment, equipped with the PHC101 pH 

probe (epoxy, non-refillable gel reference element). 

The scanning electron microscope (SEM, Inspect F50; FEI) was used to analyse the morphological 

structure of the investigated samples. The electron source operated at an excitation voltage of 10 

kV. To avoid charging the particles, they were covered with palladium prior to the measurement.  
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The adsorption of N2 was measured at its boiling point (-196 °C) and adsorption of CO2 was 

measured at 0 °C (Nova 4000e analyzer, Quantachrome Instruments).  The activated carbons were 

degassed at 180 °C for 24h before the adsorption. Data of specific surface area (SSA) was 

calculated from N2 adsorption isotherms with the QSDFT method (slit/cylindrical/spherical kernel) 

and from CO2 adsorption-desorption isotherms with the GC-MC method.  According to the 

literature, both methods used for calculation in this study are assumed to have the best accuracy 

and reliability among other methods (Landers et al., 2013; Lowell, 2004; Ravikovitch et al., 2000; 

Silvestre-Albero et al., 2012). The microporous (pores < 2 nm) and mesoporous (pores from 2 nm 

to 50 nm) surface area were obtained from the division of the merged dataset from both adsorption 

measurements on the appropriate pore size ranges. 

For the measurement of the absorption capacity of ACs, methylene blue (MB) was used as a 

reference compound following the procedure of Rodriguez et al. (Rodriguez Correa et al., 2017). 

In the beginning, 0.1 g of each activated carbon was mixed with 100 ml of MB to result in a 

concentration of 750 mg/L for 24 h in a shaker (Orbital shaker GFL 301). Applied excessive time 

for absorption was selected to have certainty that the absorbed quantity of MB reached its 

maximum (Vargas et al., 2011). Next, the suspension was filtered and the obtained filtrate was used 

to quantify the MB that had been absorbed on the investigated material. The drop in the 

concentration of MB was measured using a spectrophotometer (Hach Lange DR6000 UV-Visible 

spectrophotometer) at the adsorption wavelength of 664 nm. The total quantity of absorbed MB in 

the sample was calculated according to equation (3): 

𝑞𝑞 𝑒𝑒 =  
(𝐶𝐶0 − 𝐶𝐶1) ∙ 𝑉𝑉

𝑊𝑊
. (3) 

where  
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qe = adsorption of methylene blue in mg /g 

C0 = initial concentration in mg/L 

C1 = equilibrium concentration in mg/L 

V = volume of the solution in L 

W= amount of activated carbon used for the analysis in g 

3. Results 

3.1. Chemical properties 

The PL was initially pre-processed at a comparatively low temperature (300 °C), at which bio-

constituents of the raw material (lignocellulosic bedding, manure, and feathers) can degrade only 

partially (Katsaros et al., 2020; Atimtay and Yurdakul, 2020). Therefore, the thermal treatment of 

WTPL at a temperature 600 °C or 800 °C led to further degradation of bio-constituents and material 

volatilization, and as a consequence, significant mass reduction occurred in every activation 

experiment. The summary of the yields, proximate and ultimate analysis, and pH of the investigated 

material is presented in Table 1. 

According to previous studies, higher yields of AC should be obtained from the physical and 

thermal activation in comparison to chemical activation (Prahas et al., 2008; Rodríguez Correa et 

al., 2018; Saleem et al., 2019). As shown in Table 1, yields of ACs from thermal and physical 

activation have a value of around 50 wt. %, which is much higher compared to the yields of the 

chemical activation (6.5 – 15 wt. %). On the other hand, chemical activation results in a strong 

reduction of the initial WTPL ash content by c.a. 70 % in the resulting ACs. Whilst, the thermal 

and physical activation treatment doubles the ash content of the WTPL, so there is an extremely 

inverse influence (Table 1). The application of the strong base, KOH, as the activation agent had 
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an impact on the composition of the organic matter (Table 1) as well as the inorganic matter of the 

material (Table 2). At elevated temperatures, the hydroxyl ions of the activation agent are able to 

react with heteroatoms in the carbonaceous structure. This leads to the release of heteroatoms from 

the structure in the form of volatiles or easy soluble compounds and consequently increases the 

carbon content in the processed material (Mau et al., 2018). Silica-alumina can be one of the major 

compounds that are part of the mineral matter of PL (Shankar Pandey et al., 2019). Silicic acid 

units, which are the main components of the silica-alumina complex, react with molten hydroxides 

