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Introduction. The purpose of this publication is to search 
for alternative materials – food industry wastes; valuation of 
it’s use in the production of porous carbon materials (PCM) for 
use in water treatment systems. 

Materials and methods. Pyrolyzed wood waste (PWW) of 
the meat processing industry as raw material for the production 
of sorbents. Chemical activation of PWW by orthophosphoric 
acid. Using the adsorption-desorption methods of nitrogen, the 
porous structure was determined at 77 K; mesopore 
distribution by size and mesopore’s volume – by BJH-method; 
distribution of micropores by size – using QSDFT-method; 
volume of micropores – by Dubinin-Radushkevich method; 
subnanopor’s volume – by QSDFT-method. 

Results and discussion. The microporous structure has the 
following characteristics: pore diameters are in the range of 
Dmi=0,60-2,5 nm, mostly represented by pores with a diameter 
of 0,87; 1,56 nm; volume of micropores – Vmi=0,091 cm

3
/g; 

differential pore volume dVmi/dD=(0,021-0,166)·10
-2

 cm
3
/g; 

micropores are about 49% of the total pore volume. According 
to the breakdown of micropores by size we can identify the 
range of values of Dmi=0,5-2,5 nm with two peaks: at ~ 0,9 nm 
and at ~ 1,6 nm. Mesoporous structure has the following 
characteristics: pore diameters are in the range of Dme=3,3-50,0 
nm, most represented pores are with a diameter of 3,69 nm; 
mesopore’s volume varies in the range of  Vme=0,005-0,049 
cm

3
/g; pore surface area is Sme=5,7-28,0 m

2
/g; differential pore 

volume: dVme/dD=(0,06-2,58)·10
-4

 cm
3
/g; differential pore area: 

dSme/dD=(0,001-0,305) m
2
/g; fraction of mesopores in the total 

pore volume is 3-26%. Curves of pore’s differential volume and 
differential area of pore’s surface at the interval of D=15,3-50,0 
nm are located at the static area. Maximum located at the area of 
the smaller pore’s diameter at the differential pore volume 
dVme/dD=2,58·10

-4
 cm

3
/g is observed at the point of 3,69 nm  at 

the interval D=2,5-15,3 nm. The most number of mesopores 
located at the range of D=2,5-15,3 nm. The cited data shows that 
the proposed method allows to get PCM with a high output of 
87,6%. The obtained PCM has a low rate of specific surface are 
SBET=257,0 m

2
/g and pore space. Total pore volume is VΣ=0,187 

cm
3
/g. 
Conclusion. An energy-saving method is proposed for the 

production of PCM from secondary «renewable» resources – 
PWW, for use in water treatment systems. 
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Вступ. Метою публікації є пошук альтернативних матеріалів – відходів харчової 

промисловості; оцінка перспективності їх використання при виробництві пористих 

вуглецевих матеріалів (ПВМ) для використання в системах водопідготовки. 

Матеріали і методи. Піролізовані деревні відходи (ПДВ) м’ясопереробної 

промисловості як сировина для виробництва сорбентів. Хімічна активація ПДВ 

ортофосфорною кислотою. Методом адсорбції-десорбції азоту визначали пористу 

структуру при температурі 77 К; розподіл мезопор за розмірами і об'єм мезопор – 

методом BJH; розподіл мікропор за розмірами – методом QSDFT; об'єм мікропор – 

методом Дубініна-Радушкевича; об'єм субнанопор – методом QSDFT. 

Результати. Мікропориста структура має наступні характеристики: діаметри пор 

знаходяться у діапазоні Dmi=0,60-2,5 нм, які найбільш всього представлено порами з 

діаметром 0,87; 1,56 нм; об’єм мікропор – Vmi=0,091 см3/г; диференціальний об’єм 
пор dVmi/dD=(0,021-0,166)·10-2 см3/нм·г; частка мікропор у загальному об’ємі пор 

складає 49%. Згідно розподілу мікропор за розмірами можна виділити область 

значень Dmi=0,5-2,5 нм з двома максимумами: при ~ 0,9 нм та при ~ 1,6 нм. 

