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a b s t r a c t

One of the main challenges in the next decades for the chemical industry is the valorization of low-grade
industrial waste streams into valuable materials, as their increasing amount can have a major environ-
mental impact. For example, in copper mining industry, waste flotation tailings can be valorized into
solid acid catalysts, such as zeolites. Numerous studies have shown that modification of zeolites by metal
ions has a positive effect in their catalytic performance. However, the presence of impurities in waste-
derived materials is usually disregarded. In this work, the influence of impurities in waste-derived zeo-
lites ZSM-5 on the physicochemical properties and the catalytic performance in methanol-to-
hydrocarbons (MTH) reaction was investigated. Flotation tailings from copper industry, mainly consist
of SiO2 as quartz, next to Ca, Mg and Fe species. By altering the pH in the SiO2 precipitation step, the
impurities content in the waste-derived zeolites ZSM-5 could be controlled. Chemical analysis confirmed
the presence of Fe, Ca and Mg in low concentrations in the waste-derived samples. UV–Vis Diffuse reflec-
tance spectroscopy (DRS) and electron paramagnetic resonance (EPR) showed the presence of different Fe
species in the waste-derived samples in the form of isolated Fe3+, oligomeric FexOy species and some
extended Fe2O3-like clusters. Temperature programmed desorption (TPD) of NH3 and infrared (IR) spec-
troscopy measurements after CO and pyridine adsorption were used in order to probe the effect of the
cations present in the acidity of the waste-derived materials. It was found that the zeolite material with
a higher amount of metal impurities contained less Brønsted acid sites and more Lewis acid sites.
Catalytic testing showed that the metal impurities had a positive influence on the overall catalyst stabil-
ity and the yields towards ethylene and propylene were respectively 8% and 6% up. Meanwhile, operando
UV–Vis DRS showed the influence of impurities on the catalytic mechanism, as its increase led to the for-
mation of less hydrocarbon pool species. This study not only show that waste can be transformed into
value-added materials, namely a zeolite-based catalyst material, but also that the impurities present in
the waste can further improve the catalytic performance of the solid catalyst.

� 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Nowadays, the enormous amount of industrial solid waste, e.g.,
from metallurgical and incineration plants, draws global attention
as it can be dangerous for the environment and cause serious
health problems to humans [1,2]. Furthermore, raw materials are
also limited, resulting in a drive for a waste-free production cycle
of our daily materials and goods. By developing methods to val-
orize waste and turn them into value-added materials, not only
can waste production be reduced, but a new source of raw materi-
als becomes available, thereby providing the necessary steps
towards a more circular economy.
A huge hazard for the environment, but also a big potential for
waste valorization, lies in the mining industry where flotation tail-
ings are produced, which are waste materials produced by the sep-
aration of the valuable ore fraction from the non-economic fraction
during processing. These waste flotation tailings can react with
water and oxygen when exposed to atmospheric conditions and
as a result they produce acidic wastewater and sulfates [3]. These
deposits mainly consist of many different minerals, like aluminum
oxide (Al2O3), calcium oxide (CaO), ferric oxide (Fe2O3), calcite
(CaCO3) and silicon oxide (SiO2) and also precious metals (e.g.,
Ni, Co, Cu, Zn, Au and Ag) [1–6]. Recently, it has been shown that
precious as well as economically important metals can be
extracted and utilized for the manufacturing of adsorbents and
solid catalysts [3,7,8].
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Researchers have also tried to reuse silicon-rich wastes (e.g., fly
ash and coal fly ash) as alternative source for the manufacturing of
heterogeneous catalysts. There are numerous studies in which fly
ash is used as catalytic support [9–13]. Moreover, coal fly ash has
been used as raw material for the synthesis of porous materials,
such as MCM-41, Al-MCM-41 and SBA-15, and used for different
catalytic applications [7]. In a recent study of Li et al., fly ash-
derived SBA-15 was used as a support material for Fe and Mn oxi-
des, which can be used as solid catalysts for the selective catalytic
reduction of NH3 (NH3-SCR)[14]. Furthermore, using similar waste
streams, silica aerogel and adiabatic foam were made [7]. In addi-
tion to the synthesis of support oxides, different types of zeolites
have been prepared, such as zeolite X (FAU), Y (FAU), A (LTA), P
(GIS), ZSM-5 (MFI), phillipsite (PHI) and SAPO-34 (CHA), using fly
ash or similar types of waste streams via a conventional hydrother-
mal method [7,15]. Missengue et al. used coal fly ash as a precursor
for the synthesis of zeolite ZSM-5 and its catalytic performance
was tested in the methanol-to-hydrocarbons (MTH) reaction. By
further treating the waste-derived zeolite ZSM-5 with oxalic acid,
full methanol conversion for 15 h could be achieved with a 35%
selectivity towards propylene [16]. In a follow-up study of Missen-
gue et al., the physicochemical characteristics of zeolite ZSM-5,
derived from acid treated coal fly ash and fused coal fly ash, were
compared. Furthermore, the impact of tetrapropylammonium bro-
mide, 1,6-hexanediamine and 1-propylamine as structure-
directing agents (SDA) on the physicochemical properties and the
catalytic performance in the MTH reaction of the waste-derived
zeolite ZSM-5 materials were examined. It was concluded that
the use of 1,6-hexanediamine resulted in a decrease in the zeolite
crystal size and the obtained material was found to be more stable
in the MTH process [17].

However, waste-derived zeolite-based materials can contain
impurities originating from the initial waste, which are usually
neglected. Chareonpanich et al. reported the synthesis of zeolite
ZSM-5 derived from lignite fly ash and rice husk ash [18]. The
materials made were compared in terms of catalytic activity in
CO2 hydrogenation. It was shown that metal impurities slightly
boosted CO2 conversion and increased the yield of C2-C3 hydrocar-
bons. Recently, zeolite Na-X was synthesized from waste coal fly
ash and it was observed that iron oxide was incorporated in the
zeolite matrix [19,20]. Although the catalytic performance in the
oxidation of volatile organic compounds (VOCs) seemed to
improve for these waste-derived zeolites, the effect of impurities
in waste-derived zeolites on their catalytic performanes is still
poorly understood.

