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most aggressive procedure to assess mobility. The contamination indexes, such as risk assessment code, con-
tamination factor, and global contamination factor, were also investigated, which show SACCs must be regarded
as hazardous waste. As an example, the global contamination factor of 11.87 depicts SACCs have a moderate

contamination degree.

1. Introduction

Modern cars are outfitted with catalytic converters that convert
toxic compounds of exhaust gas, such as NO,, unburned C,Hy, and CO,
into non-toxic N,, H,0, and CO, (Karim and Ting, 2020). Automotive
catalysts' activity is reduced with time due to the deposition of con-
taminants or the sintering process in high operating temperatures.
When regeneration of automotive catalysts is no longer an appropriate
choice, they are considered solid waste (Firmansyah et al., 2019; Zhao
et al., 2019a).

The global annual sales of catalytic converter rose from over 9
million units in 2006 to around 19 million units in 2012, and it was
around 140 million units by 2019 (Islam et al., 2018). Besides, the stock
of spent automotive catalytic converters (SACCs) increases steadily
with the increasing number of cars in the world (Morcali, 2020). It has
estimated that the vehicle count increases close to 2 billion by the year
2030 (Malhotra et al., 2015). The increase in the production and con-
sumption of catalytic converters has augmented the amount of SACCs.
Consequently, a considerable amount of SACCs is disposed of and ac-
cumulated in landfills and scrap disposal sites (Choi et al., 2018).

With the inappropriate disposal of SACCs, the heavy metals pre-
sented in them can be released into the atmosphere, water, and soil,
which ultimately causes the transfer of metals to the food chain
(Bahaloo-Horeh et al., 2019). It was shown that the probability of
metals absorption by the human body from the food and environment is
increasing, which leads to the formation of different diseases (Wang
et al., 2017). The harmful effects of some metals presented in SACCs are
as follows: platinum group metals (PGMs) can cause respiratory sensi-
tization, allergic reactions, dermatitis, lymphocyte proliferation, and
cytokine release and possibly to cancer (Kalavrouziotis and
Koukoulakis, 2009; Senthil et al., 2017); Al has adverse effects on the
nervous system and resulted in Alzheimer disease, problems with bal-
ance and coordination loss (Jaishankar et al., 2014); rare earth ele-
ments (REEs) cause renal fibrosis, peritoneal adhesion, bloody ascites,
disseminated peritonitis, opacification, and swelling of the liver (Wang
et al., 2017).

The waste management options rely mostly on whether a waste is
hazardous or not. Recently, various leaching tests, such as toxicity
characteristic leaching procedure (TCLP), synthetic precipitation
leaching procedure (SPLP), waste extraction test (WET), and acid
neutralization capacity (ANC), were applied to evaluate the metals
leachability, simulate the rainfall or landfill conditions, and determine
whether a waste is potentially hazardous or not (Hira et al., 2018).
These leaching tests were performed on different waste, such as liquid
crystal display (LCD) (Yeom et al., 2018), light emitting diode (LED)
lamps (Kumar et al., 2019), fluidized catalytic cracking-spent catalysts
(FCC-SCs) (Azevedo et al., 2019), municipal solid waste incineration
(MSWI) fly ash (Funari et al., 2017), electroplating sludge (Nikfar et al.,
2020), lithium ion batteries (LIBs) (Winslow et al., 2018), printed cir-
cuit boards (PCBs) (Priya and Hait, 2019), mobile phones (Hira et al.,
2018; Chen et al., 2018), and alkaline button-cell batteries (Sadeghabad
et al., 2019), which showed these waste require treatment before dis-
posal and should be considered as hazardous. However, the hazard of
SACCs under different environmental conditions has not been regarded
up to now.

On the other hand, the determination of metals fractionation in the
SACCs matrix could provide detailed information about leaching be-
havior, bioavailabilities, and environmental risks (Gwebu et al., 2017).
Different studies attempted to define the metals fractionation in solid

matrices. However, the obtained results of these studies were not
comparable due to the use of different procedures, varying in the
number of steps, types of reagent, and extraction conditions (de
Andrade Passos et al., 2010). To standardize the various fractionation
approaches reported within the literature, a modified sequential ex-
traction procedure was recommended by the European Bureau of
Community Reference (BCR) (Macias et al. (2017)). According to the
BCR protocol, metals are fractionated into acid-soluble, reducible,
oxidizable, and residual forms (Dai et al., 2018). Despite the usefulness
of this procedure, there is no information yet on the metals fractiona-
tion of SACCs.

