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Abstract
A synthesis of Fe2O3 supported on acid, neutral and basic Al2O3 was carried out by 
an incipient wet impregnation to test the obtained materials on catalytic decomposi-
tion of a high-density polyethylene reaction of H2 production. All materials were 
characterized by an X-ray diffraction, scanning electron microscopy, energy disper-
sion spectroscopy, surface area and the H2 and CH4 production by gas chromatogra-
phy. Results show that the crystal size, particle size and surface area decrease as the 
pH of the supports increases, the morphology, and the dispersion of the nanoparti-
cles of Fe2O3. This work demonstrates the ability to produce H2 from the catalytic 
decomposition of high-density polyethylene (Fe2O3/a-Al2O3: 62%) at low tempera-
tures (about 200 °C lower vs other reports).
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Introduction

The production of polyolefins such as high-density polyethylene (HDPE) is of 
utmost importance despite the fact that current environmental problems and regu-
lations have made producers and consumers aware of the relative responsibility of 
plastics. However, HDPE is still a global problem since it contributes with 12.2% 
of the global production of residual plastics and according to the reports it will 
continue to increase [1]. It was reported in 2020, that approximately 79 Mt (metric 
ton) of polyethylene were produced globally, of which only 19 Mt are recycled, 43 
Mt were disposed of in landfill and 17 Mt were used in energy recovery processes. 
Currently there is a wide variety of initiatives based on the fluid catalytic crack-
ing (FCC) process, which proposed that oil refineries can be turned into solid plas-
tic waste refineries and thus transform municipal solid waste such as HDPE into 
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oil derivatives [2, 3], some other proposals have been based on other processes like 
thermochemical decomposition or pyrolysis [4–8]. For all those reasons, we chose 
HDPE as a raw material for the catalytic production of clean fuels such as molecu-
lar hydrogen [1–10]. Multiple reports have been found from the 70s to the present, 
where the obtention and mechanisms of the production of hydrocarbons, as well as 
molecular hydrogen by thermal and catalytic methods from HDPE, continue to be 
studied [11–13]. Several alumina supported catalysts have been used in the produc-
tion of H2 from HDPE, however, the influence of pH supports for these materials has 
not been explored yet. Fe-based materials supported on Al2O3 [14, 15] have been 
reported in the production of H2 from the catalytic degradation on solid waste such 
as HDPE. In this work, the synthesis of materials based on iron oxide supported on 
acidic (a-Al2O3), neutral (n-Al2O3) and basic (b-Al2O3)  alumina, is reported. The 
main purpose is to know the effect of pH support on the crystalline, morphological, 
structural, surface and catalytic properties of Fe2O3 and its relationship with their 
capacity to produce H2 from HDPE by catalytic degradation. For this purpose, the 
materials were characterized by XRD, SEM, EDS, BET, NH3–TPD, and tested on 
catalytic production of molecular hydrogen from HDPE.

Experimental

Synthesis of the ferric oxide (III) (Fe2O3) on acidic (a-Al2O3), neutral (n-Al2O3) and 
basic (b-Al2O3) alumina was carried out by a variation in the incipient wet impreg-
nation methodology. Briefly, Fe(NO3)3·9H2O (Aldrich 216828) were homogenously 
mixed (5% w/w Fe) with the selected support material (95% w/w) (commercial 
alumina a-Al2O3 Aldrich 199966, b-Al2O3 Aldrich 199,443 and n-Al2O3 Aldrich 
19997-4) and placed inside of a porcelain combustion boat to rest during 24 h at 
room temperature. Then, they were introduced in a Lindberg Blue M high-temper-
ature electric tubular furnace for 1  h at a certain temperature (400, 500, 600  °C) 
along with an air flow (60 cm3 min−1). Finally, the system was cooled down to room 
temperature, afterwards the samples were recovered. Table 1 summarizes the syn-
thesis conditions for each sample. In order to identify the crystalline phases, a XRD 
analysis was performed on a BRUKER D8 ADVANCE XRD using Cu Kα radiation 
(40 kV, 30 mA). Data from JCPDS-ICCD database [16] were used to identify all the 
phases. Crystal size (CZ) was calculated through the Scherrer equation (Eq. 1), [17] 
using as main peaks those attributed to plane (104) for Fe2O3 and (440) for γ-Al2O3. 