Each of the above literature studies demonstrate the intrinsic
challenges associated with waste streams as a potential source
for the synthesis of solid catalysts, including zeolites. Furthermore,
the effect of the impurities in waste-derived zeolites on its physic-
ochemical properties and catalytic performance is not yet well
established. In this study, the effect of the type and amount of
impurities, originating from flotation tailings from the copper
industry, on the physicochemical properties and the catalytic per-
formance of waste-derived zeolite ZSM-5 was investigated. Pre-
treatment steps were the key to control the impurities in the
waste-derived zeolites. Tuning the pH during SiO2 precipitation
resulted in changes in the content of impurities in the formed zeo-
lite. An in-depth characterization revealed the influence of the
impurities on the physicochemical properties of the waste-
derived ZSM-5 zeolites. Chemical analysis confirmed the impuri-
ties present in the waste-derived zeolite materials. The morphol-
ogy and porosity are influenced by the impurities content (e.g.,
Fe, Ca, Mg and Na) as shown by scanning electron microscopy
(SEM) and Ar physisorption. Moreover, the remaining impurity
cations had an effect on the acidic properties, as assessed by
ammonia temperature programmed desorption (NH3-TPD) and
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FT-IR spectroscopy with CO and pyridine as probe molecules. Last
but not least, the waste-derived zeolites were tested for their cat-
alytic performance in the MTH reaction. It was found that impuri-
ties can have a great influence on the catalytic performances, as
materials with higher amount of impurities showed a faster
decrease in conversion due to the larger zeolite crystals formed,
whilst it exhibited higher yields of light olefins (i.e., ethylene and
propylene) because of the impurity-induced changes in its acidic
properties, compared to the materials with a lower amount of
impurities.
2. Experimental section

2.1. Chemicals and materials

The following chemicals, gases and materials were used:
Ammonium nitrate (NH4NO3, 97%, Sigma Aldrich), hydrochloric
acid (HCl, fuming 37%, Merck), sodium hydroxide (NaOH, 100%,
EMSURE), sulfuric acid (H2SO4, >99.0%, EMSURE), tetrapropylam-
monium hydroxide (TPAOH, 1 M aq. solution, Alfa Aesar) and alu-
minum sulfate octadecahydrate (Al2(SO4)3 18H2O, >99.9%, Arcos
Organics), pyridine (C5H5N, Merck, EMSURE), carbon monoxide
(CO, Linde, >99%), aqua regia: a mixture of hydrochloric acid
(HCl, fuming 37%, Merck) and nitric acid (HNO3, 65%, Merck,
EMSURE) in a ratio 3:1, methanol (Acros, HPLC grade, 99.99% pure),
lithium borate (75%, Sigma-Aldrich), N2 (Linde, 99.998%), He
(Linde, >99%), Ar (Linde, 99.998%), fumed silica (CAB-O-SIL�, Cabot
corporation). For reference purposes, we have used a commercial
zeolite ZSM-5 sample (ACS Material) with a SiO2/Al2O3 ratio of
38, a surface area of 380 m2/g and an average particle size of 2 lm.

As shown in Scheme 1, Cu flotation tailings were milled and
sieved in order to get a particle size less than 75 lm. ~12 g of Cu
flotation tailings was calcined for 5 h at 700 �C in air and subse-
quently mixed with 400 mL of 3 M hydrochloric acid in a round
flask refluxed at 100 �C for 2 h. The acid-treated Cu flotation tail-
ings were separated by filtration under vacuum and washed until
the pH of the filtrate was equal to 7 before drying at 120 �C for
12 h. The dried acid-treated Cu flotation tailings were then mixed
with fine solid powder of NaOH in a mass ratio 1:1.5, respectively,
and fused at 550 �C for 1 h. The alkali-fused material was subse-
quently mixed with 50 mL demineralized water for 24 h. The
obtained mixture (solid and supernatant) was centrifuged. To the
supernatant, an amount of 9 M H2SO4 was added until the pH
was equal to 3 or 10. Because of the pH used, these materials were
named sample S3 and sample S10, respectively. As a result, a gel
had been formed, which was centrifuged and washed. The gel
made was then dried at 120 �C for 12 h in air in order to obtain
amorphous SiO2.

For the synthesis of zeolite ZSM-5, the two different silica mate-
rials, prepared by precipitation at the two different pH values (i.e.,
pH = 3 and pH = 10) as well as a high purity fumed silica, were used
as the source of silicon. The following procedure was used, while
the mass ratios between Si, Al, Na, TPAOH and H2O were
1.0:0.05:0.08:0.2:25. The proper amount of silica was mixed with
demineralized water and 10 wt% NaOH and stirred at 80 �C for
2 h. Afterwards, TPAOH as template was added and the mixture
was stirred and heated at 80 �C for 2 h. Afterwards, the solution
was cooled to room temperature and Al2(SO4)3�18H2O was added.
The mixture was stirred for 1 h at room temperature to homoge-
nize the solution. The solution was then transferred in a 45 mL
Teflon liner and put in a stainless steel autoclave in an oven at
180 �C for 84 h to perform a static hydrothermal zeolite synthesis.
After this time, the autoclave was quenched in cold water to stop
the synthesis reaction. The solid material obtained was separated
from the supernatant. The derived solid was first dried at 120 �C



Scheme 1. Schematic representation of the synthesis of waste-derived zeolites. Illustration step-by-step of the synthesis of waste-derived zeolites ZSM-5 using waste
flotation tailings from primary Cu production.
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for 12 h in air and then calcined at 550 �C for 8 h under a flow of air
to remove the template and to obtain NaZSM-5. The calcined
NaZSM-5 material was then added to an aqueous solution of
30 mL 1 M NH4NO3 at 80 �C for 2.5 h. This procedure was repeated
twice to make sure that the ion exchange of Na+ for NH4

+ was suc-
cessful. The solid was separated from the supernatant, washed
with H2O and then dried at 60 �C for 12 h and calcined at 550 �C
under a flow of air for 4 h in order to obtain the proton form of
the zeolite ZSM-5 (further denoted as HZSM-5).
2.2. Materials characterization

