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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
D,,=0,60-2,5 nm, mostly represented by pores with a dlameter
of 0, 87 1 56 nm; volume of micropores — V=0, 091 cm /g,
dlfferentlal pore volume dV,,/dD=(0,021-0,166)- 1() cm3/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 D,,=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 D,,~=3,3-50,0
nm, most represented pores are with a diameter of 3,69 nm;
mesopore’s volume varies in the range of V,..=0,005-0,049
cm3/g pore surface area is S,,.= 5 7- 28 0 m /g, dlfferentlal pore
volume: dV,,/dD=(0,06-2,58) 10* cm /g, differential pore area:
dsS,,.»/dD=(0,001-0,305) m/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 dlameter at the differential pore volume
dVv,/dD=2,58-10"* cm /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 obtamed PCM has a low rate of specific surface are
SBEI_257 0 m?/g and pore space. Total pore volume is Vs=0,187
cm’/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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Beryn. Metoro myOmikanii € Momryk aabTepHaTHBHUX MaTepiajiB — BiZIXOAIB Xap4yoBOi
MIPOMUCIIOBOCTI; OIIHKA NEPCHEKTUBHOCTI iX BHKOPHCTaHHS IPH BUPOOHWIITBI IOPHUCTHX
ByrieneBux matepianis (IIBM) aist BUKOpHUCTaHHS B CHCTEMaXx BOIOMITOTOBKH.

Marepianun i meronu. IlipomizoBani nepeBni Bimxomu (IIJIB) w’sicomepepoGHOT
MIPOMIUCIIOBOCTI SIK CHPOBMHA JUII BUPOOHWITBA COpOCHTiB. XimiuHa aktuBailis [1]1B
optodocopHOO KHCToTOR. MetomoMm ancopOrii-necopOIiii a30Ty BU3HAYAIH MOPHCTY
CTpyKTypy nipu Temneparypi 77 K; posmoxin me3omop 3a po3mipamu i 00'eM me3omnop —
MeronoM BJH; po3nonin Mikporop 3a po3Mipamu — meronoM QSDFT; o0'eM Mikpornop —
MmeronoM Jlydinina-PaxymkeBuda; 06'eM cyonanomnop — meronom OSDFT.

Pe3yabraTu. MikporopucTa CTpyKTypa Ma€e HaCTYITHI XapakTepHCTHKH: JliaMETpH TIOp
3HAXOIThCA Y miana3oHi D,,;=0,60-2,5 HM, sKi HAHOUTBII BCHOTO MPEICTABICHO TOPaMU 3
niamerpoMm 0,87; 1,56 HM; 00’em mikporop — V,,=0,091 CM3/r; TudepeHIiaTbHAi 00’ eM
nop dV,,/dD=(0,021-0,166)-107 cM’/HMT; yacTKa MIKpONOp y 3arajibHOMy 06’eMi mop
cxnagae 49%. 3rigHO PO3MOITY MIKPONOp 3a pO3MipaMH MOXKHA BHAUIMTH 00JacTh
3HaueHb D,,=0,5-2,5 HM 3 aBoma makcumymamu: npu ~ 0,9 M ta npu ~ 1,6 HM.
Me3onopucra CTpYKTypa Ma€ HACTYITHI XapaKTEPUCTHKU: TIaMETpH IIOp 3HAXOAATBHCS Y
nmianma3oni D,,,~3,3-50,0 HM, sKi HaiOLTBII TPEACTABICHO MOpaMU 3 JiaMeTpoM 3,69 HM;
06’eM Me3omop Bapitoetbes B inTepBam V,,,~0,005-0,049 cM’/r; mioma moBepxHi mop —
Sine=5,7-28,0 Mz/l“; JTudepeHIiaabHil  00°eM  TTop aVV,,,g/aVD:(O,%-Z,58)-104 CM3/HMT;
mudepenmianbia  mwioma mop  dS,/dD=(0,001-0,305) M*/HM'T; uYacTKa Me30mop Y
3arabHOMY 00’eMi mop ckimagae 3-26%. Kpusi nudepeHuiansHoro ol'emy mop Ta
mudepennianbHOi TuTonyi MoBepXHi mop uist iHTepBany D=15,3-50,0 HM 3HaxonmsaThCs Y
cTanioHapHoi obisacti, a B iHTepBaii D=2,5-15,3 HM crocTepiraeTbesi OMH MakCHUMyM B
touni 3,69 HM, SKMHA pO3TamIOBaHO B 00NAacTi MEHIIMX JiaMeTpiB Top IpH
nudepenmiansaoMy 06°emi mop dV,/dD=2,58-10" cv’/umer. Tlpu 1upoMmy HaiiGinbima
KUTBKICTh ME30TOp JOBOMUTHCA Ha miama3zoH D=2.5-15,3 um. HaBeneni mani cBig4aTh, 10
3aIporoOHOBaHMK crioci6 n03Boisie oTpuMyBati [IBM 3 BHCOKMM KoedillieHTOM BUXOIY
87,6%. Ilpn mpomy ortpumanuii [IBM Mae HHM3bKI TIOKa3HMKH IITMTOMOI ITOBEPXHI
Sper=257,0 M*/r Ta mopoBHit mpocTip — cymapHuii 06'em op Vs=0,187 cm’/r.