Мезопориста структура має наступні характеристики: діаметри пор знаходяться у 

діапазоні Dme=3,3-50,0 нм, які найбільш представлено порами з діаметром 3,69 нм; 

об’єм мезопор варіюється в інтервалі Vme=0,005-0,049 см3/г; площа поверхні пор – 

Sme=5,7-28,0 м2/г; диференціальний об’єм пор dVme/dD=(0,06-2,58)·10-4 см3/нм·г; 

диференціальна площа пор dSme/dD=(0,001-0,305) м2/нм·г; частка мезопор у 

загальному об’ємі пор складає 3-26%. Криві диференціального об'єму пор та 

диференціальної площі поверхні пор для інтервалу D=15,3-50,0 нм знаходяться у 

стаціонарної області, а в інтервалі D=2,5-15,3 нм спостерігається один максимум в 
точці 3,69 нм, який розташовано в області менших діаметрів пор при 

диференціальному об’ємі пор dVme/dD=2,58·10-4 см3/нм·г. При цьому найбільша 

кількість мезопор доводиться на діапазон D=2,5-15,3 нм. Наведені дані свідчать, що 

запропонований спосіб дозволяє отримувати ПВМ з високим коефіцієнтом виходу 

87,6%. При цьому отриманий ПВМ має низькі показники питомої поверхні 

SBET=257,0 м2/г та поровий простір – сумарний об'єм пор VΣ=0,187 см3/г. 

Висновки. Вторинні «поновлювані» ресурси – ПДВ дозволяють отримувати 

ПВМ із низькими енерговитратами для використання в системах водопідготовки. 

Ключові слова: піроліз, відхід, активація, нанопора, адсорбент 



Introduction 
 

Today it is known that organic matter of carbon-containing material consists of carbon 

(96,0%), hydrogen (1,0-2,5%), nitrogen (0,3-1,5%), sulfur (0,0-1,0%). 

The PCM is made of materials that forms a solid carbon residue [1-8]. These matherials 

areas follows: wood – 36%, coal – 28%, brown coal – 14%, peat – 10% coconut shell – 10% 

organic materials and waste – 2% (Figure 1) [1]. 

 
Figure 1. PCM receiving characteristics 

 
Only 2% of organic material and waste are used to produce PCM [1]. Therefore, there is 

urgent need for an alternative materials. The search for these materials should involve existing 

technologies of food industry. Wastes of these industries can be used to produce adsorbents [1-22]. 

Today are known two ways of getting PCM – with the chemical [1-6, 9, 12, 13, 15, 16, 19, 21, 

22, 24, 26, 27] and physical activation [1, 15, 17, 21, 27]. Benefits of chemical activation are: one-

step process; low activation temperature; short activation time; large output; developed surface; 

controlled microporosity is well developed [26]. The chemical activation involves usage of 

activating agent (ZnCl2 [4], H3PO4 [2, 3, 9, 12, 16], NaOH [26], KOH [24, 26], et al.), administered 

by impregnation, followed by carbonization of raw materials in the atmosphere or inert gases and 

activation [27]. 

Today are known many ways of receiving of PCM (Yorgun, Yildiz, 2015; Kumar, Jena, 
2017; Kucherenko et al, 2010; Lillo-Rodenas, 2003) [2, 4, 24, 26], such as (Pat. 61059 

Ukraine): grinding carbon-containing material with (1–2)·10-3 m, mixing with KOH in solid form 

in a weight ratio – 1:0,5-1:1, carbonization and activation at mode heatstroke at T=873-1073 K, 

cleaning with water and drying. 

This method of receiving of PCM (Pat. 61059 Ukraine) has the following disadvantages: raw 

materials grinding has a high energy consumption; the small size of raw materials’ fractions – it 

became charcoaled after carbonization and activation and evaporates with the gaseous 

components; high temperature carbonization and activation of PCM; activation in a heatstroke 

mode causes tearing of the structure and reduction of PCM shares; low rate of PCM release. 