The chemical composition of the materials made was deter-
mined by Inductively Coupled Plasma-Optical Emission Spec-
troscopy (ICP-OES) using a SPECTRO CIROSCCD instrument of
SPECTRO Analytical Instruments. This was done after bringing
the solids in solution with aqua regia and lithium borate. The
chemical composition of the waste flotation tailings was measured
by X-ray Fluorescence (XRF) using a Thermo ARL 9400 sequential
XRF instrument. Ar and N2 physisorption measurements of the
solids were performed using a Micromeritics TriStar 3000 instru-
ment operating at �196 �C. Before performing the measurements,
the samples were dried for 15 h at 300 �C under a N2 flow. The
morphology of the samples was determined by scanning electron
microscopy (SEM) using a FEI Helios Nanolab G3 instrument. Prior
to sample analysis, they were coated with a layer of Pt to increase
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their conductivity. X-ray diffraction (XRD) patterns of the materials
were measured on a Bruker D2 X-ray powder diffractometer
equipped with a Co Ka X-ray tube (k = 1.7902 Å). Temperature-
programmed desorption of ammonia (NH3-TPD) was performed
using a Micromeritics AutoChemII 2920 equipped with a thermal
conductivity detector (TCD). Fourier transform-infrared (FT-IR)
spectroscopy of adsorbed pyridine and carbon monoxide as probe
molecules was carried out to probe the acid sites. FT-IR spectra
were measured with a Bruker Vertex 70v spectrometer in the spec-
tral range of 4000–1000 cm�1. Experimental details of these mea-
surements were described elsewhere [21,22]. Diffuse reflectance
spectroscopy (DRS) in the UV–Vis–NIR region was performed using
a Varian Cary 500 UV–vis–NIR spectrometer equipped with a DRS
accessory to allow collection in diffuse reflectance mode against a
pure white reference Teflon standard. X-band electron paramag-
netic resonance (EPR) measurements were carried out with a Bru-
ker EMX plus instrument at various temperatures with a 0.25 mT
amplitude and 100 kHz modulation frequency. ~80 mg of sample
was placed in a 4 mm diameter quartz tube and EPR spectra were
recorded in the range 0–6000 Gauss.
2.3. Materials testing

Catalytic testing of the materials made was performed in a
quartz fixed-bed rectangular reactor (ID = 6 mm � 3 mm) using
~69 mg of catalyst using a weight hourly space velocity (WHSV)
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of 8 h�1 at 350 �C. A He flow with a methanol saturation of ca. 15%
was obtained by flowing He as carrier gas through a saturator con-
taining methanol at 21 �C. Operando UV–Vis DRS spectra were
recorded using an AvaSpec 2048L spectrometer via a high-
temperature UV–Vis optical fiber probe. Online analysis of metha-
nol as reactant and the various reaction products made was per-
formed using an Interscience Compact gas chromatograph (GC).
Details of the catalytic set-up has been described elsewhere
[22,23].
3. Results and discussion

3.1. Understanding the nature of the waste stream and the origin of
impurities

Researchers have been using different types of waste streams as
precursors for zeolite synthesis [7]. Pretreatment steps are usually
necessary before waste materials can be used for the synthesis of
zeolites as waste can contain various metal oxides as impurities.
However, the pretreatment steps chosen, in each case, differ. In
this study, waste mine flotation tailings are used as precursor for
the synthesis of zeolite ZSM-5. SEM and N2 physisorption provide
information on the crystal morphology, while XRD gives insight
into the minerals present and X-ray fluorescence (XRF) reveals
the elemental composition of the waste material.

Scanning electron microscopy (SEM) images from the starting
waste material (Fig. 1a) illustrated a non-porous material with
compact morphology, as confirmed by N2 physisorption since no
specific surface area was detected. As can be observed in Fig. 1b,
the XRF results for the waste mine flotation tailings showed that
the sample mainly consists of silicon dioxide (SiO2, i.e., 51.3%) in
addition to calcium oxide (CaO, i.e., 16.1%), magnesium oxide
Fig. 1. Physicochemical characterization of the waste mine flotation tailings used in
X-ray fluorescence (XRF) analysis showing the chemical composition consisting mainly of
(red, green, blue, cyan, pink and yellow, respectively) c) X-ray diffraction (XRD) powde
clinochlore (yellow), phlogopite (pink) and actinolite (dark yellow) as reference compou
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(MgO, i.e., 10.9%), iron oxide (Fe2O3, i.e., 3.7%), aluminum oxide
(Al2O3, i.e., 2.9%), sulfur (S, i.e., 1.6%), carbonaceous species and
some moisture. These can be burned in a loss on ignition test
(LOI, i.e., 13.53%). XRD confirms that quartz (SiO2, red) is the main
phase, as shown in Fig. 1c. In addition, dolomite (CaMg(CO3)2,
blue), calcite (CaCO3, green), clinochlore ((Mg,Fe2+)5Al(Si3Al)
O10(OH)8, yellow), phlogopite (KMg3(AlSi3O10)(OH)2, pink) and
actinolite (Ca2(Mg4.5-2.5Fe2+0.5-2.5)Si8O22(OH)2, dark yellow) were also
detected. The presence of calcium, magnesium and iron, as revealed
by XRF, as well as quartz, as identified by XRD, can be problematic
during zeolite synthesis. For example, iron competes with aluminum
in the formation of the zeolite framework, thereby affecting its acid-
ity and catalytic activity, while quartz as very dense phase is difficult
to transform into a porous zeolite phase. Furthermore, elements,
such as calcium and magnesium, have to be removed before starting
the synthesis procedure as they may affect the acidic properties of
the end material.

A schematic representation of zeolite synthesis, including the
pretreatment step of the waste flotation tailings, is presented in
Scheme 1. First, a calcination step is performed to remove the car-
bon deposits from the sample. Subsequently, an acid treatment is
applied in order to remove the majority of the metal oxides, such
as CaO, MgO and Fe2O3. Aiming for a greener synthesis approach,
a calcination step is introduced to minimize the acid consumption
during the acid treatment step since carbonates can react with the
acid. An alkali-fusion step, in which the acid-treated waste was
mixed with fine powder of sodium hydroxide (NaOH) at 550 �C
for 1 h, was applied in order to produce sodium silicate (Na2SiO3).
Sodium silicate is easily soluble in water. As a result, the alkali-
fusion step helps with upgrading the inactive and stable quartz
phase. In a next step, silica (SiO2) is precipitated, using the Na2SiO3

aqueous solution, at two different pH values, namely at pH = 3 and
pH = 10. By altering the pH during SiO2 precipitation, the formation
this study. a) Scanning electron microscopy (SEM) image obtained for the sample b)
SiO2 (gray) as well as CaO, MgO, Fe2O3, Al2O3, sulfur and some carbonaceous species
r pattern, including the XRD lines of quartz (red), dolomite (blue), calcite (green),
nds.
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of metal hydroxides can be controlled in order to vary the impurity
level and determine the effect of impurities on the catalytic perfor-
mance of the waste-derived zeolites. The solubility of divalent
metals, such as Mg, Ca and Fe2+, decreases at pH higher than 7
and thereby increases precipitation. In contrast, at lower pH, the
divalent metals are soluble, while Fe3+ and Al3+ appear to precipi-
tate [24,25]. Consequently, SiO2 precipitated at pH = 3 (i.e., sample
S3) has a low amount of impurities, while SiO2 precipitated at
pH = 10 (i.e., sample S10) has a higher amount of impurities. The
silica samples S3 and S10 have been used as precursors for synthe-
sis of zeolites denoted S3 HZSM-5 and S10 ZSM-5.

