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Abstract: The current study is focused on the development of integrated system for safety production and storage of hydrogen with a 

potential impact to the “Circle Economy”. The possibility of methanol production from diverse waste sources determines its key role in the 

integrated scheme. The originality of the proposed system is the conversion of the waste sources (different agricultural residues, coal tar 
pitch from low-rank coals, waste motor oils and polyolefin wax) to activated carbons by suitable technologies. Further, these activated 

carbons are modified with finely dispersed zinc ferrite nanoparticles. The obtained composites are used as catalysts for hydrogen release 
from methanol by decomposition. The phase composition, surface functionality, texture and structure features of the catalysts are 

characterized by X-ray diffraction, Low-temperature nitrogen physisorption, Moessbauer spectroscopy and Boehm method. The possibility 
for the regulation of the catalyst efficiency by simple selection of the activated carbon waste precursor is demonstrated. 
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1. Introduction 

The recent worldwide conventions for development of 
sustainable and environment-friendly economy clearly declare the 

need of the replacement of the conventional energy sources by clean 
and renewable ones with a simultaneous increase of the efficiency 

of the waste management. Nowadays, both “Hydrogen Economy” 

and “Circle Economy” reveal great potential in this aspect.  

Hydrogen is the most efficient energy vector with zero pollutant 
emissions [1]. The development of cheap and safety systems for 

hydrogen storage, transportation and supply is the main challenge 
for its wide application in the industrial and mobile installations. 

Hydrogen storage in the form of different liquid compounds seems 
to be an appropriate way to avoid these troubles. Due to the high 

H/C ratio, methanol has been considered as the most suitable 

molecule [2]. Besides, methanol could be produced from different 
waste, including renewable, sources by well-developed technologies 

and easily release hydrogen in case of need via simple catalytic 
decomposition [3]. Obviously, the efficiency of this process 

strongly depends on the activity, selectivity and the price of the 
catalysts used.  

Recently, many efforts have been done to replace the expensive 

noble metals by alternative transition metal-based catalysts. The 
development of nanoscale bi-component metal containing systems 

has been assumed as appropriate approach to increase their catalytic 

activity not only due to the improved dispersion and enhanced 
electron transfer between different components, but also, via the 

generation of synergistic effects. Here, ferrite materials with a 
common formula MFe2O4 gain a considerable attention. These 

compounds possess spinel structure, where the metal ions are in 
tetrahedral and octahedral coordination by the oxygen ions. The 

catalytic behaviour of the ferrites could be controlled by variation of 

the nature and the position of the metal ions in the spinel structure 
[4]. Among them, ZnFe2O4 is a normal spinel, where Zn2+ ions 

occupy mainly the tetrahedral sub-lattice, while the Fe3+ ions are 
located in the octahedral positions. 

“Circle Economy” is a novel strategy for the elimination of 

wastes. Its feature potential strongly depends on the development of 
cost-effective technologies for waste recycling and transformation 

to valuable functional materials for diverse applications. The 

production of activated carbon (AC) from waste and low-cost 
precursors is a reliable way for their utilization. Nowadays, a 

permanently increasing number of publications related to the 
development of energy-effective technologies for AC production 

from various waste precursors are available [5]. Due to the unusual 
texture porous characteristics and tunable surface functionality, 

activated carbon has been considered as an appropriate catalyst 
support. However, nowadays only a few reports on the application 

of AC from waste sources for catalysts preparation are known. 

This paper is aimed at the demonstration of integrated methanol 
based catalytic system for hydrogen production. Here, both 

methanol and the catalysts needed for the hydrogen release from it 
could be produced from waste sources. Particularly, the manuscript 

is focused on the production of activated carbons with tunable 
textural and surface characteristics from different waste precursors 

(agriculture residues, spent motor oil, polyolefin wax, coal tar 

pitch). Further, they were modified with ZnFe2O4 and thus obtained 
composites were tested as catalysts in methanol decomposition to 

syngas. Different physicochemical techniques such as Nitrogen 
physisorption, X-ray diffraction, Moessbauer spectroscopy and 

Boehm method were used for the characterization of the phase 
composition, texture and surface properties of the obtained AC and 

their ferrite modifications. The relation between waste precursor 
composition, activated carbon features and catalytic behavior of its 

ferrite modification were discussed in details.  