Table 1   Sample summary, Fe2O3 supported in Al2O3 at 600 °C (1 h at 60 cm3 min−1 ultra-dry air flow)

Material Name Precursor characteristics Al2O3 Oxide Precursor

Fe2O3/a-Al2O3 FeA pH: 4.5 (in H2O), 58 Å pore size Fe(NO3)3·H2O
Fe2O3/n-Al2O3 FeN Standard grade, 58 Å pore size Fe(NO3)3·H2O
Fe2O3/b-Al2O3 FeB pH: 9.5 (in H2O), 58 Å pore size Fe(NO3)3·H2O
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Where: K is a dimensionless shape factor, its typical use 0.9, B is the line broaden-
ing at half the maximum intensity.

 
SEM–EDS was used to determine the morphology and the elemental composi-

tion of both materials were performed on an ESEM FEI QUANTA 200 (20–25) kV 
scanning electron microscope using carbon tape to fix the sample. Average particle 
size (PS), standard deviation (σ) and particle size were made from the direct meas-
urement of approximately 100 particles.

For all impregnated materials acidity properties were measured by ammonia des-
orption experiments (TPD-NH3) from 100 to 600  °C using a Micromeritics TPR/
TPD 2900 instrument provided with a TCD and interfaced to a data station. Sup-
ported materials (50 mg) were dried in helium flow at 300 °C for 0.5 h. After sam-
ples were cooled to 100  °C, and the inlet gas (100  cm3  min−1) of ammonia (5% 
ammonia in He balance) was put in contact with samples for 1 h to ammonia satu-
ration occurred. Next, a 15 min equilibration in helium was performed at the same 
temperature (100 °C). Finally, a linear heating rate of 10 °C min−1 to 600 °C was 
used for the ammonia desorption analysis. For quantitative analysis, areas of decon-
voluted Gaussian curves were integrated and the strength of acid sites were classi-
fied as follow; weak acidity from 100 to 300 °C; medium acidity from 300 to 450 °C 
and; strong acidity around 550 °C.

To determine the catalytic activity of the materials in the decomposition of 
HDPE to H2, the following procedure was carried out: 1  g of commercial HDPE 
that had been previously washed and dried for 0.5 h at 100 °C was placed inside a 
test tube 24/40 with a 20% w/w catalyst ratio. Subsequently, the tube was mounted 
in a simple reflux system cooled by air (Fig. 1), a He flow (20 cm3 min−1) was intro-
duced to the test tube and mediated by a previous vacuum process to eliminate O2 
and N2 within the system. At the end of the system, a bag (Tedlar Bag SKU: 24655) 
was connected to collect the reaction gases. After 15, 30, 45 and 60 min of reac-
tion, a sample of 1 cm3 was taken and injected into a gas chromatograph (GC) (SRI 
8610C Gas Chromatograph in which the Alltech Washed Molesieve 5A 80/100 
6′ × 1/8″ × 0.085″ SS column). GC analysis conditions were: He flow 25 cm3 min−1, 
oven temperature and injector 50 °C, detector 120 °C. The gas chromatograph was 
standardized using a commercial standard Scott Mini-Mix (1% mol of CO2, CO, 
H2, CH4 and O2 diluted on 95 mol% of N2). For calculations, reference areas of H2 
(0.3365) and CH4 (14.4965) were obtained by introducing 1 cm3 of the standard in 
the GC, this amount corresponds to 6.95 × 10–6  mol. Afterwards, the areas under 
the curve of the experimental chromatograms (E.A.) were used to obtain the gener-
ated amount of substance of H2 and CH4 for each 1 cm3 by using the Eqs. 2 and 3, 
after this, these experimental calculated amount of substance values were multiplied 
by the total volume of the obtained gases. Finally, to present the work’s results the 
percentages of hydrogen and methane were calculated (Eqs. 4 and 5) based on the 
maximum amount of substance expected for each one of them from the maximum 

(1)CZ = K�∕(B cos�B)



1639

1 3

Reaction Kinetics, Mechanisms and Catalysis (2022) 135:1635–1649	

content of H (14.21% = 0.0768 mol H2) and C (85.79% = 0.0384 mol CH4) by 1 g of 
HDPE approximately according to some reports [14, 15].