3.2. Impurities effect on physicochemical properties of waste-derived
zeolites

The prepared zeolites were characterized and compared to a
commercial zeolite ZSM-5 sample and a zeolite ZSM-5 synthesized
using fumed silica as precursor (further denoted as Com HZSM-5
and FS HZSM-5, accordingly). Inductively coupled plasma-optical
emission spectroscopy (ICP-OES) analysis has been used to obtain
the elemental composition of the zeolite-based materials under
study, and the results are summarized in Table 1.

Com HZSM-5 and FS HZSM-5 appear to have a low amount of
impurities (i.e., Ca, Fe, Mg and Na). As expected, the sample pre-
pared with SiO2 obtained at pH 10 shows a much higher amount
of impurities compared to the sample prepared with SiO2 obtained
at pH 3, underlining the correlation of the pH during the SiO2 pre-
cipitation step with the content of impurities. Even though the pre-
treatment removes high amounts of impurities, the procedure is
not 100% effective since the impurity levels of S3 HZSM-5 is still
higher than the commercial zeolite and zeolite prepared using
fumed silica. In addition, Na is also not completely removed after
the alkali-fusion and dissolution/precipitation step of the pretreat-
ment, even after zeolite synthesis and subsequent ion exchange.
This can be explained by the excess of NaOH used during the
alkali-fusion step in order to transform quartz into Na2SiO3.

As shown by the ICP-OES analysis, the amount of impurities in
waste-derived zeolites can be regulated by adjusting the pretreat-
ment steps of the waste flotation tailings before using it for the
synthesis of zeolite materials. Further characterization of the mate-
rials obtained revealed the effect of these impurities on their
physicochemical properties.

The SEM images, shown in Fig. 2a-d, of the waste-derived zeo-
lites as well as the references ZSM-5 materials, revealed the differ-
ences in morphology between commercial, zeolite prepared from
high purity fumed silica and waste-derived zeolite ZSM-5. The
commercial zeolite consists of typical coffin-shape crystals with
the size of 1–5 lm along the c-axis. In contrast, FS sample consists
of spherical agglomerate, with the size of 0.4–2.5 lm, of smaller
crystals. Regarding the waste-derived samples, S3 HZSM-5 consists
of spherical agglomerates with the size of 0.5–5 lm, which consist
of smaller cube-like crystals, while S10 HZSM-5 appears to be
spherical agglomerates with the size of 2–10 lm, which consist
of smaller sheet-like crystals. The differences observed in the mor-
phology between the waste-derived samples can be attributed to
Table 1
Overview of the chemical composition of the waste-derived zeolites, as well as the refer
HZSM-5), zeolite ZSM-5 prepared using fumed silica (denoted as FS HZSM-5) and waste-de
HZSM-5).

Si (wt.%) Al (wt.%) Ca (wt

Com HZSM-5 33.7 1.92 0.065
FS HZSM-5 34.7 2.07 0.037
S3 HZSM-5 30.24 2.27 0.073
S10 HZSM-5 24.03 3.20 0.29
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the higher content of Na, Ca, Mg and Fe cations. These cations could
act as inorganic template species and framework-charge compen-
sating cations, which would explain the different morphologies of
zeolite ZSM-5 [26]. The aforementioned phenomena are in line
with observations that the crystal size and zeolite crystallization
processes can be affected by replacing Na cations, in the zeolite
synthesis mixture, with other alkali metals [27–29].

Fig. 2e-f show the results obtained from Ar physisorption for the
four zeolite samples under study. Sorption measurements (Fig. 2f)
showed that the isotherm of Com HZSM-5 were type I, which is
characteristic for microporous materials with relatively small
external surfaces, while FS HZSM-5, S3 HZSM-5 and S10 HZSM-5
exhibited a hysteresis loop, H4, which is a combination of types I
and II isotherms and they are usually found in agglomeration of
zeolite crystals and/or mesoporous zeolites [30].

As shown in Fig. 2e, all samples show hierarchical porosity.
More specifically, the Com HZSM-5, FS HZSM-5 and S3 HZSM-5
exhibit a bimodal pore size distribution with the first peak to
appear in the range < 1 nm and the second peak centered at
~3 nm. For sample S10 HZSM-5 additional porosity is observed
with a pore size of ~4.5 nm. As shown in Fig. 2d, S10 HZSM-5 con-
sists of agglomerates of sheet-like ZSM-5 crystals. The mesopores
formed in this sample could be attributed to spaces between
sheet-like MFI crystals, which form larger agglomerates [31]. In
Fig. 2f, the specific surface area (SSA) of the four samples are pre-
sented. FS sample showed the highest SSA. The two waste-derived
samples showed lower SSA compared to FS sample which can be
attributed to the increased amount of impurities in the waste-
derived samples as residual impurities can block the pores of zeo-
lites. In addition, the waste-derived samples exhibited higher SSA
compared to the commercial zeolite ZSM-5. The pore system is
crucial for the catalytic performance during for example the MTH
process as it can influence the catalyst selectivity as well as its
deactivation [32]. Recent studies show that the presence of addi-
tional mesopores and macropores provides to zeolites an increased
lifetime relative to microporous materials [32–34]. Understanding
the pore structure of waste-derived ZSM-5 zeolites can be the key
to explain their catalytic behavior.

In order to further investigate the effect of the impurities on the
structure and properties of the zeolite materials, X-ray diffraction
(XRD) and Fourier transform-infrared (FT-IR) spectroscopy are per-
formed and the results are summarized in Fig. 3.