However, recycling is the most effective way for waste manage-
ment. The high metal content in SACCs and a significant volume of
generating SACCs could make a sustainable reverse supply chain of
metals for the industry and give this waste real market value. For fur-
ther clarity, it should be said that nowadays, 98 % of the automobiles
have catalytic converters, which show how large the volume of waste is
produced (Rzelewska and Regel-Rosocka, 2018). In the case of PGMs,
the manufacturing of automotive converters consumes 80 % of total
world production of Pd, 80 % of Rh, and 50 % of Pt (Karim and Ting,
2020). It is worth noting that 1 kg of Pt can be obtained by processing 2
tons of SACCs or by outputting 150 tons of ore, which shows SACCs
have very rich metal content (Fornalczyk and Saternus, 2013).

There are different approaches for metal recovery from SACCs ac-
cording to techniques of pyrometallurgy (Chen et al., 2015; Spooren
and Atia, 2020), hydrometallurgy (Firmansyah et al., 2019), and bio-
hydrometallurgy (Karim and Ting, 2020). The design of processes for
metals recovery from SACCs with favorable efficiency and performance
needs a complete understanding of the SACCs characteristics (Fontana
et al., 2019). Due to the complexity of the waste matrix, characteriza-
tion analyses provide insights for actors involved in material sustain-
ability and recycling processes. Previous works attempted to char-
acterize various waste, including LED lamps (Rebello et al., 2020),
mobile phones (Fontana et al., 2019; Singh et al., 2018), Zn-MnO,
batteries (Cabral et al., 2013), and desktop computers (Kohl and
Gomes, 2018), which showed comprehensive characterization could be
used as a tool for establishing a knowledge base for new recycling ap-
proaches. However, the comprehensive characterization of SACCs has
not been sufficiently explored to arrange a sustainable roadmap for
recycling and managing SACCs; hence study in this area is essential.

With these points in mind, we tried to fulfill the mentioned gaps in
this research. Briefly, the objectives of this paper are (1) comprehensive
characterization of the SACCs to provide helpful details for future re-
cycling practices; (2) to investigate the metals fractionation of SACCs
using modified BCR procedure; (3) to assess the metals contamination
degree with the aid of risk assessment code (RAC), contamination factor
(CF), and global contamination factor (GCF); (4) to provide quantitative
data for leachable metals concentration from SACCs under simulated
conditions of acid rain and landfills according to the ANC, TCLP, WET,
and SPLP; (5) to investigate the total economic value of metals con-
tained in SACC.

2. Materials and methods
2.1. Preparation of SACCs powder
For the characterization of the SACCs, the first step is to collect the

catalytic converters. The PGM-containing SACCs used in this work were
collected from the automobile service and repair shops. The collected
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Fig. 1. Different parts of the automotive catalytic converter.

SACCs were made from the same manufacturer and contain a ceramic
carrier. The second step is the mechanical dismantling of SACCs.
However, it is essential to know about the structure of catalytic con-
verters to carry out proper dismantling. Fig. 1 depicts different frag-
ments of the catalytic converter, including monolith, the outer steel
shell, and the fiber blanket. The honeycomb monolith typically consists
of a synthetic skeleton, which is made of ceramic as cordierite and
zeolite or metallic carrier. This skeleton is coated with a washcoat layer,
which is made of a mixture of y—Al,03; and base metal oxides. The
catalytic substances (PGMs) are dispersed on the washcoat layer by
coating or impregnation from Pt, Pd, and Rh chloro-complexes solution
(Voncken, 2019).

For dismantling SACCs, they were carefully opened by slicing the
steel shell through a grinding machine to extract the ceramic honey-
comb monolith, which surrounded by a fiber blanket. Next, the fibrous
wrapping was removed. The honeycomb structure monolith was cru-
shed with a hammer, followed by a milling process via a ball mill.
Subsequently, it was sieved to achieve a powder with a particle size of
less than 75 pm to facilitate subsequent characterizations. Finally, the
powdery sample, which exhibited a gray appearance, was dried at 100
°C to obtain accurate results. All experiments were conducted on sam-
ples taken from the prepared powder. The flowsheet of powder pre-
paration is illustrated in Fig. 2.