(2)mol H2 exp =
(E.A.)

(

6.9510−6 mol
)

(0.3365)

(3)mol CH4 exp =
(E.A.)

(

6.95x10−6 mol
)

(14.4965)

(4)% H2 =
experimental mol of H2

0.0768 mol H2

× 100%

Fig. 1   System diagram for the catalytic production of H2 from HDPE
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Results and discussion

Fig. 2 shows XRD from all the impregnated obtained samples at 600 °C, as well as 
the reported diffractograms cards [16] for Fe2O3 and Al2O3 corresponding to cards 
04-015-9569 and 10-0425, respectively. In addition, the presence of a characteristic 
γ-Al2O3 phase peaks was observed at 2θ = 66.89°, 45.85°, 37.80° which correspond 
to the planes (400), (440), (311). A signal at 42.93° that corresponds to the χ-Al2O3 
phase was also observable [18]. For iron oxide-based materials, the main signals of 
ferric oxide (Fe2O3) corresponding to planes (104), (110), (012), (024) and (116) 
were identified in all samples, some signals overlap with the Al2O3 phase, however, 
it was possible to identify the experimental pattern, which confirmed the presence 
of the Fe2O3 phase. Also, the findings showed that the support pH have a significant 
influence on the crystal size of the Fe2O3 (Table 2), where the crystal size decreases 
as the pH of the supports increase. This observation is in good agreement with that 

(5)% CH4 =
experimental mol of CH4

0.0384 mol CH4

× 100%
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Fig. 2   XRD spectra of phases Fe2O3 (Fe) supported over acidic (A), neutral (N) and basic (B) alumina, 
and reported (R) in data base JCPDS–ICDD
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published by H. Kodama et  al., [19] where it mentioned that the increase in pH 
inhibits the crystallization and precipitation. Weak intensities of the Fe2O3 signals 
are due to the small supported concentration (5% w/w). All of this demonstrates that 
the pH of the support plays an important role in the selection of the final crystal size 
of the supported phases.

Surface area (BET and Langmuir), pore diameter and pore volume results were 
presented in Table 2 for all samples (alumina and Fe2O3/alumina). All surface areas 
of the supports decrease after the impregnation process of the oxide phases. FB 
shows the greatest surface area loss, this is related to the pH of the support, since 
the basic pH of the alumina causes Fe2O3 to form smaller particles, which can be 
incorporated into the pores of the material not only by surface clogging them, this 
from the decrease in volume of pores from 0.2395 to 0.1735 cm3 g−1 (Table 2). It is 
important to note that the phenomena described on the FB sample can be observed 
into all the other samples and only the one with the greatest changes has been 
discussed.

Fig.  3 shows the SEM micrographs, the pH generates observable modifica-
tions in the average particle size and dispersion of the Fe2O3. The materials show a 
decrease in the average particle size FA > FN > FB with respect to the increase in the 
pH of the Al2O3. In the dispersion of Fe2O3 crystals, the following ranking by pH 
was found FA < FN < FB. Moreover, an unexpected behavior on the FA sample was 
observed, and an increase in SALang from 183 to 188 m2 g−1 with respect to a-Al2O3 
without oxide. Thus, SALang is closely related with the external surface of materials, 
this increase can be explained as a result of the Fe2O3 particles that are too large to 
settle within the pores of the support and preferably the particles are fixed on the 
external surface. These results allow us to explain those observations and discus-
sions made from XRD and BET experiments.