Fig. 3a shows that the crystal phase of all four samples is char-
acteristic of an MFI zeolite. It can be observed that the zeolite pre-
pared using fumed silica and the waste-derived zeolites showed
XRD patterns of lower intensity, while the higher full width at half
maximum (FWHM) implies a lower crystallinity compared to the
commercial zeolite ZSM-5. This can be explained by the fact that
these samples were synthesized using fumed silica or amorphous
silica (SiO2) as precursor extracted from the waste and not from
sodium silicate (NaSi2O3) or tetraethyl orthosilicate (TEOS), which
are typically used as silicon precursors [35].

The FT-IR spectra of all four zeolites ZSM-5 are presented in
Fig. 3b-c. All the samples show FT-IR peaks at characteristic wave-
lengths in two specific regions, i.e. the 1600–2000 cm�1 spectral
ence ZSM-5 material. ICP-OES analysis of commercial zeolite ZSM-5 (denoted as Com
rived zeolites ZSM-5 obtained at pH 3 (denoted as S3 HZSM-5) and 10 (denoted as S10

.%) Fe (wt.%) Mg (wt.%) Na (wt.%)

0.010 0.040 0.010
0.003 0.004 0.005
0.11 0.038 0.13
0.33 0.37 0.18



Fig. 2. Particle morphology and porosity of the waste-derived zeolites, as well as the reference ZSM-5 material. Scanning electron microscopy (SEM) images of a)
commercial zeolite ZSM-5 (blue; denoted as com HZSM-5), b) zeolite ZSM-5 prepared using fumed silica (green; denoted as FS HZSM-5) and waste-derived zeolites ZSM-5,
prepared c) at pH 3 (black; denoted as S3 HZSM-5) and d) at pH 10 (red; denoted as S10 HZSM-5) e) Pore volume distribution and e) isotherms and specific surface area (SSA)
for the com HZSM-5, FS HZSM-5, S3 HZSM-5 and S10 HZSM-5 materials.

Fig. 3. Structural analysis of the waste-derived zeolites, as well as the reference ZSM-5 material, including their acidic properties. a) X-ray diffraction (XRD) patterns for
com HZSM-5, FS HZSM-5, S3 HZSM-5 and S10 HZSM-5 (blue, green, black and red, respectively) b) FT-IR spectra for com HZSM-5, FS HZSM-5, S3 HZSM-5 and S10 HZSM-5
(blue, green, black and red, respectively) taken under vacuum after drying the materials for 2 h at 550 �C; and c) zoom-in of the –OH stretching region of the four samples.
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window and the 3500–3800 cm�1 spectral window. The peaks, in
the 1600–2000 cm�1 region can be attributed to overtones and
combination bands of zeolite framework modes. In the second
region, known as the –OH region, the commercial zeolite shows
peaks centered at ~3615, ~ 3658, ~3745, ~ 3730 and ~3720 cm�1.
The vibration at ~3615 cm�1 is due to the acidic bridging Si(OH)
Al groups (i.e., Brønsted acid sites, BAS), while the peak at
~3658 cm�1 is typical for extra-framework Al species. The three
peaks at ~3745, ~ 3730 and ~3720 cm�1 are attributed to SiOH in
external and mesopores surfaces, terminal SiOH or extra-
framework SiO2 and SiOH in defects [36,37]. Samples FS and S3
HZSM-5 show similar FT-IR peaks at the ~3610 and ~3658 cm�1

(BAS and extra-framework Al, accordingly) and a broader peak at
~3730 cm�1. The latter can be attributed to the co-existence not
only of terminal SiOH or extra-framework SiO2 but also SiOH in
external and mesopores surfaces (~3745 cm�1) and SiOH in defects
(~3720 cm�1). The ratio of the intensities of the peaks at 3610 and
3730 cm�1, for samples FS and S3, is lower than for com HZSM-5
indicating a lower amount of BAS and higher amount of silanol
groups. Sample S10 HZSM-5 shows the same peaks at ~3610 and
~3730 cm�1 as sample FS and S3 HZSM-5, but also an extra peak
at ~3674 cm�1. According to characterization studies of Fe-
exchanged zeolites, the latter FT-IR peak can be attributed to
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hydroxyl groups bonded to extra-framework Fe species [38]. These
FT-IR vibrations can be assigned to the stretches of two hydroxyl
groups, which are bonded to one Fe center [38]. These hydroxyl
group are weakly acidic sites and created by the presence of Fe
impurities, originating from the initial waste. This observation also
proves that the control of the impurities during the pretreatment
has a direct influence on the physicochemical properties of the
waste-derived zeolite materials. When the impurity content
increases, more Fe species are incorporated in the zeolite structure
and hence more weak acid sites are formed. As reported in Table 1,
our waste-derived zeolites have higher amounts of Fe. In numerous
literature studies, Fe-modified zeolites are used for improving the
ammonia Selective Catalytic Reduction (NH3-SCR) and MTH reac-
tions [38–42]. In these studies, various characterization techniques
have been used for the investigation of the nature of Fe(III) species
and among them UV–Vis diffuse reflectance spectroscopy (DRS)
and electron paramagnetic resonance (EPR) are most commonly
used. Hence, also in our study, UV–Vis DRS and EPR are employed
in order to better understand the nature of Fe species in the waste-
derived zeolite ZSM-5 materials.

Fig. 4a shows the UV–Vis DRS data for sample S3 HZSM-5 with
absorption maxima at ~210 nm and ~250 nm with a broad absorp-
tion shoulder towards ~400 nm. The absorption bands can be fitted
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using 4 Gaussian curves centered at 210, 250, 305 and 350 nm.
These fitted Gaussians correspond to the Fe3+  O change-
transfer (CT) bands of the waste-derived samples. The two sub-
bands at the high-energy range of the spectra (<300 nm, purple)
are related to isolated Fe species with a tetrahedral or higher coor-
dination environment. Between 300 and 400 nm, low intensity
broad bands (orange) arise due to the presence of octahedral Fe3+

ions in small oligonuclear clusters of the type FexOy [41].
Sample S10 HZSM-5 shows a similar UV–Vis DRS spectrum, as