The most promising raw material for PCM – PWW is formed by pyrolysis of wood chips 
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(Kuzmin, Shendrik, 2016) [1]. This includes: the stage of grinding materials is absent due to the 

use of wood chips of PCM witht the size of lхbхh=(6х12х3)·10-3 m; PCM fractional increases up 

to 3,6·10-3>d≥1,0·10-3 m; temperature reduction of charcoal carbonization and activation up to 

T=773–973 K; absence of heat stroke of activation due to carbonization at non-isothermal heating 

and isothermal heating at activation; output increase of PCM ratio. 

One of the promising activating agents is orthophosphoric acid (Yorgun, Yildiz, 2015; 

Kwiatkowski et al, 2017; Ould-Idriss et al, 2011; Mahmood et al, 2017; Kumar, Jena, 2017) 

[2, 3, 9, 12, 16] with mass part (MP) H3PO4≥85%, which is added to the carbonaceous material 

and can withstand up to full impregnation, allowing acid to interact with organic and mineral 
components, with the formation of water-soluble substances washed with PCM. [2, 3, 16]. During 

the interaction of organic acid and component of PWW produced are oxygen function and sulfate 

formed pore space. Thus, the use of H3PO4 allows to receive PCM with a low charcoal [9, 12]. 

Variation of MP activating agent in relation to PWW can affect the surface pores factor, yield 

ratio of PCM, the volume of wastewater [23, 25, 28-34]. 

A mixture of raw material/agent during carbonization and activation undergoing non-

isothermal heating up to the activation temperature during the subsequent isothermal aging. 

In the scope of PWW is the formation of thermal degradation of products of low organic 

matter of PWW and PWW products of chemical reactions with acid takes place. Their 

output forms the spatial framework of PWW within. This leads to the formation of 

micropores and subnanopor and, consequently, increases the specific surface area and pore 

volume of the total. This improves adsorption characteristics PCM (Shendrik et al, 2003; 
Kucherenko et al, 2010; Zubkova, 2011) [23-25]. Fractional composition determined by 

PCM through MP residue on sieves with holes with a diameter of 3,6 mm, 1,0 mm and 

pallet. 

It has been proved that PWW is an alternative carbon-containing raw material for PCM 

(Kuzmin, Shendrik, 2016) [1]. 

The aim of this work is the search for alternative materials of available technology of food 

industry. The wastes of which can be used for a production of PCM. 

 

Materials and methods 
 

Conditions for PCM production are presented at Table 1. 
Obtained PWW is dried in the open air (T1=293–298 K; W1=67–82%; v1=1–2 m/s) 

during τ1=(336–504)·602 s, followed by more drying at T2=373–383 K up to air-dry state 

with humidity of W2=4–8%. 

An orthophosphoric acid with MP of H3PO4 – 85% used as an activating agent for 

impregnating PWW/acid in mass ratio (MR) 1:0,5–1:1. The received mixture withstands for 

τ2=(18–24)·602 s at T3=291–295 K and PWW dried to receive a constant weight of MP 

moisture W3=4–8% at T4=373–383 K. Activation carried out in a stream of argon with a 

volumetric flow – Q1≤5,6·10-7 m3/s with drying bubbling after 96% in sulfuric acid under 

non-isothermal heating 0,07 deg./s upto activation temperature T5=773–973 K and 

isothermal aging for τ3=1·602 s at temperature activation and non-isothermal cooling – 0,1 

deg./s in a stream of argon to a temperature T6 = 323 K. 
The received PCM cleaned from activating agent with a usage of water for τ4=300–600 s 

and dried at a temperature T7=373–383 K up to level of humidity W4=4–8% with the rate of 

release of PCM Y1=80–90%, followed by  fractioning with the help of MP residue on sieves 

with holes: d≥3,6·10-3 m – MP≤2,5%; 3,6·10-3>d≥1,0·10-3 m – MP≥95,5%; d<1,0·10-3 m – 

MP≤2,0% with the following selection of working faction on a sieve with holes 3,6·10-3> 

d≥1,0·10-3. 