BucnoBku. BropunHi «moHoBmoBaH» pecypcu — [1[IB 103BONSIIOTH OTPUMYBaTH
[1BM i3 HU3BKMMHU €HEPrOBUTPATAMU JUIsl BAKOPUCTAHHS B CUCTEMaX BOJIOMIIT OTOBKH.

KirouoBi ciioBa: mipomis, BiIXi, akTHBAIlis, HAHOIIOPA, aJICOPOCHT



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].
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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 (ZnCl, [4], H;PO4 [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® 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



(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 Ixbxh=(6x12x3)-10° m; PCM fractional increases up
to 3,6:10°>d>1,0-10° 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) H;PO,>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 H;PO, 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 (7,=293-298 K; W,;=67-82%; v,=1-2 m/s)
during 7,=(336-504)-60" s, followed by more drying at 7,=373-383 K up to air-dry state
with humidity of W,=4-8%.

An orthophosphoric acid with MP of H;PO, — 85% used as an activating agent for
impregnating PWW/acid in mass ratio (MR) 1:0,5—-1:1. The received mixture withstands for
r2:(18—24)-602 s at 73=291-295 K and PWW dried to receive a constant weight of MP
moisture W;=4-8% at T,=373-383 K. Activation carried out in a stream of argon with a
volumetric flow — 0,<5,6:107 m’/s with drying bubbling after 96% in sulfuric acid under
non-isothermal heating 0,07 deg./s upto activation temperature 75=773-973 K and
isothermal aging for 7;=1-60° s at temperature activation and non-isothermal cooling — 0,1
deg./s in a stream of argon to a temperature 75 = 323 K.

The received PCM cleaned from activating agent with a usage of water for t,=300-600 s
and dried at a temperature 7=373-383 K up to level of humidity W,=4-8% with the rate of
release of PCM Y;=80-90%, followed by fractioning with the help of MP residue on sieves
with holes: >3,6:10° m — MP<2,5%; 3,6:10°>d>1,0-10° m — MP>95,5%; d<1,0-10” m —
MP§2,0°/§) with the following selection of working faction on a sieve with holes 3,6:107>
d>1,0-10".



Table 1

Terms of PCM
Symbol Characteristic Expe(;";lgental Rationed data
T, The temperature drying in the open air, K 295 293-298
/4 Relative humidity,% 74 67-82
7 Air traffic speed, m/s 1,5 1-2
7 PCM drying time outdoors, s 336-60° (336-504)-60
T, Ehe temperature drying in the drying cabinet, 373 373383
W, MP moisture PWW,% 6,58 4-8
MP N;PO4,% 85 85
MR PWW/acid, kg/kg 1:1 1:0,5-1:1
7 Time withstand PWW with acid, s 24-60° (18-24)-60*
T; PWW holding temperature acid, K 294 291-295
T, Drying temperature, K 381 373-383
W; MP moisture PWW,% 6,02 4-8
0 The volumetric flow of argon, m’/s 5,6:107 <5,6:107
Non-isothermal heating, deg./s 0,07 <0,07
MP sulfuric acid,% 96 96
Ts Activation temperature, K 773 773973
73 The time of activation, s 1-60° 1-60°
Non-isothermal cooling, deg./s 0,1 <0,1
Ts The final temperature after cooling PCM, K 323 <323
7y Time cleaning PCM from activating agent, s 600 300-600
T, ;he temperature drying in the drying cabinet, 378 373383
w, MP moisture PCM,% 492 4-8
Y, PCM yield ratio,% 87,6 80-90
MP remnant of PCM (%) in the sieve with
holes, m:
d>3,6:10" 57,6 MP<2,5
3,6:10°>d>1,0-107 26,8 MP>95,5
d<1,0-10” 15,6 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.

Figure 2. Stage receiving PCM:
a — technological chips of oak large (6x12x3)-107 m; b — PWW with MP moisture W=43,01%;
¢ — PWW after drying of moisture MP W=6,58%; d — PCM to fractionation;
e — PCM after fractionation of ¢>3,6:10" m; f — PCM after fractionation of 3,6:10>>d>1,0-10" m;
g — PCM after fractionation of d<1,0-10” m



Pyrolysis: T'5=633 K; 15=7,13-60% s: m"=9,20-60~ kg/s

12

Wood chips: Ixbxh=(6x12x3)- 10 m; MP remnant: d">30-10" m — MP=0,8 %;
30-107>d">20-10" m — MP=14,0 %; 20-10°>d">10-10" m — MP=80,0 %;
10:107>d">5-10" m — MP=4,9 %; d'<5-10~ m — MP=0,3 %; W",=9,42 %:

W',=49,08 %

v v
I Liquid and gaseous PWW: Y"',=38.3 %:; W' ,=43.01 %
__| substances: Y',=61,7 % T
‘ v Drying PWW (Stage 1): T;=295 K;
Roasting smoke: T";=343 K; W,=74 %: vi=1,5 m/s; 1,=336-60%s
i T,=1-60% .
v v Drying PWW (Stage 2): T,=373 K;
Smoky smoking: T,=323 K; W,=6,58 %
W'=62 %; v’ ;=1 m/s; 1'3:6.13-602 s lv

Activating agent: MP IL;PO,. — 85 % Impregnation: MR PWW/acid — 1:1;

> 7,=24-60° s; T;=294 K
¥
Sulfuric acid: MP — 96% —*| Drying: T,=381 K; W3=6,02 %
v v
Drying of bubbling: non-isothermal | Activation: Ts=773 K; =160"s
heating 0,07 deg./s ¥
L) Cooling: cooling non-isothermal
The inert gas (argon): Q;=5,6:10" . 0,1 deg./s; Te=323 K
nr/s ¥
Laundering: 7,=600 s
Fractionation WRP: d>3,6:10 m— v
MP=57,6%; 3.6:10*>d>1,0-10" m - |, Drying: T;=378 K; W,=4,92 %;
MP=26,8%;.d<1,0-10" m — Y,=87.6 %
MP=15,6 %

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

PWW dried for 1,=336:60> s outdoors (T/=295 K; Wi=74%; vi=1,5 m/s), followed by
drying at the drying cabinet at 7,=373 K to air-dry state with MP moisture — W,=6,58%.
Phosphoric acid with MP H;PO, — 85% injected by impregnation of PWW — H;PO, and kept
for 7,=24-60% s at temperature 75=294 K and dried up to a moisture obtained at MP PWW
W3=6,02% at T,=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 Q,=5,6:107 m’/s, drained
bubbling through concentrated sulfuric acid (96%). The heating of reactor’s furnace has
been switched on after 0,17-60° 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 7;=1-60> s and rapid cooling in a
stream of argon cooled at non-isothermal 0,1 deg./s to 7,=323 K. The activation
temperature was 75=773 K when activated via H;PO,.

Samples of PCM activating agent washed with distilled water for 7,=600 s and dried at
T,=378 K to humidity W,=4,92% of the rate of release of PCM Y;=87,6%. Fractionation
PCM remnant of MP conducted on sieves with holes: d>3,6:10° — MP=57,6%; 3,6:10°
*>d>1,0-107 — MP=26,8%; d<1,0-10 (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/Py=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/P;=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 S. 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 D,,;=0,60-2,5 nm, mostly represented with pores with a diameter of 0,87; 1,56 nm;
volume of micropores — V,,=0,091 cm® /g; differential pore volume dV,,/dD=(0,021—
0,166)-10* cm’/g; micropores fraction of the total pore volume is 49%.

As per allocation of micropores by size areas of values (Figure 5) D,,=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 D,,,=3,3-50,0 nm, most represented pores with a diameter of 3,69 nm; mesopore
volume varies in the range of V,,,=0,005-0,049 cm3/g; pore surface area — §,,.=5,7-28,0
m?*/g; differential pore volume dV,,/dD=(0,06-2,58)-10" cm’/g; differential pore area
ds,,/dD=(0,001-0,305) m*/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 d V,,,g/dD:2,58~10'4 cm’/ 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.



Distribution of mesopores’ size by BJH-method

Table 2

Pore Pore Pore Pore Pore
diameter, | volume, differential surface differential dV(lggr)’ dS(l‘igr)’
3 3 area, 2 cm’/g cm’/g
nm cm’/g | volume, cm’/g m?/g area, m’/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
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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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It was measured characteristics of PCM: Y — yield ratio of PCM (%); Sggr — pore
surface area (m”g); Vs — pore total volume (cm’/g); V,,, — macropore volume (cm>/g); Ve —
mesopore volume (cm*/g); V,,; — micropores volume (cm’/g).
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Terms of PCM and its characteristics are shown at Table 3.

Table 3
Terms of PCM and its characteristics
g Method PCM (Pat. 61059 Method of PCM
Characteristic . .
Ukraine) experimental data
Type of raw lignite PWW
Thg temperature 873 773
activation, K
Activating agent KOH H;PO,
MR raw/agent, kg/kg 1:1 1:1
Y, % 40,0 87,6
Sger, m/g 980,0 257,0
Vs, cm’/g 0,500 100% 0,187 100%
Var €/ 0,040 8% 0,047 25%
Ve, COY/g 0,220 44% 0,049 26%
Vi, /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 Spz7=257,0 mz/g with respect to PCM (Pat. 61059 Ukraine)
S5£7=980,0 m*/g and pore space — total pore volume Vs=0,187 cm’/g to Vs=0,500 cm’/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 H;PO,, 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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