2.2. Waste characterization analyses

The concentrations of metals in the SACCs powder were determined
by using both inductively coupled plasma-mass spectrometry (ICP-MS)
after the digestion process and X-ray fluorescence spectrometry (XRF;
PW2404, Philips, Netherlands) analysis. Sulfur, nitrogen, hydrogen,
and carbon contents of SACCs powder were determined using a CHNS
Elemental Analyzer (ECS 4010, Costech, Italy). The details of the che-
mical digestion procedure and CHNS analysis are reported in sup-
porting information.

X-ray diffraction spectrometry (XRD; Bruker AXS D8 Advance,
Germany) was performed to identify the phase constitutions of the
SACCs powder and analyze its crystalline structure. The conditions in-
cluded Cu Ka radiation, current: 30 mA, accelerating voltage: 40 kV,
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range: 4° <20 <70°, step: 0.02°/s. To study the functional groups in the
SACCs powder, Fourier transforms infrared spectroscopy (FTIR;
Frontier, Perkin-Elmer, USA) was used at a frequency range of
400-4000 cm™'. The morphology and distribution of the main ele-
ments of SACCs were analyzed by field emission scanning electron
microscopy (FESEM; MIRA3 TESCAN-XMU, Czech Republic) through a
secondary electron (SE) and backscattered electron (BSE) detectors
equipped with an energy dispersive X-ray spectroscopy (EDX) detector.

The changes in the mass of the SACCs powder over time as a
function of temperature were analyzed using a thermal gravimetric
analyzer-differential thermal analyzer (TGA-DTA; Mettler Toledo,
Switzerland). In this line, 20 mg of SACCs powder was heated from 25
to 1200 °C in an air atmosphere with an airflow of 50 mL/min and a
heating rate of 10 °C/min.

A particle size analyzer (PSA; Sympatec GmbH, Clausthal-Zellerfeld,
Germany) was applied for analyzing the particle size distribution of
SACCs powder. To investigate the surface area, pore volume, and the
pore size of the powder, the Brunauer-Emmett-Teller (BET) analysis,
which uses nitrogen adsorption-desorption, could be employed (Xiang
et al., 2020). The details of BET analysis are reported in supporting
information.

The real density of SACCs powder was determined with a pycn-
ometer based on ISO 17,892-part 3 (2015) at 25 °C and humidity of 30
% (I1SO17892-part3, 2015). The water contact angle of SACCs powder
was carried out using the sessile drop method with a Dataphysics OCA-
20 contact angle analyzer (Dataphysics Inc., GmbH, Germany). The
initial pH of SACCs powder was defined by adding 1 g of powder in 50
mL of deionized water and shaking at 30 °C for 24 h and 160 rpm
(Naseri et al., 2019). Then, the pH of the mixture was measured by a
digital multimeter (CP-500 L, ISTEK, South Korea).

The point of zero charges (PZC) or isoelectric point (IEP) is a point
at which the zeta potential is zero in the particular pH. In this regard,
electrophoretic mobility of SACCs powder was measured at different pH
conditions through the zeta potential analyzer (Particle Metrix,
Meerbusch, Germany) to determine the IEP of the SACCs powder. The
details of IEP determine are reported in supporting information.

2.3. Environmental assessments

2.3.1. Metals fractionation

The modified BCR sequential extraction procedure was performed
on SACCs powder to determine its metals fractionation. Comprehensive
information on the modified BCR protocol is described below (Gwebu
et al., 2017; Macias et al., 2017; Dai et al., 2018; Gao et al., 2018;
Mittermiiller et al., 2016):

First step (Fraction 1): 1 g of SACCs powder was added to 40 mL of
0.11 M acetic acid solution, and the mix was agitated for 16 h at 22 °C.
The mix was centrifuged for 20 min; then, the supernatant was filtered
and analyzed for metals concentration. Before performing the next
extraction step, the remaining solid was washed with deionized water
(20 mL) by agitating for 15 min and afterward centrifuged for 20 min;
this supernatant discarded. The metals extracted in this stage are re-
lated to weak acid-soluble fraction and metals that are exchangeable,
weakly adsorbed, have loosely bound or associated with carbonates.
The presented metals in this stage would be released if environmental
conditions turned into slightly acidic.