Table 1 

Terms of PCM 

 

Symbol Characteristic 
Experimental 

data 
Rationed data 

T1 The temperature drying in the open air, K 295 293–298 

W1 Relative humidity,% 74 67-82 

v1 Air traffic speed, m/s 1,5 1–2 

τ1 PCM drying time outdoors, s 336·602 (336-504)·602 

Т2 The temperature drying in the drying cabinet, 
K 

373 373–383 

W2 MP moisture PWW,% 6,58 4–8 

 MP N3PO4,% 85 85 

 MR PWW/acid, kg/kg 1:1 1:0,5–1:1 

τ2 Time withstand PWW with acid, s 24·602 (18-24)·602 

Т3 PWW holding temperature acid, K 294 291–295 

Т4 Drying temperature, K 381 373–383 

W3 MP moisture PWW,% 6,02 4–8 

Q1 The volumetric flow of argon, m3/s 5,6·10-7 ≤5,6·10-7 

 Non-isothermal heating, deg./s 0,07 ≤0,07 

 MP sulfuric acid,% 96 96 

Т5 Activation temperature, K 773 773–973 

τ3 The time of activation, s 1·602 1·602 

 Non-isothermal cooling, deg./s 0,1 ≤0,1 

Т6 The final temperature after cooling PCM, K 323 ≤323 

τ4 Time cleaning PCM from activating agent, s 600 300–600 

Т7 The temperature drying in the drying cabinet, 

K 
378 373–383 

W4 MP moisture PCM,% 4,92 4–8 

Y1 PCM yield ratio,% 87,6 80–90 

 MP remnant of PCM (%) in the sieve with 

holes, m: 

d≥3,6·10-3 

3,6·10-3>d≥1,0·10-3 

d<1,0·10-3 

 

 

57,6 

26,8 

15,6 

 

 

MP≤2,5 

MP≥95,5 

MP≤2,0 

 



Figure 2 shows the stages of PCM production; Figure 3 – general scheme of PCM 

obtaining according to experimental data from Table 1. 
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Figure 2. Stage receiving PCM: 
a – technological chips of oak large (6x12x3)·10-3 m; b – PWW with MP moisture W=43,01%;  

c – PWW after drying of moisture MP W=6,58%; d – PCM to fractionation;  
e – PCM after fractionation of d≥3,6·10-3 m; f – PCM after fractionation of 3,6·10-3>d≥1,0·10-3 m;  

g – PCM after fractionation of d<1,0·10-3 m 

 

 



 
 
 

Figure 3. The general scheme of PCM receiving as per experimental data 

 

 

PWW dried for τ1=336·602 s outdoors (T1=295 K; W1=74%; v1=1,5 m/s), followed by 

drying at the drying cabinet at T2=373 K to air-dry state with MP moisture – W2=6,58%. 

Phosphoric acid with MP H3PO4 – 85% injected by impregnation of PWW – H3PO4 and kept 

for τ2=24·602 s at temperature T3=294 K and dried up to a moisture obtained at  MP PWW 

W3=6,02% at T4=381 K. The volume of solution has been  choosed to create MR PWW/acid – 

1:1 kg/kg. Activation was performed in a vertical cylindrical tubular reactor made of steel, with 

thickness of 3 mm, diameter of cylinder – 0,15 m, height – 0,3 m. 



The reactor was purged with argon volumetric flow of Q1=5,6·10-7 m3/s, drained 

bubbling through concentrated sulfuric acid (96%). The heating of reactor’s furnace has 

been switched on after 0,17·602 s after the start of argon input. The temperature mode of 

process included a period of non-isothermal heating (0,07 deg./s) up to an activation 

temperature, isothermal holding at this temperature for τ3=1·602 s and rapid cooling in a 

stream of argon cooled at non-isothermal 0,1 deg./s to T6=323 K. The activation 

temperature was T5=773 K when activated via H3PO4. 