shown in Fig. 4b. However, the absorption shoulder at lower ener-
gies (>350 nm) is more pronounced. When fitting the UV–Vis DRS
spectrum, Gaussian curves are obtained, which are centered at the
same energies as compared to sample S3 HZSM-5 (purple and
orange) in addition to two additional Gaussian curves (cyan). The
latter Gaussian curves centered at ~450 and ~510 nm are attribu-
ted to larger Fe2O3 clusters [41]. Although they are clearly visible
in the UV–Vis DRS spectra, the dominant species remain isolated
Fe3+ and oligomeric FexOy species based on the relative intensities
of the absorption bands [41]. Comparing the two waste-derived
samples, it can be concluded that formation of larger Fe2O3 clusters
occurs by increasing the impurities content. This phenomenon can
influence the acidity of the samples since the presence of Fe species
can block certain acid sites of the zeolites or even create Lewis acid
sites, as observed in Fig. 3.
Fig. 4. Spectroscopic identification of Fe species present in the waste-derived zeolites
Electron paramagnetic resonance (EPR) spectra for c) S3 HZSM-5 and d) and S10 HZSM-5
DRS data.
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The EPR spectra of samples S3 HZSM-5 and S10 HZSM-5 are
shown in Fig. 4c-d, respectively. These EPR spectra were taken
from room temperature down to 99 K for both samples. Sample
S3 HZSM-5 showed three different signals at g-values of 2, 2.6
and 4.3. The EPR signal at g = 4.3 is assigned to isolated Fe3+ species
in tetrahedral coordination, which can be Fe species in the frame-
work or extra-framework species in a zeolite [41,43]. The EPR sig-
nal at g = 2.6 can be assigned to Fe oxide or Fe hydroxyl species in
the zeolite pores, while the EPR signal at g = 2 can be due to Fe3+

isolated species with high symmetry or Fe clusters in which Fe ions
interactions are equal to the zero field splitting [41,43]. Sample S10
HZSM-5 shows similar EPR signals at g-values equal to 2 and 4.3,
but not the EPR signal at g = 2.6. On top of that, an extra line at
~g = 6 can be observed, which is related to isolated Fe species with
higher coordination numbers [41,43]. Regarding the g = 2 EPR sig-
nal, six weaker lines can be observed. These features can be
assigned to the hyperfine-structure of paramagnetic Mn2+ species
[44]. Indeed, 55Mn has a nuclear spin (I) of 5/2, which will couple
with the electron spin, leading to 6 sublevels. In addition, since
56Fe is the most common isotope (92%) and has a spin of 0, this
hyperfine structure cannot be due to the presence of Fe. Mn2+ spe-
cies can originate from the initial waste flotation tailings and can
be easily detected by EPR spectroscopy even in trace amounts
[45]. In total, EPR spectroscopy on the waste-derived samples
. UV–Vis diffuse reflectance spectra (DRS) for a) S3 HZSM-5 and b) and S10 HZSM-5,
and e) Percentage of the area from the deconvoluted absorption bands of the UV–Vis
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showed that the increase of the impurities content can affect the
type of Fe species in the samples. On top of that, it revealed the
presence on Mn2+ species for sample S10.

It is already established in the literature that the presence of
cations, such as Ca, Mg and Fe, during zeolite synthesis or as zeolite
post-modification can influence the overall acidity and as a result
affect their catalytic performance in e.g. the MTH process
[22,46,47]. As a consequence, it is expected that the presence of
impurities influences the acid sites present in the waste-derived
zeolites. In order to fully understand the impact of these impurities
on the acidic properties of the waste-derived zeolite materials,
Ammonia Temperature Programmed Desorption (NH3-TPD) was
performed to determine the total amount of acid sites and also
gather information on the strength of the different acid sites pre-
sent. In addition, absorption of pyridine followed by FT-IR spec-
troscopy (further denoted as Py-FT-IR) was performed to
differentiate between Brønsted acid sites (BAS) and Lewis acid sites
(LAS). Moreover, CO adsorption followed by FT-IR spectroscopy
(further denoted as CO-FT-IR) has been used to investigate the dif-
ferent hydroxyl groups present in the waste-derived zeolites as
well as in the commercial zeolite.

From the NH3-TPD analysis data, shown in Fig. 5a, the strength
of the acid sites could be determined as well as the total amount of
acid sites of the samples under study. For the Com HZSM-5 and FS
HZSM-5, two major peaks were recorded centered at ~250 �C and
~445 �C. The peak at ~250 �C can be attributed to weak acid sites,
and the peak at ~445 �C can be assigned to strong acid sites
[21,48,49]. Sample S3 HZSM-5 exhibits a lower amount of total
acid sites, namely 0.93 mmol/g (this value has to be compared to
1.11 mmol/g for the commercial ZSM-5 sample and to 1.01 for
the zeolite ZSM-5 synthesized from fumed silica), which can be
explained by the presence of impurities, such as FeOx, MgO, CaO
and Na2O. These impurities can block the acid sites of the waste-
derived zeolite materials. As aforementioned in Fig. 3c, the peak
corresponding to Si(OH)Al bridging hydroxyl groups (i.e. BAS) is
more pronounced in com HZSM-5 than in S3 HZSM-5. Sample
S10 showed an even lower amount of acid sites, which equals
Fig. 5. Investigation of the acidic properties of the waste-derived zeolites, as well as
analysis of S3 HZSM-5 (black), S10 HZSM-5 (red), com HZSM-5 (blue) and FS HZSM-5
HZSM-5 (black), S10 HZSM-5 (red), com HZSM-5 (blue) and FS HZSM-5 (green). c) CO-
HZSM-5 (green). d) Table containing the amount of different acid sites (labeled as weak, in
the amount of Brönsted acid sites (BAS), Lewis acid sites (LAS) and their ratio, are deter
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0.75 mmol/g, which can be explained by the even higher amount
of impurities. Also, in this case, a decrease in BAS is observed. This
can be explained by the higher amount of extra-framework Fe (in
addition to FeOx, CaO, MgO and Na2O), which can block the strong
acid sites. The increased number of intermediate acid sites in sam-
ple S10 HZSM-5 are corroborated by our previous findings that by
increasing the impurities content and therefore the iron content,
weakly acidic hydroxyl groups are formed, which are bonded to
Fe centers (Fig. 3c). It is worth mentioning that there is a seemingly
inconsistency between Si/Al ratio and the BAS of the samples. From
Table 1, it can be calculated that the atomic Si/Al ratio for the com-
mercial, FS, S3 and S10 samples are 17.5, 16.7, 13.3 and 7.2 accord-
ingly. It would be expected that the BAS will increase by decreasing
the Si/Al ratio (increase of Al content). However, the opposite phe-
nomenon is observed which can be attributed to the fact that the
higher Al content does not translate to Al incorporated in the zeo-
lite framework as well as the increased impurities levels for the
case of the waste-derived zeolites ZSM-5.