Second step (Fraction 2): The residue from the previous step was
added to 40 mL of a 0.5 M freshly prepared hydroxylammonium
chloride solution, which acidified by the addition of 2 M HNOj3; solution
to pH around 1.5. Again, the mixture was shaken at 22 °C for 16 h. The
separation of extract from the solid residue and then washing the re-
sidue were performed as described in the first step. Metals extracted in
this stage are related to easily reducible fractions and metals that are
associated with oxides of Fe and Mn, which would be released if the
oxic state of solid sample changes to an anoxic state (or the sample
exposed to more reductive conditions). Generally, when the oxides of
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Fe and Mn, which are excellent trace metals scavengers, go through
anoxic conditions, they become thermodynamically unstable. If Eh and
PH of reagents were controlled, all or some of the metal oxides could be
dissolved.

Third step (Fraction 3): The residue from the previous step was added
to 10 mL of 8.8 M hydrogen peroxide solution (pH 2-3). The mixture of
solid residue and H,O, left for 1 h at room temperature. Then, the
mixture was digested in a water bath for 1 h at 85 °C until the mix's
volume was decreased to 2—3 mL. A second 10 mL of 8.8 M H,0,
solution was added, and then again digested for 1 h at a temperature of
85 °C, until the volume evaporated to near dryness. Finally, after
cooling down to room temperature, 50 mL of 1 M ammonium acetate
solution, which was acidified to pH 2 by the addition of concentrated
HNOs solution, was added to the residue and shaken at 22 °C for 16 h.
As in previous steps, the separation of extract from the solid residue and
then washing the solid residue were performed. The metals extracted at
this stage are related to oxidizable fractions and metals associated with
sulfides and organic matter. The presented metals in this stage need
highly oxidizing environmental conditions to be released from the
matrix.

Fourth step (Fraction 4): The metals concentration of solid residue at
the end of the BCR procedure could be determined by calculating the
concentration of the remaining metals after the above three steps (the
difference between the total metal concentration of solid residue and
the sum of the metal concentration in three above fractions). The metals
extracted in this stage are related to residual fraction and metals that
are attributed to the crystalline matrix. These metals could not be re-
leased under normal environmental conditions.

A schematic diagram of the described BCR procedure is represented
in Fig. 3. In all the experiments, the extraction recovery is defined as the
following equation:

M X 100 %

Metal recovery=
Cr X My 1)

where Cg is elemental content in leach liquor (mg/L), Cr is the ele-
mental content in SACCs (mg/g), Vs is the leaching solution volume (L),
and My is the SACCs mass (g).

2.3.1.1. Environmental implications. The CF, GCF, and RAC are tools
criteria for investigating the relative metals retention time, which
implies the environmental risk degree of metals. Table 1 shows the
CF, GCF, and RAC calculation (ELTurk et al., 2018; Soliman et al., 2018;
Zhao et al., 2019b).

2.3.2. TCLP, WET, and SPLP tests

For determining the hazard of waste, several approaches such as
TCLP, WET, and SPLP have been suggested by environmental agencies
at the international, national, and state levels. If the concentration of
leached metals from waste surpasses the threshold limits, the waste is
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categorized as a hazardous substance (Hira et al., 2018). It should be
noted that TCLP and WET simulate the conditions for the metals
leachability from waste disposed inside landfills. Besides, SPLP de-
monstrates the effect of rainfall on the mobility of metals from waste
(Priya and Hait, 2019). The details of TCLP, WET, and SPLP protocols
are reported in supporting information.

2.3.3. ANC test

Expose of waste to acid rain, acidic surface, or groundwater, de-
gradation of organic matter, or reactions of solid waste with atmo-
spheric CO, leads to release of their toxic metals. Therefore, it is es-
sential to determine the waste's ability to resist the acidic attack (Chen
et al., 2009). The leaching test of ANC can be employed to obtain in-
formation about the hydration progression, immobilization perfor-
mance in acidic environmental conditions, and the buffering capacity of
waste against acidic attack (Bahaloo-Horeh et al., 2016). As pH de-
creases, the higher solubility of most of the metals occurs. Thus, a
higher ANC means a higher resistance of waste against leaching in
acidic conditions and confirms the chemical fixation of metals. Besides,
the ANC test can identify the waste sensibility to small changes in pH
(Buyj et al., 2010).