2. Experimental 

2.1. Activated carbons and catalysts preparation 

Activated carbons denoted as ACCS and ACWN were prepared 
from canning industry residues such as cherry stones and walnut 

shells, respectively, by one-step hydropyrolysis in a vertical steel 
reactor (30 g of the precursor, size of 1-3 nm) at 973 K for 1 h.  

The activated carbon denoted as ACCF was prepared from a 

mixture of low-rank coal tar pitch and furfural (1:1) by treatment 

with concentrated HNO3. The obtained solid product was heated at 
873 K under nitrogen atmosphere. The obtained carbonized material 

was further submitted to steam activation at 1073 K for 1 h. 

Activated carbons denoted as ACPS and ACAR were produced 
from peach stones and dry aronia residues (both of them waste 

products from the canning industry), respectively, by two-step 
procedure of carbonization in nitrogen atmosphere at 823 K for 30 

min and further activation with water vapour at 1023 K for 1h. 

Activated carbon denoted as ACWP was obtained from a 

mixture of 60% sawdust (waste product from the wood pellets 
production) and 40% polymer waste by heating at 600 K and next 

drop-wise addition of concentrated H2SO4. The obtained solid 
granular product was carbonized by treatment in nitrogen at 873 K 

for 30 min and then, activated with water vapour at 1123 K for 30 
min. Similar procedure was applied for the preparation of ACMF 

activated carbon, starting from a mixture of spent motor oil and 
furfural (1:1 wt. ratio). 

The activated carbon, denoted as ACPO, was obtained from 
polyolefin wax (waste product from ethylene production) by heating 

up to 400 K until melting and further treatment with concentrated 
H2SO4 until solidification. The obtained solid was carbonized at 823 

K and then, subjected to water steam activation at 1073 K for 1 h.  
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The reference KIT-6 mesoporous silica was prepared according 
to the procedure described in [6]. 

Thus obtained activated carbons and mesoporous silica were 

modified by incipient wetness impregnation with methanol solution 
of Fe(NO3)3.9H2O and Zn(NO3)2.6H2O (total metal content of 8 

wt.% and Zn:Fe mol ratio of 1:2) followed by treatment in nitrogen 

at 773 K for 2 h. The obtained carbon modifications were noted as 
ZnFe/AC, where AC was the corresponding activated carbon.  

2.2. Methods of investigation 

The agriculture precursor was subjected to chemical analyses by 
extraction with toluene-ethanol mixture and sulfuric acid with 

different concentrations according to the procedure described in [7].  
The texture of the obtained materials was studied by low-

temperature nitrogen adsorption in a Quantachrome Instruments 
NOVA 1200e (USA) apparatus. The specific surface area was 

determined from Brunauer Emmett Teller (BET) equation, the total 

pore volume was obtained at a relative pressure of 0.99, the 
micropores volume was elucidated by V-t-method. The mesopore 

size distribution was made by Non Localized Density Functional 
Theory (NLDFT) method, using proper models and the micropore 

size distribution was calculated by the Dubinin-Astakhov method.  
The amount of surface oxygen-containing acidic functional 

groups was determined by Boehm method as was described in [8]. 
The basic groups were determined by titration with HCl. 

Powder X-ray diffraction (XRD) study was performed on a 

Bruker D8 Advance diffractometer (Bruker AXS GmbH, Germany) 
with Cu Kα radiation and a LynxEye detector with constant step of 

0.02° 2θ and counting time of 17.5 s per step. Mean crystallite size 
were determined by the Topas-4.2 software.  

The Mössbauer spectra at room temperature (RT) and liquid 
nitrogen temperature (LNT) were recorded by Wissel 

(Wissenschaftliche Elektronik GmbH, Germany) electromechanical 
spectrometer working in a constant acceleration mode. A 57Co/Rh 

(activity ≈ 10 mCi) source and α Fe standard were used. The spectra 

were fitted using CONFIT2000 software.  
The catalytic tests were carried out in a flow type fixed-bed 

reactor (55 mg of catalyst). Methanol (1.57 kPa) was introduced 
into the reactor from a saturator, thermo-stated at 273 K using argon 

as a carrier gas (50 cm3.min-1). On-line gas chromatographic 
analyses were performed on a SCION 456-GC apparatus equipped 

with flame ionization and thermoconductivity detectors using 

PORAPAC-Q column. 