Fig. 5b shows Py-FT-IR spectra of the four samples under study,
in which the peak at ~1445 cm�1 can be assigned to the presence of
LAS, while the peak at ~1545 cm�1 can be assigned to BAS [21].
Compared to Com HZSM-5 and FS HZSM-5, samples S3 HZSM-5
and S10 HZSM-5 show a decrease in the amount of BAS, while sam-
ple S10 HZSM-5 shows an increase in LAS. The decreased amount
of BAS for the waste-derived zeolite samples can be explained by
the presence of impurities originated from the initial waste, while
the increased amount of LAS for sample S10 HZSM-5 can be
explained by the presence of small oligomeric FexOy moieties as
well as extended Fe2O3-like clusters, which can act as LAS. These
findings are in line with the above-mentioned NH3-TPD data,
which show a change in the presence of strong acid sites, as well
as the total acidity.

The CO-FT-IR experiments, shown in Fig. 5c, revealed the nature
of the different –OH groups present in the zeolite-derived materi-
als. All samples show similar FT-IR spectra after CO adsorption
with absorption peaks present at ~2175, 2158 and 2138 cm�1,
which correspond to BAS, silanol groups and physisorbed CO,
the reference ZSM-5 material. a) NH3-TPD (temperature programmed desorption)
(green). b) Py-FT-IR (Fourier-transform infrared) spectra measured at 150 �C of S3
FT-IR spectra of S3 HZSM-5 (black), S10 HZSM-5 (red), com HZSM-5 (blue) and FS
termediate and strong), as determined and calculated from the NH3-TPD data, while
mined and calculated using the Py-FT-IR data.
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respectively [22]. However, the FT-IR spectrum of sample S10
HZSM-5 has an extra absorption at ~2168 cm�1. The presence of
Fe, as shown by FT-IR, UV–Vis DRS and EPR (Figs. 3 and 4), explains
the presence of the 2168 cm�1 absorption, which can be attributed
to –OH groups related to isolated Fe3+ species.

3.3. Linking physicochemical properties with catalytic performances

In order to investigate the effect of the physicochemical proper-
ties of the waste-derived zeolites on their catalytic performance,
the activity and selectivity of the zeolites in the MTH reaction were
evaluated. Fig. 6 displays the catalytic conversion and the yield of
the different reaction products (i.e., ethylene, propylene, isobuty-
lene, C5 paraffins, and C5 olefins) formed during the MTH reaction
performed at 350 �C for 900 min using a weight hourly space veloc-
ity (WHSV) of 8 h�1.

The Com HZSM-5 and FS HZSM-5 show a methanol conversion
close to 100%, which starts to decrease around ~300 min. The deac-
tivation can be attributed to the accumulation of non-active hydro-
carbon species in the zeolite pores, due to the high amount of BAS
[50,51]. The waste-derived zeolite samples show high values of
methanol conversion (>80%). It can be observed that sample S10
HZSM-5, with the higher amount of impurities, also shows a
slightly lower initial methanol conversion, which can be attributed
to the lower amount of acid sites. After a decrease in the first
200 min of time-on-stream (TOS) the waste-derived catalyst stabi-
lizes its catalytic performance with a methanol conversion of ~87%,
while sample S3 HZSM-5 exhibits a higher conversion (>96%) for at
least 900 min. Knowing that S3 HZSM-5 and S10 HZSM-5 con-
tained respectively more and less BAS, it is expected that sample
S3 HZSM-5 would deactivate faster. However, sample S10 HZSM-
5 showed an initially faster deactivation and a decrease in metha-
nol conversion, which can be attributed to the difference in the
crystal morphology and size. As shown in Fig. 2b-c, sample S10
HZSM-5 shows spherical agglomerates with sizes of ~2–10 lm,
which consist of smaller sheet-like HZSM-5 crystals, while sample
S3 HZSM-5 shows agglomerates with the size of 0.5–5 lm which
consist of smaller cube-like HZSM-5 crystals. According to litera-
Fig. 6. Catalytic behavior in the Methanol-to-Hydrocarbons (MTH) reaction. Activity a
HZSM-5 (red) zeolites vs. time for the MTH reaction conducted at 350 �C with a weigh
propylene yield, d) iso-butylene yield, e) C5 paraffins yield and f) C5 olefins yield.
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ture, it is known that crystal morphology and size are linked to
the lifetime of a MTH catalyst and that the lifetime of the zeolite
is increased by decreasing the crystal size [52].

Interestingly, Com HZSM-5, FS HZSM-5 and S3 HZSM-5 showed
similar yields of ethylene, propylene, iso-butylene, C5 paraffins and
C5 olefins for the first 400 min of reaction. However, it can be
observed that S10 sample exhibited higher yield of propylene ini-
tially (i.e., the first 500 min). The higher yield of propylene for sam-
ple S10 as well as the higher yields of iso-butylene, C5 paraffins and
olefins for samples Com, FS and S3 can be explained by the fact that
hydride transfer reactions form C1-C5 paraffins and aromatics are
promoted by Brønsted acid sites [50]. Thus, an enhanced contribu-
tion of the olefinic cycle to the overall catalytic performance and
therefore propylene production is observed for S10 sample due
to lower amount of BAS. Moreover, S10 HZSM-5 not only exhibits
higher yields of propylene, but also higher yields of ethylene,
which is in contrast with the decrease of BAS. However, the S10
HZSM-5 sample shows a higher amount of LAS. Recent studies
have shown the importance of LAS in the MTH reaction and that
reaction intermediates from the hydrocarbon pool (HCP), which
are formed on LAS, are less reactive and inhibit chain reactions
related to aromatic moieties [46]. Thus, S10 HZSM-5 exhibited a
higher ethylene yield due to the lower reactivity of the aromatic
HCP intermediates to form polyaromatics species. Summarizing,
it is clear that the control over the impurities content in the
waste-derived zeolite materials have an impact on their physico-
chemical catalytic properties.