ANC is determined by measuring the number of protons needed to
change the initial pH of waste to a different pH value. This test consists
of batch extraction series with increasing acid addition. In this way,
various amounts of HNO3 (1.0 M) was added to flasks containing SACCs
powder (1 g) and deionized water (100 mL). The mixture was agitated
for 24 h (until the pH value was constant); then, the pH values were
measured. The titration curve was plotted based on measured pH values
vs. the number of consumed protons (Bahaloo-Horeh et al., 2016).

2.3.4. Water washing

The water washing can eliminate most of the water-soluble salts,
chlorides, and the amphoteric metals, for instance, Zn and Pb (due to
their water solubility). For more information, the water solubility of
metals presented in SACCs is listed in Table S1. These elements can
contaminate the groundwater and soil if waste is inappropriately dis-
posed of (Yan et al., 2018). In this regard, the SACCs powder was wa-
shed with deionized water in four washing steps at an L/S ratio of 20:1
and 60 °C for 1 h under agitation speed of 160 rpm. In each step, the
liquid and solid residue were separated using a centrifuge. Then, the
supernatant was collected for later analysis. Finally, the mix of four
obtained supernatants was analyzed for metals concentration.

3. Results and discussion

3.1. Chemical composition of SACCs powder

Table S2 and Table 2 represent the chemical composition of the
SACCs powder by XRF and acid digestion followed by ICP-MS,

Table 1
Calculation and classification of CF, GFC, and RAC indexes.
Index Formula Limit value Classification
CF CF= Fraction 1 + Fraction 2 + Fraction 3 CF <1 Low contamination
Fraction 4 1 <CF<3 Moderate contamination
3 < CF<6 Considerable contamination
6 < CF High contamination
GCF GCF= Z CF GCF <8 Low contamination
8 < GCF <16 Moderate contamination
16 < GCF < 32 Considerable contamination
32 < GCF High contamination
RAC RAC= Fractionl o 500 RAC<1 No risk
Total metal concentration 1 < RAC< 10 Low risk
11 < RAC< 30 Medium risk
31 < RAC <50 High risk

50 < RAC Very high risk
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respectively. The XRF analysis confirmed the results of ICP analysis.
However, XRF cannot detect the elements with low concentration.
According to the results of ICP-MS, the sum of the 61 elements in the
SACCs powder accounted for 55.54 % of the total. The powder con-
tained 20.44 wt% Al which was the most abundant element in SACCs
powder. It makes the SACCs as a potential alternative resource in alu-
mina production instead of bauxite ores. Silicon (14.98 wt%) was the
second most concentrated compound. Other metals with significant
amounts were Mg, Zr, Ce, P, Ba, Na, Mn, Fe, Zn, Ca, La, Pd, Nd, Ti, Sr,
and Pr. The concentration of other metals was less than 1000 mg/kg.

One of the reasons for the deactivation of autocatalysts is facing
chemical contaminants during their operational life. High temperatures
cause catalyst module is melted with metals, such as Cu, Pb, Cr, Zn, Ni,
Mg, Ca, P, and Fe, from lubricating oil, fuel gases, as well as the de-
gradation and operation of the automobile engine, exhaust system, and
converter canister (Coufalik et al., 2019). The presence of the men-
tioned contaminants was detected in SACCs powder used in this study,
which is represented in Table S2 and Table 2.

The total level of REEs was approximately 4.21 wt%. Cerium was
the most abundant REE presented in SACCs powder, followed by La,
Nd, Pr, and Gd. The reported total REEs concentration in other sources
is lower than SACCs. For example, the red mud contains 0.26 wt% REEs
(Qu et al., 2019), and FCC-SC contains 1.5 wt% REEs (Thompson et al.,
2017). It renders SACCs a suitable source of REEs to meet future de-
mands.