(KOH) at elevated temperatures. This results in compounds with much higher solubility, like 

potassium poly-silicates (potassium waterglass). Moreover, neutralisation of the chemically 

activated carbon with strong acids like HCl enhances the degradation of carbonates and can lead 

to the formation of highly soluble chloride salts. All above results in an extensive removal of ashes 

from the chemically activated carbons during washing with warm (60 °C) water.  

The yield and parameters of the ACs from the physical and thermal activation show high similarity 

for the activation at 600 °C, but differences start to appear at 800 °C. This can be related with an 

increasing influence of the Boudouard reaction and other gasification reactions as it was observed 

on previous studies (Tang et al., 2020; Wan et al., 2019; Yu et al., 2019). As it was 

thermodynamically assed by Kwon et al.  (Kwon et al., 2013), the free Gibb’s energy for the 

Boudouard reaction is around zero at 710 °C. Therefore, it can be assumed that bellow mentioned 

temperature the influence of the CO2 on the solid matter is negligible. Above that temperature the 

influence of the reaction between carbonaceous material and CO2 increase its significance. It was 

also stated by Kwon et al. (Kwon et al., 2015), that the Boudouard reaction does not occur with 

very rapidly, and it needs time, especially at the temperatures not very far from the temperature at 

which ∆G = 0. Taking into account that the retention time at 800 °C was relatively short (30 min), 
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the influence of the solid gasification with CO2 did not occurred to large extend. Nevertheless, its 

outcome is distinguishable on yield.  

In Table 2, the results of the inorganic composition analysis of investigated materials and initial 

WTPL are shown. The high concentration of the macro-nutrient forming elements such as N, P, S, 

K, Ca and Mg allows for the consideration of the material as fertilizer (Font-Palma, 2012). 

Nevertheless, due to the pre-processing at only 300 °C, the solubility of the phosphorous and 

nitrogen compounds can be unsatisfactorily high. As a result, the risk of contaminating surface 

waters during its application as a fertilizer cannot be excluded. In contrast, the phosphorous and 

nitrogen compounds from ACs, which were produced at much higher temperatures, should have a 

reduced solubility. The increment of the temperature during the activation of WTPL decreases the 

content of elements Cu, Mn, and Zn, as they were carried out with the exhaust gases due to the 

devolatilization of the WTPL (Yang et al., 2015). Moreover, due to a sufficient amount in micro-

nutrients (Fe, Mn, Zn, B and Cu), the ACs from thermal and physical activation can be considered 

as an additive to conventional fertilizers. As indicated on the Table 2, ACs obtained in the physical 

activation treatment show a slightly lower concentration in environmentally toxic heavy metals 

(Cr, Pb, Cd) than the ones obtained through thermal activation. It makes the ACs from physical 

activation more promising in terms of their application in agriculture. Due to treatments during the 

activation process, the chemically activated ACs have lost most of their valuable nutrients together 

with their ability to serve as a fertilizer. In addition, those ACs have proven their usability in the 

adsorption of micro-pollutants in wastewater treatment (Benstoem et al., 2018). To that end, the 

most promising among the investigated materials are ACs derived from chemical activation due to 

their low N and P and heavy metal content as well as their high carbon content. Presumably, 

applying those ACs, in an aqueous environment, will not release a significant load of 

nutrients/metals over time, and in consequence less contamination of the water will be achieved. 
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Table 1. Physicochemical properties and pH of WTPL and ACs, yield to ACs. Values are expressed 

as mean (n = 4), with the standard deviation in brackets. 