3.4. Operando spectroscopy of waste-derived zeolites

Operando UV–Vis DRS has been used as a spectroscopic tech-
nique for the identification of zeolite-trapped hydrocarbon species
formed during the MTH process [52,53]. UV–Vis DRS can distin-
guish between carbocationic hydrocarbon pool species, their neu-
tral analogues as well as deactivating carbon deposits [53–55]. In
this study, operando UV–Vis DRS was used for understanding the
effect of impurities in waste-derived zeolite ZSM-5 materials and
how these impurities may alter the MTH mechanism. Multiple
nd selectivity of com HZSM-5 (blue), FS HZSM-5 (green), S3 HZSM-5 (black) and S10
t hourly space velocity (WHSV) of 8 h�1. a) Total conversion, b) ethylene yield, c)
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absorption bands in the UV–Vis DRS data were observed between
250 nm and 1000 nm, as illustrated in Fig. 7. All four samples show
absorption bands at ~285 nm, ~ 420 nm and > 500 nm. In addition,
Com HZSM-5 also shows an absorption band at ~335 nm, FS HZS-5
and S3 HZSM-5 show an additional band at ~364 nm, while S10
HZSM-5 shows extra absorption bands at ~352 nm and ~378 nm.
These absorption bands can be attributed to neutral benzene/cy-
clopentadienyl (i.e., 285 nm), mono- and dienylic cations (i.e.,
335 nm, 352 nm and 364 nm), highly methylated areniums (i.e.,
378 nm), naphthalene and/or anthracene (i.e., 420 nm) and, finally
methylated polyareniums ions/ highly conjugated polyenes
(>500 nm)[23,46,55–58].

It is evident from Fig. 7 that Com HZSM-5, FS HZSM-5 and S3
HZSM-5 show higher amounts of aromatic hydrocarbon species,
which is related to the higher amount of Brønsted acid sites pre-
sent in these catalyst, which promote hydride transfer reactions.
Furthermore, aromatic hydrocarbon species could take part in
the aromatic cycle in which methylation and dehydration reactions
lead to the formation of intermediate methylated aromatics. This is
in line with the higher intensity of the absorption bands at
~285 nm, ~ 364 nm and ~420 nm, which is also shown in Fig. 7e
by plotting the 285 nm band intensity versus TOS. In contrast, sam-
ple S10 HZSM-5 showed a lower formation of the HCP pool species
(as evidenced in Fig. 7e-f) due to the lower amount of BAS. Inter-
estingly, deactivation hydrocarbon species can be observed in all
samples, as represented by absorption bands at wavelengths above
500 nm. Fig. 7g-h illustrate the absorption intensities of deactiva-
tion species at 500 nm, attributed to methylated poly-arenium
ions, and at 900 nm, attributed to highly conjugated polyenes ver-
sus TOS. The sample synthesized from fumed silica and the two
waste-derived zeolite samples showed a similar formation of
methylated poly-arenium ions compared to the commercial zeolite
sample, but a much higher amount of highly conjugated polyenes,
most likely due to the different morphology between the waste-
derived and commercial zeolite samples. As Com HZSM-5 has a
morphology of cube-like ZSM-5 crystals between 1 and 5 lm,
while the other three zeolite samples have spherical agglomerates
of smaller crystals, there is a higher probability to form highly con-
jugated polyenes.

The results from Fig. 7 show that the waste-derived zeolite
materials can compete with Com HZSM-5 and FS HZSM-5 when
Fig. 7. Coke formation and zeolite deactivation studies using operando UV–Vis diffus
(DRS) data of the Com HZSM-5 (blue), FS HZSM-5 (green), S3 HZSM-5 (black) and S10 HZ
respectively) versus time-on-stream (TOS).
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considering both catalyst activity and stability. The S3 HZSM-5
sample shows similar initial methanol conversion compared to
Com HZSM-5 and FS HZSM-5 while S3 sample has a higher activity
after the initial 300 min. Although the initial activity of the S10
HZSM-5 sample is lower compared to Com HZSM-5, the catalyst
stability with increasing TOS is better, resulting in a similar cat-
alytic activity after a TOS of 900 min. Even though the waste-
derived zeolite samples show a similar or higher catalyst stability,
the amount of deactivating hydrocarbon species observed with
UV–Vis DRS is higher. Although this seems counter-intuitive, it is
likely that the higher amount of deactivating hydrocarbon species
is overcome by the larger intra-crystal space and pore sizes of the
waste-derived samples, which help to prevent catalyst deactiva-
tion [59].
4. Conclusions

The influence of impurities in waste-derived zeolite materials
was studied for the methanol-to-hydrocarbons (MTH) reaction.
ZSM-5 zeolite-based materials were synthesized using waste from
primary copper production as silicon precursor. Pretreatment of
the waste allowed for the control of the impurity content in the
final zeolite material. To investigate the effects of these impurities
on the zeolite materials and their physicochemical properties and
catalytic performances, samples with different impurity contents,
i.e., Fe, Mg, Ca, Na, have been prepared. It was for example found
that the sample with a low amount of impurities showed agglom-
erates of small cube-like zeolite ZSM-5 crystals, while the sample
with higher impurities appeared to consist of agglomerates of lar-
ger sheet-like zeolite ZSM-5 crystals. FT-IR spectroscopy studies
revealed the presence of weakly acidic hydroxyl groups associated
with the Fe centers for the sample with the highest Fe content.
Moreover, UV–Vis DRS and EPR revealed the existence of Fe spe-
cies, which can alter the ratio of Brönsted acid sites (BAS)-to-
Lewis acid sites (LAS). NH3-TPD and FT-IR spectroscopy with pyri-
dine and CO as probe molecules were used to assess the effect of
these impurities on the acidic properties of the materials. The
increase in the impurities content clearly has an impact on the zeo-
lite acidity as it resulted in a decrease in the number of BAS, while
the number of LAS increased. The catalytic performance of the
e reflectance spectroscopy. a-d) Operando UV–Vis diffuse reflectance spectroscopy
SM-5 (red). d-g) Absorbance at specific wavelengths (i.e., 285, 420, 500 and 900 nm,
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waste-derived zeolite ZSM-5 materials, tested in the MTH reaction,
revealed a high catalytic performance. However, an increase in the
impurities content resulted in a decrease in methanol conversion,
while at the same time increasing the propylene and ethylene
yield. Hence, altering the amount of impurities has a great impact
on the product selectivity of waste-derived zeolite ZSM-5 for the
MTH reaction, which was achieved by altering the reaction mech-
anism, as proven by operando UV–Vis DRS.
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