3. Results and Discussion 

3.1. AC precursor characterization 

The chemical analyses of agriculture precursors revealed 

predominantly presence of lignin, cellulose and holocelulose in 
different proportions. The cherry stones and walnut shells consisted 

of significantly high amount of lignin (40-43%), 25-28% of 
cellulose and 51-55% of holocellulose. The peach stones had 

slightly lower amount of lignin (37%) and higher portion of 
cellulose (33%) and holocellulose (59%). The aronia and sawdust 

residues contained relatively lower portion of lignin (29-30%) and 
higher amount of cellulose (38-39%) and holocellulose (57-58%). 

The precursors of ACCF and ACMF represented a mixture of 

furfural and predominantly condensed aromatic or paraffin 
hydrocarbons, respectively, while the ACPO precursor was 

polyethylene with low degree of polymerization. 

3.2. Low-Temperature Nitrogen Physisorption 

Data for the texture characteristics of the AC and their ferrite 
modifications, obtained by low-temperature nitrogen physisorption, 

are listed in Table 1. The nitrogen physisorption isotherms for 
selected materials are presented in Figure 1a.  
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Figure 1 Nitrogen physisorption isotherms (a) and XRD patterns (b) of 

selected samples. 

The isotherms of parent carbon materials possessed steep slope 

at low relative pressure and well-defined hysteresis loop above 0.4 
P/P0, which according to IUPAC classification, indicates mixed I-

IV type of porous texture. Co-existence of micro- and mesopores, 
which proportion varied with the variation in the AC precursor, was 

observed (Table 1). Extremely high specific surface area and well-

developed porosity was achieved when cherry (ACCS) and peach 
stones (ACPS), walnut shells (ACWN), spent motor oil (ACMO) 

and polyolefin wax (ACPO) were used as a precursor.  

 
Table 1. Nitrogen physisorption and XRD data for the parent and ferrite modified activated carbons and reference KIT-6 silica  

Sample SBET 

m2/g 

Vt 

cm3/g 

Vmi 

cm3/g 

Vmes/ 

Vmic 

ΔVt 

% 

ΔS 

% 

Phase 

composition 

Particl

e size, nm 

ACCS 1083 1,40 0,16 7,75     

ZnFe/ACCS 569 0,28 0.21 0,33 80 47 spinel 10 

ACPS 1258 0,61 0,45 0,36     

ZnFe/ACPS 965 0,46 0,35 0,31 25 23 spinel 7 

ACWN 552 0,31 0,18 0,72     

ZnFe/ ACWN 492 0,30 0,20 0,50 3. 11 spinel 15 

ACAR 561 0,37 0,23 0,61     

ZnFe/ACAR 447 0,29 0,18 0,61 22 20 spinel 11 

ACWP 963 0,71 0,20 2,55     

ZnFe/ACWP 719 0,50 0,18 1,77 25 42 amorphous - 

ACCF 509 0,28 0,22 0,27     

ZnFe2O4/ACCF 395 0,22 0,18 0,22 21 22 spinel 29 

ACMO 1212 0,84 0,39 1,15     

FeZn/ACMO 1118 0,90 0,37 1,43 <0 8 amorphous - 

ACPO 972 0,83 0,26 2,19     

FeZn/ACPO 637 0,35 0,26 0,35 58 34 spinel 12 

KIT-6 931 1,29 0,11 10,72     

ZnFe/KIT-6 748 1,04 0,09 10,55 19 20 ZnxFe3-xO4; 

α -Fe2O3 

ZnO 

13 
11 

4-5 

With the exception of ACPS, all these activated carbons 
possessed also significant portion of mesopores. Obviously, the  

presence of larger portion of lignin in the agriculture precursor 
facilitates the formation of mesopores, while the micropores are 
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predominantly developed using a precursor with higher amount of 
cellulose and holocelulose (ACAR, ACPS). The formation of 

mesopores was also promoted if polyolefins (ACPO, ACWP) and 
paraffins were present in the precursor (ACMO), while mainly 

microporous texture was detected when a precursor consisted of 
condensed aromatic compounds, such as coal tar pitch (ACCF). 