  Proximate Analysis db [wt. %] Ultimate Analysis db [wt. %]  Yield of 
char [%] pH   Ash VM FC C H N S O 

WTPL 16.87  
(0.14) 

59.49  
(0.50) 

23.65 
(0.20)  

49.10 
(0.02) 

4.60 
(0.01) 

5.63 
(0.01) 

1.44 
(0.00) 

22.66 
(0.01)   

6.90 
(0.02) 

KOH-
600 

6.20  
(0.22)  

35.85  
(1.26) 

57.94 
(2.03) 

68.42 
(1.99) 

1.28 
(0.14) 

1.69 
(0.29) 

1.11 
(0.00) 

21.74 
(1.50) 

14.90 
(0.14) 

4.86 
(0.10) 

KOH-
800 

4.81  
(0.05) 

19.88 
(0.19) 

75.31  
(0 .73) 

83.53 
(1.22) 

0.22 
(0.08) 

0.38 
(0.10)  

1.01 
(0.00) 

10.15 
(1.03) 

6.50 
(0.68) 

6.52 
(0.05) 

Pyro-
600 

31.28  
(0.43) 

24.51 
(0.32) 

42.16 
(0.55) 

54.64 
(1.22) 

0.97 
(0.01) 

4.74 
(0.14) 

1.26 
(0.24) 

7.94   
(0.89) 

50.83 
(0.73)  

11.37 
(0.06) 

Pyro-
800 

37.09 
(0.46) 

18.90 
(0.25)  

46.07 
(0.61) 

51.86 
(1.02) 

0.61 
(0.02) 

4.02 
(0.24) 

1.09 
(0.00) 

6.31   
(0.78) 

48.38 
(0.16)  

12.66 
(0.02) 

CO2-
600 

32.76   
(0.49) 

25.52 
(0.38) 

41.72 
(0.62) 

52.56 
(0.98)  

1.09 
(0.15) 

4.14 
(0.03) 

0.99 
(0.01) 

9.44   
(0.46) 

51.17 
(0.49) 

11.38 
(0.05) 

CO2-
800 

35.99 
(0.56) 

20.17 
(0.32) 

43.83 
(0.69) 

51.15 
(0.49) 

0.82 
(0.10) 

3.48 
(0.11) 

1.04 
(0.04) 

8.65   
(1.12) 

46.07 
(0.61) 

12.73 
(0.08) 

 

Table 2. Inorganic compounds in initial WTPL and ACs 

 S Al  B    Cd  Ca  Cr  Cu  Fe  
  [mg/g] [mg/g] [mg/g] [mg/g] [mg/g] [mg/g] [mg/g] [mg/g] 

WTPL 8.6 0.4 0.0 u.d. 28.9 <0.15 0.4 2.5 
KOH-600 2.58 0.70 <0.07 u.d. 16.38 0.03 <0.16 1.68 
KOH-800 3.27 0.49 <0.06 u.d. 3.35 0.03 <0.14 0.55 
Pyro-600 10.29 0.75 0.09 u.d. 47.64 1.61 0.81 9.76 
Pyro-800 11.97 0.87 0.10 u.d. 52.94 0.40 0.87 4.47 
CO2-600 9.66 0.81 0.09 u.d. 52.65 0.07 0.83 2.49 
CO2-800 10.12 0.83 0.10 u.d. 55.64 0.08 0.94 3.00 

  K   Mg  Mn  Na  Ni  P    Pb  Zn  
  [mg/g] [mg/g] [mg/g] [mg/g] [mg/g] [mg/g] [mg/g] [mg/g] 

WTPL 30.7 9.7 0.8 3.3 n.d. 20.3 u.d. 0.7 
KOH-600 n.d. 4.10 0.63 n.d. 0.04 3.17 u.d. 0.37 
KOH-800 n.d. 1.23 0.13 0.66 0.10 0.34 u.d. 0.12 
Pyro-600 51.30 16.87 1.50 5.68 1.27 35.41 u.d. 1.20 
Pyro-800 57.65 19.21 1.62 6.02 0.33 39.73 u.d. 1.15 
CO2-600 55.76 17.48 1.44 6.21 0.07 38.27 u.d. 1.29 
CO2-800 60.69 20.25 1.68 6.68 0.11 41.89 u.d. 1.06 
*n.d: not detectable, u.d.: under detection limit Cd (0.02 mg/g), Pb (0.24 mg/g) 
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The FTIR analytical technique was used to characterize functional groups on the surface of 

produced activated carbons as shown in Figure 1. Stretching vibrations of hydroxyl or carboxyl 

groups are displayed at ν� = 3500 – 3200 cm-1 (Cao and Harris, 2010). The drop in their intensity is 

visible between ACs and WTPL (Supplementary Figure 1). The minor peak observed only at 2450 