Samples of PCM activating agent washed with distilled water for τ4=600 s and dried at 

T7=378 K to humidity W4=4,92% of the rate of release of PCM Y1=87,6%. Fractionation 
PCM remnant of MP conducted on sieves with holes: d≥3,6·10-3 – MP=57,6%; 3,6·10-

3>d≥1,0·10-3 – MP=26,8%; d<1,0·10-3 (pallet) – MP=15,6% with the following collection of 

working fractions on sieves of 3,6 mm and 1,00 mm MP – 84,4%. 

 

 

Results and discussions 
 

Characteristics of porous structure was determined on a basis of isotherms adsorption-

desorption of nitrogen at T=77 K in the range of relative pressure P/P0=0,00-1,00 (device 

Quantachrome Autosorb 6B) (Figure 4). 
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Figure 4. Isotherms of adsorption-desorption of nitrogen at PCM at T=77 K 

 

The obtained isotherms of type II – according to Brunauer S. classification [28], per 

multimolecular adsorption. Sorption hysteresis loop approaching the point of relative 

pressure P/P0=0,4, indicating a predominance of micropores of meso- and macropores. 



Figure 5 shows the distribution of micropores by the size of sample. 
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Figure 5. Distribution of micropores in size of the sample PCM – (pore diameter 

dependence of the differential pore volume) by QSDFT-method 

 

 

Table 2 presents the results of a study by BJH-method mesopores’ size distribution. 

Figures 6–10 shows the distribution of mesopores (BJH-method) the size of the sample and 
the corresponding volumes accumulated in these pores. 

The microporous structure has the following characteristics: pore diameters are in the 

range of Dmi=0,60–2,5 nm, mostly represented with pores with a diameter of 0,87; 1,56 nm; 

volume of micropores – Vmi=0,091 cm3/g; differential pore volume dVmi/dD=(0,021–

0,166)·10-2 cm3/g; micropores fraction of the total pore volume is 49%. 

As per allocation of micropores by size areas of values (Figure 5) Dmi=0,5–2,5 nm 

with two peaks: at ~ 0,9 nm and at ~ 1,6 nm can be identified. 

Mesoporous structure has the following characteristics: pore diameters are in the 

range of Dme=3,3–50,0 nm, most represented pores with a diameter of 3,69 nm; mesopore 

volume varies in the range of Vme=0,005–0,049 cm3/g; pore surface area – Sme=5,7–28,0 

m2/g; differential pore volume dVme/dD=(0,06–2,58)·10-4 cm3/g; differential pore area 
dSme/dD=(0,001–0,305) m2/g; fraction of mesopores in the total pore volume is 3–26% 

(Figure 6–10). 

Curves of pore differential volume and pore differential surface area at the interval of 

D=15,3-50,0 nm are in the static area. Maximum located in a smaller diameter pores at the 

pore’s differential volume dVme/dD=2,58·10-4 cm3/g at the point of 3,69 nm  at the interval 

D=2,5-15,3 nm is observed. The most number of mesopores located at a range of D=2,5–

15,3 nm. 

 



Table 2 

Distribution of mesopores’ size by BJH-method 

 

Pore 

diameter, 

nm 

Pore 

volume, 

cm
3
/g 

Pore 

differential 

volume, cm
3
/g 

Pore 

surface 

area, 

m
2
/g 

Pore 

differential 

area, m
2
/g 

dV(logr), 

сm
3
/g 

dS(logr), 

сm
3
/g 

3,30 0,005 0,0002510 5,73 0,304640 0,095 115,47 

3,69 0,011 0,0002578 12,47 0,284850 0,108 118,59 

4,14 0,016 0,0002060 17,21 0,210570 0,093 94,78 

4,68 0,019 0,0001022 19,79 0,090060 0,054 46,98 

5,36 0,021 0,0000731 21,81 0,056194 0,044 33,62 

6,21 0,024 0,0000541 23,46 0,035971 0,038 24,87 

7,33 0,026 0,0000402 24,84 0,022830 0,033 18,45 

8,86 0,029 0,0000255 25,85 0,012418 0,025 11,71 

11,24 0,031 0,0000168 26,69 0,006473 0,021 7,71 

15,35 0,034 0,0000092 27,38 0,002531 0,017 4,18 

27,94 0,048 0,0000061 28,01 0,001335 0,021 2,72 

416,58 0,072 0,0000009 28,45 0,000008 0,025 0,24 

 