Fig. 4 shows the EDS spectra of all samples. Supported materials results show 
the same characteristic signals which correspond to the following energies: 0.70, 
0.71, 6.39, 6.40 and 7.05 keV (Fe); 1.48, 1.55 keV (Al) and for 0.52 keV (O). No 
other external elements were found in any sample, such as contamination or reaction 

Table 2   Physical properties of catalysts Fe2O3 (Fe) supported on acidic (A), neutral (N) and basic (B) 
alumina synthesized in this work

Average particle size (PS), length (l), width (w), standard deviation (σ), crystal size (CS): Crystal size 
calculate using the Scherrer Ec. 1, surface area (SA), pore diameter (PD), volume of pores (VP)

Catalyst PS
l × w ± σ (nm)

CS (hkl)
(nm)

SABET
(m2 g−1)

SALang
(m2 g−1)

PD
(Å)

VP
(cm3 g−1)

A – 11 (440) 133 183 49.78 0.2407
FeA 107 ± 36 × 56 ± 11 30 (104) 109 188 60.83 0.2374
N – 10 (440) 160 221 43.14 0.2387
FeN 45 ± 17 × 30 ± 12 28 (104) 121 209 54.59 0.2309
B – 12 (440) 127 174 52.28 0.2395
FeB 34 ± 14 × 25 ± 9 16 (104) 76 131 65.27 0.1735
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Fig. 3   Micrographs by SEM (SE) of the Fe2O3 phase supported on acidic (FeA), neutral (FeN) and basic 
alumine (FeB), where it is observed that the increase pH generates an effect on the dispersion (FeA3, 
FeN3 y FeB3) of the Fe2O3 phase, as well as a modification in the morphology and particle size
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Fig. 4   EDS of oxides Fe2O3 supported on acid, neutral and basic alumina
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remnants, which confirms that the proposed methodology is simple, fast and allows 
to generate the expected phases according to the results obtained by XRD and EDS.

For TPD profiles (Fig. 5) showed a minor TCD signal to FB at low temperature 
range (100 °C to 300 °C) and there was a marked increase of the signal at medium 
temperature range (300 °C to 450 °C) in relation to rest of temperature (> 300 °C). 
Furthermore, FA material showed more intensity in signal at higher temperatures 
(> 450 °C) respect to at lower temperatures. From quantitative analysis of TPD pro-
files presented noted fewer differences about sites per gram between FN and FB than 
respect to FA material. Meanwhile weak and strong acidity difference was notable 
in FA respect to other catalysts. However, regarding sites density per unit area, the 
differences were accentuated such as strong acidity sites per unit area increased as 
follows; FA > FN > FB, whereas for weak and medium acidity these tendencies were 
modified keeping FN > FB > FA for both.

The production of H2 and CH4 after the catalytic decomposition of high-
density polyethylene (HDPE) at (400, 500, 600  °C) using Fe2O3/a-Al2O3 (FA), 
Fe2O3/n-Al2O3 (FN), Fe2O3/b-Al2O3 (FB) as catalysts is shown in Fig. 6. It is impor-
tant to highlight that the sample Fe2O3/a-Al2O3 did not present waxes or liquids as 
by-products after the process at 600  °C, for the rest of the materials and reaction 
conditions waxes, liquids and/or carbonaceous solids were obtained as by-products. 
Results in Fig. 6 depict that the H2 production of all the materials is greater than 
that shown by thermal decomposition (reaction without catalyst), for this reaction 
case without catalyst, it is observable that the CH4 production is greater (43%) in 
comparison even with the best catalyst sample (16%), the methane production is 
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Fig. 5   Comparison of NH3–TPD profiles of the materials Fe2O3/a-Al2O3, Fe2O3/n-Al2O3 and 
Fe2O3/b-Al2O3
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Fig. 6   Production of H2 and CH4 from the catalytic decomposition of HDPE at 15 (Square), 30 (Sphere), 
45 (Star) and 60 (Diamond) minutes of reaction, with respect to the increase in temperature from 400 to 
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(No catalyst). (Color figure online)
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an undesired result because CH4 captures hydrogen. On the other hand, on Fe2O3 
embedded materials, a direct relationship is observed between the pH of the sup-
port and the production of H2 and CH4 (Fig. 6) in order FA > FN > FB where the 
materials that were supported in acid alumina are those that have the highest produc-
tion. The ammonium desorption results of catalysts confirm these activity–acidity 
dependence, showing more acidity sites assigned to strong acidity in FA material 
and minor to FN and FB (Table 3). This shows that FA has more acid sites with 
strong acidity per unit of area than other tested materials, which confirms the effect 
of alumina pH on HDPE catalysis activity to produce H2 (Fig. 6). Furthermore, it is 
possible to observe that the increase in temperature favors the production of H2 and 
CH4 on all the materials. 