– 2350 cm-1 in the spectrogram of the ACs physically activated at 800 °C, implies that CO2 becomes 

absorbed/trapped inside the carbon structure and exists in it, in a stable form.  The wavebands 

observed at 1700 - 1610 cm-1 usually are related to the C=O stretching of carboxyl groups. The 

increment of the temperature in the activating process, leads to the disappearance of peaks in this 

range. Such an outcome can be connected to the devolatilization of organic matter, possibly through 

decarboxylation or elimination of the acidic groups in the form of short carbon-chain acids  

(Keiluweit et al., 2010). The adsorption peaks between 1560 - 1452 cm-1 are assigned to C=C of 

aromatic structures, whose intensities increase with the rise in activation temperature. Its cause is 

suspected to be related to polymerization reactions. The ACs produced by physical and chemical 

treatments shows a peak in the wavelength 1100 – 1000 cm-1, which is assigned to P-O bonds of 

phosphate, Si-O bonds contained in ash (i.e. SiO2) (Hossain et al., 2011) and C-O stretching 

vibration structures. It can be seen that the increment in temperature during the chemical activation 

produced the disappearance of peaks at this waveband, which is in accordance with P content 

shown in Table 1. According to Yang et al. (Yang et al., 2015) the peaks appearing below 600 cm-

1 indicate the presence of metal-halogen (M-X) stretching vibration e.g. chlorate salts. Peaks in this 

wavenumber are strongly visible for high-ash ACs.  
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Figure 1. FT-IR of ACs produced with physical and chemical treatments. 

The relationship between the pH of the aqueous solution obtained after mixing the ACs with 

deionized water is not straightforward. A few major parameters have impact on the final outcome 

of the pH value: the amount of the surface functional groups and their character (acidic or basic), 

ash content and its composition (Ahmad et al., 2012; Enders et al., 2012; Ippolito et al., 2015; 

Vassilev et al., 2010; Weber and Quicker, 2018). Changes in the influence of functional groups are 

related to the activation temperature. With an increase in activation temperature, the amount of the 

acidic functional groups (carboxyl, hydroxyl, or formyl) decreases due to breaking of the bonds 

between the heteroatoms (e.g. oxygen, nitrogen) and the carbon rich structure, which leads in 
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consequence to an increase in aromaticity (Bourke et al., 2007; McBeath et al., 2014; Nishimiya et 

al., 1998; Ronsse et al., 2015). Generally, pH values in water of untreated biomass are in the range 

from 5 (weakly acidic) to 7.5 (basically neutral). As a consequence of thermal treatment, the pH 

value of the solution becomes higher (Vassilev et al., 2010; Weber and Quicker, 2018). 

Furthermore, a significant amount of ash in the thermally and physically activated carbons has an 

influence on the pH value of the solution, which cannot be omitted.  For those samples, the value 

of the pH is positively correlated with the ash content. It can lead to the presumption that the high 

ash concentration can be treated as an indicator of high pH.  

Within the most influential components of the ash on the pH value are alkali and alkaline earth 

metal salts (AAEMs) in which Na, K, Mg and Ca salts play the major roles. A detailed analysis of 

a wide variety of biochars originated from different biomass (including poultry manure) was made 

by Enders et al. (Enders et al., 2012). Their study indicates that the concentration of AAEMs is 

positively correlated with the pH value of the aqueous solution with suspended carbonaceous 

material (R2 = 0.613, n = 53). The study also states that the influence of the temperature (inducing 

changes in the organic structure) plays a major role in altering the pH only for biomass with a very 

low ash content (like woody biomass), otherwise the ash content and its composition have the 

major influence on the pH. 