 

  

0,00

0,01

0,02

0,03

0,04

0,05

0,06

0 5 10 15 20 25 30 35 40 45 50

Pore diameters, nm

P
o

re
 v

o
lu

m
e
,c

m
3
/g

0,00000

0,00005

0,00010

0,00015

0,00020

0,00025

0,00030

P
o

re
 d

if
fe

re
n

ti
a

l 
v
o

lu
m

e
, 

c
m

3
/g

Pore volume, cm3/g Pore differential volume, cm3/g

 
 

Figure 6. Distribution of mesopores by size of the sample PCM – (pore diameter dependence of 

pore volume and pore volume differential) by BJH-method 
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Figure 7. Distribution of mesopores by size of the sample PCM – (dependence pore diameter of 

pores and volume dV(logr)) by BJH-method 
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Figure 8. Distribution of mesopores by size of the sample PCM – (pore diameter dependence of 

surface area and pore surface area differential) by BJH-method 



It was measured characteristics of PCM: Y – yield ratio of PCM (%); SBET – pore 

surface area (m2/g); VΣ – pore total volume (cm3/g); Vma – macropore volume (cm3/g); Vme – 

mesopore volume (cm3/g); Vmi – micropores volume (cm3/g). 
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Figure 9. Distribution mesopores the size of the sample PCM – (pore diameter dependence of 

surface area and pore dS(logr)) by the BJH-method 
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Figure 10. Distribution of mesopores by size of the sample PCM – (pore volume of pore surface 

area) by the BJH-method 

 



Terms of PCM and its characteristics are shown at Table 3. 

 
Table 3 

Terms of PCM and its characteristics 

 

Characteristic 
Method PCM (Pat. 61059 

Ukraine) 

Method of PCM 

experimental data 

Type of raw lignite PWW 

The temperature 

activation, К 
873 773 

Activating agent КОН H3PO4 

MR raw/agent, kg/kg 1:1 1:1 

Y,% 40,0 87,6 

SBET, m
2/g 980,0 257,0 

VΣ, cm3/g 0,500 100% 0,187 100% 

Vmа, cm3/g 0,040 8% 0,047 25% 

Vme, cm3/g 0,220 44% 0,049 26% 

Vmi, cm3/g 0,240 48% 0,091 49% 

 

 

Conclusions 
 

An energy-saving method is proposed for the production of PCM from secondary 

«renewable» resources – PWW. 

The data show that the proposed method allows to get PCM with high yield of 87,6% 

compared to the method of obtaining of PCM (Pat. 61059 Ukraine) – 40,0%. The PCM has 

a low proportion surface SBET=257,0 m2/g with respect to PCM (Pat. 61059 Ukraine) 

SBET=980,0 m2/g and pore space – total pore volume VΣ=0,187 cm3/g to VΣ=0,500 cm3/g. 

Moreover, the ratio of micropores to the total volume of the two options for 49% and 48% 

is unchanged, and the ratio of macropores in the experimental sample (25%), increased in 

relation to the prototype (8%), and the ratio of mesopores in the experimental sample (26% 

) reduced relative to the prototype (44%). 
It can be concluded that the proposed method production of PCM from PWW, 

produced when smoking foods, with further carbonization at non-isothermal heating and 

activation at low temperature to 773–973 K in the presence H3PO4, lets to sorbents with a 

high exit rate (yield) of 80–90% and fractional composition particle size 1,0-3,6 mm (more 

84%). These PCM can used in water treatment systems for water cleaning from solids, 

residual chlorine, organic compounds and odor and taste. 
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