The catalytic substances in SACCs used in this study were a com-
bination of Pd, Rh, and Pt. Generally, the PGMs concentration in SACCs
depends on catalytic converter construction, when it was manu-
factured, its application, the type of automobile, and the manufacturer
(Fornalczyk and Saternus, 2013). The total concentrations of PGMs in
SACCs used in this study were approximately 4975 mg/kg. In com-
parison, the PGMs content in proterozoic platinum ores and copper-
nickel sulfide ores containing PGMs is about 1-10 mg/kg and 0.1-1
mg/kg, respectively (Chen and Huang, 2006). Thus, the SACCs can be
considered as secondary rich sources of PGMs.

The results of the chemical composition of the SACCs powder used
in this work are consistent with the literature. The typical main ele-
ments loading in SACCs used in different studies are shown in Table S3.

To the best of our knowledge, the present study is the first report that
has quantified or detected such a wide range of metals in SACCs.

3.2. CHNS analysis of SACCs powder

The results of CHNS analysis showed that the content of C, H, N, and
S in SACCs powder was 3.24, 0.61, 1.74, and 1.10 wt%, respectively.
Sulfur, carbon, and hydrocarbons are the contaminants that deposit on
the surface of autocatalysts. It was reported that thermal treatment is
needed for the catalysts with considerable contaminations to lower the
carbon amounts (Mouna and Baral, 2019).

3.3. Element distribution of the SACCs powder

Fig. S1 shows the BSE image (Fig. S1(a)) and EDX-mapping analysis
(Fig. S1(b)) to verify the presence of elements and trace out their ar-
rangements and distribution in the powder. As seen, the aluminosilicate
and aluminum oxide compounds were concentrated in the dark gray
region in the BSE image, and different metal oxides load on them.
According to Fig. S1(a) and (c), the PGMs and REEs content were more
concentrated in the brighter regions.

As seen, the scattered pattern of elements indicates their uniform
distribution. Besides, the results showed that the most element content
in SACCs powder was oxygen (41.96 wt%), which is owing to the
presence of metals, mainly in the oxide form.

3.4. Phase determination of SACCs powder
The XRD pattern of the SACCs powder is depicted in Table 3 and

Table 3
Crystallographic parameters of the different phases of the SACCs powder.

Phase Chemical formula Content (Wt%)  Space group
Indialite, syn Mg,Al1,Sis018 82.9 Hexagonal
Bjarebyite Ba(Mn,Fe),Al»(PO4)3(OH); 9.2 Monoclinic
Baddeleyite, syn ZrOy 4.4 Monoclinic
Monazite-(Ce), syn ~ CePOy4 3.5 Monoclinic
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Fig. 4. XRD analysis of SACCs powder.

Fig. 4. The crystalline phases of Mg,Al;SisO.g3, Ba
(Mn,Fe),Al,(PO4)3(0OH)3, ZrO,, and CePO,4 were detected. The phases
with low content cannot be identified by XRD analysis. The phases
containing the metals of Al, Si, Mg, Zr, Ce, Ba, P, Mn, and Fe that had a
concentration higher than 0.6 wt% (Table S2), were detected in XRD
diffraction pattern.

As can be seen, the components were in oxide and phosphate form.
Based on the XRD pattern, the cerium was in phosphate form. Other
REEs were not detected, so it is not clear what phase they were in,
maybe in oxide, hydroxide, or phosphate form. It was reported that the
phosphate form is just found in vehicle-aged catalysts, not in new cat-
alysts. Phosphorus is one of the catalyst contamination, which mainly
originated from lubricating oils. More phosphorus concentrations than
other contaminants cause a higher interaction probability of auto-
motive catalyst components such as cerium oxide and aluminum oxide
with phosphorus. It was reported that phosphorus could be found as
aluminum, zirconium, cerium, calcium, and titanium phosphates in
vehicle-aged catalysts (Kroger, 2007). Furthermore, the REEs tend to
concentrate on aluminum phosphates such as AlPO4.2H,O and
CaAl3(PO4)2(0OH)s.H20. A high affinity of lanthanum with phosphate
was also reported (Li et al., 2018).

Another point is that the Si/Al ratio of Mg,Al;Sis0,g is 1.25, which
shows that the autocatalyst is made of zeolite X. The Si/Al ratio in the
range from 1 to 1.5 represents X-type zeolite with general formula of
(Li, Na, K),(Mg, Ca, Sr, Ba)q[Al + 29)Sin-(p + 29)02n]-moH20, where my is
the water molecules number, q is the divalent metal ions number, p is
the monovalent metal ion number, and n is the half of the oxygen atom
number (Jha and Singh, 2011).