In Table 1, the results of the pH measurement of WTPL and the products of its activations are 

presented. As already mentioned, the initial PL was pre-treated in a low-temperature process (< 

300 °C), i.e. wet torrefaction, and its bio-constituents were not fully converted. This relates 

especially to cellulose and lignin, whose temperature of thermal degradation is higher than the 

applied temperature of the wet torrefaction (Giudicianni et al., 2013; Yang et al., 2007). The WTPL 

has a neutral character (with aqueous pH close to 7). While the remaining functional groups shift 
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the pH to more acidic, the WTPL’s ash content is relatively high and alkaline, thus its influence 

possibly compensates the acidity. The chemically-treated AC, which was produced at 600 °C, 

displays acidic behaviour (pH around 5), while with an increase in the temperature to 800 °C, the 

material’s acidity rises to nearly neutral, with the pH value close to 6.5. Presumably, due to the low 

ash content of ACs activated with KOH (c.a. 5% wt.), the temperature has the strongest influence 

on pH. Differences in pH between the thermally and physically treated ACs are minor and not 

visible at the same activation temperature. Thermally and physically activated ACs produced at 

600 °C and 800 °C show very high basicity, with a pH around 11.5 and 13, respectively. The major 

influence on their alkaline pH is assumed to be connected to the high ash, and AAEMs content, 

whose relative amount increases with production temperature due to the overall decrease in organic 

matter content (Table 1). 

In order to assess if the obtained materials show similar properties to other carbonaceous materials, 

they were compared with results obtained by Enders et al. (Enders et al., 2012). Figure 2 shows the 

trend between pH increase in an aqueous solution on one hand and the increase in conversion 

temperature as well an increasing ash content (wt. %) on the other hand. The comparison of the 

influence of the conversion temperature (Figure 2, left), shows that ACs obtained from physical 

and thermal activation present similar behavior with materials whose AAEM content do exceed 5 

wt. %. On the other hand, results for the KOH activated ACs show more similarity to materials 

whose AAEM content was very low (< 2 wt. %). The thermally and physically activated WTPL 

obtained at 600 °C are comparable in pH of the aqueous solution to that of PL pyrolyzed at 500 °C 

and 600 °C from Enders et al. (Enders et al., 2012). However, their AAEM concentration is much 

lower (Figure 2, right). A further increase of the activation temperature by 200 °C of mentioned 

ACs results in a significant increase in the pH value (by 2 points), without a significant increase of 

their AAEM’s concentration (c.a. 1.2 wt. %). This comparison strongly indicates that for 
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carbonaceous materials, whose AAEM content is higher than 2 wt.%, not only the concentration 

but also the ratio of each metal and the form (e.g., carbonate, oxide) in which the AAEM’s occurs 

in the ash, influence the pH of its aqueous solution. For low AAEM containing carbonaceous 

materials (< 2 wt. %), even a slight increase or reduction of their concentration influences the pH 

of their solution, due to their much stronger effect than the organic surface groups on the 

carbonaceous structure.   

 

Figure 2. Comparison of influence of conversion temperature (left) and concentration of AAEM’s 

in solids (right) on the pH of its aqueous dispersion (markers: not-filled - this study, filled – 

DDM – digested diary manure, PMW – paper mill waste) (Enders et al., 2012). 

3.2.Structural properties 

Activation treatments applied to the WTPL led to significant differences in the results of the 

specific surface area (SSA) of obtained ACs. As presented in Table 3, the chemical activation with 

KOH, for both temperatures, caused the development of the largest SSA among all samples. The 

difference is the most significant for the mesoporous SSA, which at 600 °C is around 19 times 

higher and at 800 °C around 100 times higher for chemical activation than for the other activation 
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methods. An interesting behaviour of the samples was observed for the microporous SSA. After 

activation with KOH, its microporous SSA increased with temperature, but for thermal and 

physical activation, microporous SSA decreased.  It is presumed that the removal of the ash in 

chemical activation is the major driver of this difference. The WTPL’s ash is rich in potassium, 

calcium and sulphur. According to literature sources, ashes with a high concentration of mentioned 

elements show a low softening/melting temperature. The thermal processing at temperatures close 

to the ash softening temperature can lead to a coalescence of the ash with the carbonaceous 

structure (Mlonka-Mędrala et al., 2020; Niu et al., 2019). For ACs with high ash content (thermal 

and physical activation), it is suspected that the development of the porous carbon structure of these 

samples was hindered, mostly by filling/covering the pores, especially at a higher temperature 