The reference KIT-6 silica sample represented (not shown) 
well-defined porous texture of well-organized cylindrical 

mesopores. For this material, negligible amount of micropores were 
also detected. 

After the modification, for most of the activated carbons a 

significant drop in the specific surface area and total pore volume 
was found (Table 1). The preservation of the shape of the isotherms  

reveals absence of significant structural collapse of the activated 
carbon support. The observed textural changes could be assigned to 

pore blocking due to the deposition of small metal-containing 

particles within the pores or nearby their entrances. For the ACCS, 
ACWP and ACPO based materials this was also combined with 

significant decrease in the Vmes/Vmic ratio, indicating predominant 
deposition of metal particles within the mesopores or nearby their 

entrances. Just the opposite, the slight variations in the Vmes/Vmic 

ratio with a simultaneous significant decrease in the total pore 
volume and BET surface area for the ACPS and ACCF 

modifications proposes almost random deposition of the metal 
phase into the micro- and mesopores of the activated carbon. Note 

the negligible changes in the textural characteristics of ACWN 
during the modification, which could be assigned to predominant 

deposition of particles on the external carbon surface. The observed 

simultaneous slight increase in the total pore volume and Vmes/Vmic 
ratio for the ACMO based sample proposes that the modification 

procedure initiates formation of additional, predominantly 
micropores.  

For the reference ZnFe/KIT-6, the significant decrease in the 

total pore volume and BET surface area combined with a negligible 
change of the Vmes/Vmic ratio indicate that the modification 

procedure provides almost random blocking of the micro- and 

mesopores of the silica support. 

3.3. Surface functionality of the activated carbons 

Table 2 presents data for the surface functional groups of the 

activated carbons, elucidated on the base of the Boehm method [8] 
and by titration with HCl, respectively. 

Table 2. Surface functional groups of pristine activated carbons 

Sample Surface functional groups, mmol/g  

 Carboxyl 

 

Lactone 

 

Phenol 

hydroxyl  

Carbonyl 

 

Total acidic 

groups 

Total basic 

groups 

ACCS BDL 0.18 0,55 0,44 1,17 1,65 

ACPS BDL BDL 0,29 1,07 1,36 1,04 

ACWN BDL BDL BDL 0,54 0,54 0,22 

ACAR BDL BDL 0,03 0,45 0,48 1,65 

ACWP BDL BDL 0,40 2,90 3,30 0,70 

ACCF 0,01 0,06 0,21 1,36 1,64 0,98 

ACMO 0,15 0,80 0,18 0,98 1,96 0,47 

ACPO BDL BDL 2,25 2,59 4,84 0,78 

Surface hydroxyl and carbonyl groups were mainly registered 
for all AC. Their amount was significant for the carbons obtained 

from polyolefin wax (ACPO) and sawdust (ACWP). Almost similar 
portion of these acidic groups was registered for the former 

material, while carbonyl groups dominated in the latter. The 
carbonyl groups were mainly detected also in the other activated 

carbons with the exception of ACCS, where a significant amount of 

hydroxyl groups was observed. For the carbon obtained from spent 
motor oil (ACMO) the carbonyl groups co-existed with almost 

similar portion of lactone groups. The surface acidic functional 
groups were extremely low for the AC obtained from walnut 

(ACWN) and aronia (ACAR) residues. For ACWN and ACMO 
relatively small amount of surface basic groups was also registered. 

3.4. X-ray diffraction 

The XRD patterns of selected materials are shown in Figure 1b. 

The broad diffraction peaks at around 22.4º and 43.2º could be 

assigned to (002) and (101) planes of carbon turbostratic structure. 
The slightly narrow (002) reflection for ACCF indicates that the 

condensed aromatic structure of the coal tar pitch precursor 
provides the formation of AC with higher crystallinity.  

The additional reflections at about 30o, 36o, 43o, 53o, 57o, 62o 

and 74o 2Ɵ for most of the AC modifications correspond to (220), 
(311), (222), (400), (422), (511) and (440) planes of ZnFe2O4 spinel 

phase with average crystallite size of 10-30 nm (Table 1). These 

reflections were not observed for the ZnFe/ACWP and 
ZnFe/ACMO indicating presence of highly dispersed ferrite phase. 