Table 3   NH3–TPD analysis of samples Fe2O3/a-Al2O3, Fe2O3/n-Al2O3 and Fe2O3/b-Al2O3

Material Weak acidity Medium acidity Strong acidity Total acidity

µmol g−1 mmol m−2 µmol g−1 mmol m−2 µmol g−1 mmol m−2 µmol g−1 mmol m−2

Fe2O3/a-
Al2O3

17.3 1.9 48.1 5.2 73.2 8.0 138.7 15.1

Fe2O3/n-
Al2O3

35.4 4.3 49.2 6.0 63.3 7.7 147.9 17.9

Fe2O3/b-
Al2O3

31.1 2.4 48.6 3.7 66.0 5.0 145.7 11.1
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Fig. 7   H2/CH4 yield from an HDPE catalytic decomposition at 15 (Square), 30 (Sphere), 45 (Star) and 
60 (Diamond) minutes of reaction, with respect to the increase in temperature from 400 to 600 °C (Red: 
FeA (a-Al2O3/Fe2O3), green: FeN (n-Al2O3/Fe2O3), blue: FeB (b-Al2O3/Fe2O3), black: NC (No catalyst). 
(Color figure online)
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Fig. 7 shows that the H2/CH4 ratio changes as a function of temperature, since 
at 400 °C the production of H2 is favored and at 600 °C the H2/CH4 ratio is very 
similar. Regarding the pH of the support, it is evident that the materials supported in 
acidic alumina are more selective to H2 than n-Al2O3 and b-Al2O3. Materials showed 
the following decreasing order FA > FN > FB > NC regarding its H2 production as a 
function of their temperature and reaction time. Recalling the relationship discussed 
above between the production of H2 and the pH of the supports, these effects are due 
to the changes on structural properties of the materials, since after increasing the pH 
of the support the surface area decreases, but the Fe2O3 crystal size, particle size and 
its agglomeration increases (Table 2). All of this explains the decrease in H2 produc-
tion. This behavior that has been observed in acidic and basic Al2O3 corresponds to 
that reported by Abid Farooq et al., (2020) where they report that Ni/Al2O3 materi-
als present the highest activity for H2 generation when samples show the highest 
dispersion of Ni and high surface area [15].

Ni, Fe or Mn-based materials supported on alumina, zeolites and MCM-
41 have been reported on reactions like those reported in this work, but using 
a higher temperature range (between 800 and 850 °C) (Table 4) [20–23]. Those 
reports show that the Ni-based materials are excellent materials for H2 produc-
tion. In comparison to the presented results in this work, some reported materials 
are apparently better. However, it is important to consider that previous results 
were obtained at higher temperatures. Enhancing the thermal decomposition of 
plastics and increasing the total costs of the reaction. FA sample reported in this 
work shows the greatest H2 production (47.8 mmol  g−1 plastic) at only 600 °C, 
Additionally, the production of H2 was tested on alumina supports without an 
active phase, as a result a-Al2O3 shows the better yield (2.0  mmol  g−1 plastic) 

Table 4   Comparison of H2 production, parameters used in the synthesis and the catalytic activity in 
reported materials and those evaluated in this work