3.5. FTIR analysis of SACCs powder

The FTIR spectra of the SACCs were shown in Fig. S2. As observed,
the peak at 3422.07 cm ™" is related to the bending vibrations of O—H
related to free water or interlayer adsorbed H,O; it may be also due to
the hydroxyl groups in Pt—OH structure (Ahmed et al., 2011). The
peak at 1634.64 cm™ is related to the O—H bonds in aluminosilicate
structure (Kalkan et al., 2013); also, the mentioned peak may be related
to the aromatics and olefin adsorption on the surface of the catalyst.
This may demonstrate that the coke species found near the active metal
are soft coke, and it is mainly made up of heavy aromatics and un-
saturated hydrocarbon (Ahmed et al., 2011). Although the presence of
poison compounds such as coke could not be detected with XRD ana-
lysis, the presence of hydrocarbons was detected in FTIR peaks of
SACCs. The peak at 1181.94 cm ™! is associated with the asymmetric
stretch of the Si-O, and the peak at 958.26 cm ™ is caused by the Si(AD-
O stretching vibrations, which is sensitive to the Al and Si content
(Kalkan et al., 2013). The peak at 909 cm ™! is related to the asym-
metric stretching vibration of Si-O-M (M = Si or Al) (Ndjock et al.,
2017). Also, the peak at 578 cm ™! is due to the deformation mode of
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Fig. 5. TGA of the SACCs powder.

the PO3 group in the cerium phosphate structure (Masui et al., 2003).
The peaks at 614.89 and 675.85 cm ™! correspond to the stretch of the
Al-O. The peak at 483.4 and 448 cm™ ! could be ascribed to the
asymmetric stretching vibration of a metal oxide such as Fe-O, Si-O-Si,
and ZrO, (wen Zhao et al., 2017; Khatri et al., 2010). As can be seen,
the FTIR results confirmed the results of XRD, which shows that the
metals are in oxide and phosphate form.

3.6. Thermal analysis of the SACCs powder

To investigate the correlation between temperature and weight
changes, the thermal gravimetric analysis of the SACCs powder was
conducted, and the result is shown in Fig. 5. With the temperature rise
from 25 to 1200 °C, the weight loss of the powder took place at a re-
latively low rate. As a result, it had only 2.3 % weight loss. The low
weight loss suggests that SACCs include low volatiles and contamina-
tion, such as carbon and sulfur. At the temperature > 1000 °C, no sig-
nificant weight loss was observed. Generally, the SACCs powder is
nearly stable up to 1000 °C, since no apparent decomposition behavior
was observed. These results are the same as predicted because the au-
tocatalysts have been worked in a high-temperature environment
where unstable thermochemical materials cannot be selected.

The initial weight loss region up to 200 °C was due to the eva-
poration of water and the removal of volatile materials. The coke re-
moval would not occur at this temperature region (Ahmed et al., 2011).
Coke removal was taken place in several temperature regions (Sahoo
et al., 2004). The weight loss between 200 — 400 °C may be due to the
removal of soft coke (hydrogen-rich deposits forming from olefinic and/
or paraffinic feedstocks) and the weight loss between 400—800 °C
could be associated with the removal of hard coke or black coke
(strongly hydrogen-deficient polynuclear aromatic deposits). The
weight loss at temperatures near 800 °C or above may be related to the
removal of hydrogen-free deposits (such as graphite) produced in cat-
alytic reactions. Also, it was reported that sulfur removal occurs at a
temperature of around 350—360 °C (Sahoo et al., 2004; Albers et al.,
2008). As can be seen in TGA/DTA curves, there is a minimal increment
in the sample weight, which is maybe due to the oxidation reactions
such as the formation of PtO and PdO.

3.7. Surface morphology, particle size distribution and BET specific surface
area

The wettability test results indicated that the SACCs powder had a
hydrophilic surface with a contact angle of 41.17° and will be easily
dispersed in water.

The microphotographs of the SACCs powder are illustrated in Fig.
S3. The morphological structure of SACCs powder exhibited an irre-
gular surface with a porous structure. Different particles have various
texture, sizes, and shapes caused by various tensile and shearing forces
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Fig. 6. (a) Nitrogen adsorption/desorption isotherms and (b) BJH model pore
size distribution.

in the milling process of SACCs powder.