In the case of the reference ZnFe/KIT-6 small reflections of Fe2O3 
and ZnO with average crystallite size of 11 and 5 nm, respectively, 

were also detected, indicating that the long mesopores of the KIT-6 
support renders difficult the formation of ferrite phase.  

 

3.5. Moessbauer spectroscopy 

The room temperature Moessbauer spectra for all modifications 
are recorded (not shown) and the values of the isomer shift (IS), 
quadruple splitting (Δ), hyperfine magnetic field (Bhf,), line width 

(Gexp) and relative weight of each component (G) are listed in Table 
3. The spectra of ZnFe/ACCS, ZnFe/ACAR, ZnFe/ACCF were well 

fitted with doublets and sextets. The parameters of the sextets, 

which relative part represented about 15-17 %, could be assigned to 
Zn-substituted magnetite phase with average particle size above 10-

12 nm. This indicates the reduction activity of the AC support 
during the formation of the ferrite phase. The interpretation of the 

doublet part in the spectra is more complicated. The Moessbauer 
spectra collected under the temperature of liquid nitrogen (LNT) 

indicated that they could be partially assigned to the particles with 
average size bellow 12 nm, but also to the spinel phase with 

relatively high amount of Zn-substitution in it. Note, that the spectra 

of ZnFe/ACPS, ZnFe/ACWP and ZnFe/ACMO contained only 
doublets, indicating high dispersion of metal oxide phase in them. 

In case of ZnFe/ACPO, additional sextet with relative weight of 9% 
and parameters typical of Fe2O3 was observed. Obviously, the 

dispersion and phase composition of the loaded metal oxides 
depend in a complex way both from the texture and surface 

characteristics of the AC support. The well-developed 
microporosity of ACPS and the formation of additional pores 

during the modification procedure in ACMO promote the 

production of very finely dispersed spinel particles. The high 
amount of surface carbonyl groups in ACWP probably regulates the 

growth of spinel particles into the mesopores by blocking of the 
micropore entrances. We can propose that the strong interaction of 

the distinct metal oxide entities with the surface hydroxyl groups of 
the ACPO renders difficult the interaction between them and 

provides the formation of separate hematite and ZnO phases.
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Table 3. Parameters of room temperature Moessbauer spectra for Zn-ferrite modified activated carbons and KIT-6 silica. Parameters of 

Moessbauer spectra collected at liquid nitrogen temperature (LNT) and after the catalytic test (c) for selected samples are also presented. 
 

3.6. Methanol decomposition 

All carbon modifications demonstrated catalytic activity in 

methanol decomposition above 570-600 K, which exceeded about 
70-100% at 670-720 K. The highest catalytic activity (Figure 2a) 

was detected for ZnFe/ACWP and ZnFe/ACMO, followed by 

ZnFe/ACCS and ZnFe/ACWN.  
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Figure 2. Methanol conversion at 675K (a) and products distribution at 

50% conversion (b). 

For these samples about 50-65 % selectivity to CO and hydrogen 
was achieved at 50% methanol conversion (Figure 2b). Methane 

and CO2 were also detected as by-products. The lowest catalytic 

activity was observed for ZnFe/ACAR and ZnFe/ACPO as well as 
for the reference ZnFe/KIT-6. The Moessbauer analyses of the 

samples after the catalytic test clearly demonstrated reduction 
transformations of the spinel phase with the formation of FeO and 

Fe3C. Considering the data from the physicochemical 
characterization, the positive impact of the mesopores in the 

ACWN, ACCS and ACWP could be assumed. This effect is 
enhanced with the increase of the lignin component in the 

agriculture precursor (ACCS, ACWN) or by the addition of 

polymer to the cellulose- and holocellulose-rich one (ACWP). The 
presence of paraffins and furfural in ACMO precursor promotes the 

 

formation of additional pores during the modification, which 
facilitates the formation of accessible and highly active spinel 

particles. The domination of micropores in the ACPS, ACAR and 
ACCF renders difficult the diffusion of the reactants to the blocked 

in them active spinel species, leading to lower catalytic activity. 