MET synthesis methodology (I impregnation, C coprecipitation, IWI incipient wet impregnation), ST 
synthesis temperature, SRT synthesis reaction time, C catalyst, CT catalytic reaction time, CRT​ catalytic 
reaction temperature, YH2 yield mmol of H2 generated per g of polymer

Sample MET ST
°C

SRT
h

C
g

CT
min

CRT​
°C

YH2
mmol·g−1

plastic

References

Ni/γ-Al2O3 I 800 3 0.5 15 800 22.5 [14]
Ni/α-Al2O3 I 800 3 0.5 15 800 18.0 [14]
Fe/γ-Al2O3 I 800 3 0.5 15 800 22.9 [14]
Fe/α-Al2O3 I 800 3 0.5 15 800 20.7 [14]
Ni–Fe/γ-Al2O3 I 800 3 0.5 15 800 31.8 [14]
Fe–Ni-MCM-41 I 550 4 0.25 – 800 46.1 [15]
Ni–Mn–Al C 750 3 0.5 40 800 56.3 [16]
Ni/ZSM5-30 I 500 3 0.5 30 850 66.0 [17]
Ni/β-zeolite-25 I 500 3 0.5 30 850 61.3 [17]
Ni/Υ-zeolite-30 I 500 3 0.5 30 850 58.0 [17]
FeA IWI 600 1 0.2 45 600 47.8 This work
A IWI 600 1 0.2 60 600 22.0 This work
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(Table 4). Also, Dingding et al., (2018) reported the co-production of H2 and car-
bon nanotubes from plastic waste using Ni and Fe-based catalysts supported on 
alumina at 800 °C. Their results are consistent with those obtained in this work 
on the FA samples in terms of the generation of carbonaceous solid products and 
gases, however the H2 production is higher (FA: 62%) even at lower temperature 
(600  °C), although the authors use a mixture of polymers, the results obtained 
from these mixtures are very similar to only using HDPE (case study), this is evi-
dent in the work published by Itsaso et al., (2018) where they tested four different 
plastics: HDPE, PP, PET, PS and their mixture (HDPE, 48 wt%; PP, 35 wt%; PS, 
9 wt% and PET, 8 wt%) for the production of H2, their results showed similar H2 
yields for the mixture of polymers and HDPE [17]. It has been widely reported 
that catalysts used on this kind of reactions are deactivated due to the surface 
adsorption of carbonaceous residues, however, catalysts based on transition metal 
oxides can be re-activated by applying an air flow at the temperature of catalyst 
preparation [2]. Regarding the stability of the material (Fe2O3/a-Al2O3) a XRD 
analysis before and after the hydrogen production reaction was carried out as a 
result both diffractograms are identical with the only difference that there is a new 
signal on the after reaction sample at 26.16 degrees of 2 theta that corresponds 
to crystalline graphitic carbon (01-075-1621 JCPDS) which means that the inac-
tivation mechanism will be the same as has been widely reported but it also 
states that the material is stable and reusable after the reactivation processes also 
reported. Due to the obtained and discussed results, we can observe that the syn-
thesis methodology used in this work is simple, fast and appropriate to produce 
materials with excellent properties to obtain H2. It is also evident that the materi-
als studied on this work have a better H2 production (even at low temperatures) 
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compared to those reported by other authors. As a result, the reported materials 
are excellent candidates to use in clean fuel processes and H2 generation (Fig. 8). 

Conclusion

In this experimental research work, the effect of the pH of the Al2O3 support on 
the active phase Fe2O3 for the production of H2 from the decomposition of HDPE 
was confirmed. The Fe2O3 supported on acidic Al2O3 showed better activity and 
selectivity (H2 62%, CH4 16%) than the Fe2O3 supported on alumina at neutral 
pH and at basic pH, establishing a dependency between the number of strong acid 
sites on the support and the catalytic activity of Fe2O3. Due to the high activity 
and selectivity of the Fe2O3/Al2O3 catalytic system at acidic pH, we suggest them 
as appropriate materials to produce molecular hydrogen.
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