(Kleinhans et al., 2018). The difference in the SSA between thermally and physically activated 

samples, becomes more significant with an increase in activation temperature, especially for the 

microporous SSA. It leads to the assumption that the severity of the applied activation conditions 

was not sufficient since the temperature 600 °C is significantly lower than 710 °C (Kwon et al., 

2013; Kwon et al., 2015). On the other hand, at 800 °C the difference is distinguishably higher, 

which is in a good accordance with the study of Wan et al. (Wan et al., 2019).  According to the 

study of Wan at al. (Wan et al., 2019) the CO2 can influence on the micropores by two different 

ways. The CO2 gasifies the structure of the biomass, which results of formation of the new 

micropores. In addition, the CO2 has the ability to crack the volatile compounds and prevents from 

their deposition on the already formed carbonaceous surface which can cause clogging the 

entrances to the micropores.    

Table 3. Specific surface area of ACs. 

Sample 
SSA [m2/g] 

Micro (< 2 nm)  Meso (2 -50 nm)  
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KOH-600 991.4 191.0 
CO2-600 308.6 10.1 
Pyro-600 246.4 7.5 
KOH-800 1126.7 1129.5 
CO2-800 175.9 15.0 
Pyro-800 74.7 10.7 

 

Visible differences between samples investigated in this study can be observed by the SEM images 

in Figure 3. As it is shown in Figure 3A and Figure 3B the WTPL presents a non-porous structure, 

in which different structural components can be distinguished, like lignocellulosic biomass (oblong 

particles), leftovers from protein digestion (spherical particles) and mineral matter (randomly 

shaped mass). The difference between WTPL activated with KOH at 600 and 800 °C is not strongly 

visible. Nevertheless, Figure 3C and Figure 3D in comparison to figures of other activation 

methods indicate a completely different structural morphology. The sharp edges and extensive 

pores, which are visible for KOH activation, are neither visible for physical nor thermal activation, 

whose structures have soft edges and no specific porous structure. As it was expected, the initially 

distinguishable constituent materials in WTPL (Figure 3B) are hard to be noticed for the physical 

and thermal activation at 800 °C (Figure 3F and Figure 3H). Taking into account that, for low ash 

containing material, the microporous surface area increased with temperature, it can be suspected 

that in high ash samples, the mineral material through its softening/melting spills on the structure 

and tightly plasters part of the surface, filling or covering the entrance to pores.   
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Figure 3. SEM images, reported at 10.00 kV, a magnification of 3,000x, of produced ACs of raw 

material (A, B) and activated WTPL chemically: 600 °C (C), 800 °C (D), physically: 600 °C (E), 

800 °C (F) and thermally: 600 °C (G), 800 °C (H) 

3.3. Adsorption capacity and porous structure  

The results of the methylene blue adsorption capacity for all activated materials are shown in Table 

4. Along with the processing temperature, the adsorption capacity increases for all types of 

activation. Similarly to the results of SSA, the WTPL activated with KOH shows much higher 

adsorption capacity than physically or thermally treated AC. Comparable SSAs for specific 

temperatures were obtained for physically and thermally activated carbons at both activation 

temperatures. 

Table 4. Adsorption capacity of ACs. Values are expressed as mean (n = 3), standard deviation in 

brackets. 

Activation 
T qe 

[°C] [mg/g] 
KOH-600 600 675.8 (61.5) 
KOH-800 800 872.8 (16.0) 
CO2-600 600 135.1  (67.3) 
CO2-800 800 236.7 (48.0) 
Pyro-600 600 128.6 (38.9) 
Pyro-800 800 280.9 (75.3) 

 

The correlation between SSA and absorption capacity presented in Figures 4 and 5 show insight 

into the relevance of each type of specific surface area. As can be noticed in Figure 4, the relation 

between micro-SSA and adsorption capacity shows inconsistency. For samples other than 

chemically activated, the trend shows a decrease in adsorption capacity with an increase of the 

micro-SSA. Results shown in Figure 5 indicate a correlation between meso-SSA and methylene 
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blue adsorption capacity. The initial and very steep increase in the absorbed quantity flattens at 

higher values of mesoporous specific surface area. The logarithmic correlation describes the data 

in Figure 5 with high accuracy (R2 = 0.974).  