Similar effect is achieved by the presence of high amount of surface 
OH groups (ACPO) or long mesopores of KIT-6, which promotes 

segregation of low-active individual Fe2O3 and ZnO phases. 

4. Conclusion 

Activated carbons produced from diverse waste precursors 
demonstrate good potential for the development of integrated 

catalytic system for hydrogen production from waste. The 
efficiency of the catalysts strongly depends on the texture and 

surface characteristics of the carbon supports as well as on the 

reductive phase transformations of the loaded spinel phase under 
the reaction medium. All these features could be easily controlled 

by the regulation of the AC waste precursor composition. 
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Sample Components δ, mm/s Δ,mm/s Bhf, T Γexp, mm/s G, % 

ZnFe/ACCS Sx1-Fe3+
octa- ZnxFe3-xO4 

Db1-Fe3+
octa 

Db2-Fe3+
octa 

0.33 

0.34 
0.34 

0.00 

0.38 
0.84 

39.0 

- 
- 

1.00 

0.34 
0.55 

15 

44 
41 

ZnFe /ACPS Db -  Fe3+
octa  – ZnxFe3-xO4 0.35 0.74 - 0.58 100 

ZnFe /ACPS 
(LNT) 

Db - Fe3+
octa – ZnxFe3-xO4 0.34 0.74 - 0.55 100 

ZnFe/ACWN Db1-Fe3+
 octa- ZnxFe3-xO4 

Db2-Fe3+ 

0.35 

0.33 

0.40 

0.96 

- 0.43 

0.59 

52 

48 

ZnFe/ACWN(c) Sx –Fe3C 
Db-Fe3+ 
Sn- FeO 

0.13 
0.27 
1.08 

0.04 
0.73 
- 

20.9 
- 
- 

0.45 
0.68 
1.27 

26 
61 
13 

ZnFe /ACAR Sx1-Fe3+
octa- ZnxFe3-xO4 

Db1-Fe3+
octa 

Db2-Fe3+
octa 

0.33 

0.34 
0.38 

0.00 

0.37 
0.79 

36.1 

- 
- 

1.00 

0.34 
0.75 

17 

43 
41 

ZnFe /ACWP Db1-Fe3+
octa 

Db2-Fe3+
octa 

0.33 

0.33 

0.54 

0.97 

- 

- 

0.36 

0.47 

34 

66 

ZnFe/ACCF 
 

Sx1- Fe3+
octa- ZnxFe3-xO4 

Db1-Fe3+
octa 

Db2-Fe3+
octa 

0.32 
0.34 

0.33 

0.00 
0.41 

0.92 

47.5 
- 

- 

0.41 
0.36 

0.49 

17 
42 

41 

ZnFe/ACCF  
(LNT)  

Sx1-Fe3+
tetra - ZnxFe3-xO4 

Sx2-Fe2,5+
octa - ZnxFe3-xO4 

Db1-Fe3+
octa 

Db2-Fe3+
octa 

0.41 
0.81 
0.34 
0.34 

0.04 
0.04 
0.45 
0.83 

50.5 
46.1 
- 
- 

1.10 
0.82 
0.36 
0.52 

14 
12 
33 
41 

ZnFe/ACMO Db-Fe3+
octa- ZnxFe3-xO4 0.34 0.80 - 0.54 100 

ZnFe /ACPO Sx1 - Fe3+octa - α-Fe2O3 
Sx2 - Fe3+tetra - ZnxFe3-xO4 
Sx3 - Fe2,5+octa -ZnxFe3-xO4 
Db - Fe3+octa – ZnxFe3-xO4 

0.34 
0.29 
0.61 
0.35 

-0.10 
0.00 
0.00 
0.67 

50.6 
47.9 
42.6 
- 

0.60 
0.90 
1.50 
0.68 

9 
13 
18 
60 

ZnFe /KIT-6 Sx1 - Fe3+
octa - α-Fe2O3 

Sx2 - Fe3+
tetra - ZnxFe3-xO4 

Sx3 - Fe2,5+
octa - ZnxFe3-xO4 

Db – Fe3+
octa 

0.33 
0.30 
0.64 

0.34 

0.11 
0.00 
0.00 

0.67 

50.4 
46.6 
43.5 

- 

0.50 
1.00 
1.20 

0.51 

15 
21 
10 

54 
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