 

Figure 4. Correlation between adsorption of MB and microporous specific surface area. 

 

Figure 5. Correlation between adsorption of MB and mesoporous specific surface area. 

Resulting correlations between micro and meso SSA and absorbed quantity of MB raise the 

question of the relevance of micropores in the adsorption of methylene blue. Width, depth, and 

thickness of a MB molecule are equal to 1.43 nm, 0.61 nm, and 0.40 nm, respectively (Grattan-
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Bellew, 2001; Pelekani and Snoeyink, 2000), so its penetration into pores smaller than 2 nm is 

physically very difficult, if not impossible. Therefore, the correlation of the adsorption of 

methylene blue with microporous SSA seems to lack a fundamental basis. Figure 5 indicates that 

pores with sizes between 2 and 50 nm are related to the absorption of the MB, which agrees with 

other literature sources (Aguiar et al., 2016; Benadjemia et al., 2011; Lladó et al., 2015; Pelekani 

and Snoeyink, 2000; Reffas et al., 2010). Previous studies also highlight, that in terms of 

assessment of absorption of anionic and cationic dyes, as well as pharmaceuticals, parameters like 

pore size distribution, surface functionality, and the pH of the material’s water suspension have a 

significant impact. The study conducted by Aguiar et al. (Aguiar et al., 2016) indicates that the 

MB’s absorption is driven to a great extent by the pore size distribution (PSD) of the material due 

to the relatively small size of the compound. Vargas et al. (Vargas et al., 2011) state that the strength 

of the interaction between MB and structural properties of material, on which absorption takes 

place, can present as the following sequence: π–π dispersion interaction between the aromatic ring 

of MB and the aromatic structure of the absorptive material > electrostatic interaction between the 

negatively charged carboxylate anion and the positive charged nitrogen present in MB > proton 

donor-acceptor interaction between the carbonyl oxygen of pyrones on AC surface and aromatic 

ring of MB > hydrogen bonds (non-electrostatic interaction). Considering the versatility of the 

absorption mechanisms, both ACs from activation with KOH can be treated as useful absorbents 

of compounds, which in their structure have at least one aromatic ring. The WTPL chemically 

activated at 800 °C shows to be the best suited for water treatment purposes due to its high meso-

SSA, high aromatisation level as well as the low ash content and low concentration in heavy metals.   
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4. Conclusions 

The WTPL after activation proved to have potential to be used as the fertilizer or pollutant 

adsorbent. Depend on the activation method, the inorganic content (nitrogen, potassium, 

phosphorus) used as the basis of the fertilizers is modified. WTPL activated physically or thermally 

had satisfactory yields and it consisted higher, nutrient-rich ash content than the initial feedstock. 

However, the adsorption capacity of both mentioned ACs was relatively low, hindering their 

possible application in wastewater treatment. In terms of the application as the pollutant adsorbent, 

the most promising result was obtained for the WTPL activated with KOH. Although, the material 

produced at 800 °C presented much higher meso-SSA than the one produced at 600 °C, their 

adsorption capacity of methylene blue was comparable (675.8 mg/g for 600 °C and 872.8 mg/g for 

800 °C). Taking also the yields into account, it can be concluded that WTPL activated with KOH 

in the 600 °C can be indicated as the most technically efficient and economically feasible material 

for wastewater pollutant adsorption processes. This study shows the possibility of WTPL as useful 

and valuable feedstock material for valorization into activated carbons. Nevertheless, additional 

studies on the performance of activated carbons in specific applications would be beneficial for the 

final evaluation of their suitability.  
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Figure captions 

Fig A1. FT-IR of initial wet torrefied poultry litter.  

Fig A2. Scheme of the activated carbon device used during the physical and thermal treatments at 
the facility at the University of Hohenheim, Stuttgart, Germany. 
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Fig A2. Scheme of the activated carbon device used during the physical and thermal treatments at 
the facility at the University of Hohenheim, Stuttgart, Germany. 