Shape and particle size are the two significant parameters that
specify the surface area of the particles. A smaller particle size would
obtain faster leaching kinetics since smaller particles provide the larger
surface area in comparison with bigger particles (Rivera et al., 2019).
Larger surface area causes full contact and reaction between particles
and leaching reagents. While there would be a tendency for a very fine
particle size of powder to aggregate, thus, the contact surface area is
reduced, which leads to a reduction in the leaching efficiency (Zhao
et al., 2019a).

The powder in this study had fine particles with a real density of
3.25 g/cm®. The particle size distribution of the SACCs powder after
crushing and milling is shown in Fig. S4. Based on the results, 100 % of
particles were finer than 87 pm; the volume median diameter was 9.23
um; X0, Xs0, and Xgo were 0.85, 3.67, and 24.94 um, respectively,
which shows a satisfactory result in comparison with the grinding effort
(X10, Xs0, and Xgo show that the diameters of 10, 50 and 90 % of the
particles, respectively, were below the mentioned values).

Fig. 6(a) shows the nitrogen adsorption-desorption isotherm of the
SACCs powder at standard temperature and pressure (STP). Based on
IUPAC recommendations, the shape of a gas adsorption isotherm of
SACCs powder and hysteresis loop is related to Type IV and H3 clas-
sification, respectively. There is a turning point in the IV isotherm at the
low relative pressure domain. However, a hysteresis loop was mani-
fested in the high relative pressure region that can be ascribed to the
capillary condensation phenomenon. The H3 hysteresis loop shows the
presence of a mainly mesoporous structure in the SACCs powder. Iso-
therms with Type H3 loops were reported for components containing
aggregates of particles with plate-like morphology, which leads to the
formation of slit-like pores (Kruk and Jaroniec, 2001). The obtained
results show that the average pore size diameter for the SACCs powder
was 16.696 nm. Based on the IUPAC classification, the pore size
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between 2 and 50 nm is related to mesopores (Hosseini et al., 2018);
thus, it could be concluded that the SACCs powder was mesoporous.
Besides, as seen in the Barrett-Joyner-Halenda (BJH) model pore size
distribution (Fig. 6(b)), there are mesopore peaks in the curve. It was
shown that the diffusion in mesoporous is faster than micropore ma-
terials (Hu et al., 2019). The BET surface area for the SACCs powder
was 5.0186 m?/g. It has been found that the higher surface area of
particles corresponds to higher leaching recovery. As mentioned earlier,
there would be a tendency for a very fine particle size of powder to
aggregate; thus, the contact surface area is reduced, leading to a re-
duction in the leaching efficiency (Zhao et al., 2019a).

3.8. Determination of initial pH and isoelectric point

The initial pH of the SACCs powder in deionized water was 7.8 after
24 h. This alkaline nature may be due to the presence of alkali metals,
such as Na, Ba, Mg, Ca, and K, or an amphoteric effect of metal oxide
compounds in the SACCs powder (Hopfe et al., 2018).

The zeta potential of the SACCs powder was defined as a function of
pH at a fixed ionic strength of 0.01 M NaCl, and the results are shown in
Fig. 7. As seen, the zeta potential of the powder depends on the pH
because of the variation in the amount of deprotonation/protonation
with different pH values. The zeta potential is negative at higher pH
values, goes through zero, and becomes positive as the pH decreases.
The negative zeta potential indicates that the net charge of a particle
around its diffuse layer is negative, and the positive zeta potential
shows a positively charged particle (Valix et al., 2001a). At the IEP, the
number of negative sites is equal to the number of positive sites, and
thus, there is no net charge on the particle surface. According to Fig. 7,
the IEP of the SACCs powder occurs at pH 5.41. At pH values below the
IEP, the surface of particle adsorbs more protons than hydroxyls, which
resulted in the overall net positive charge on the surface. This phe-
nomenon elevates easier access of anions (e.g., citrate and sulfate) to
binding sites with a positive charge, which improves the leaching yield
(Valix et al., 2001b).

3.9. Metals binding forms in SACCs powder

The distribution profile of metals at all the binding fractions is
shown in Fig. 8 and Table 4. As seen, the metals binding fractions of
powder were different from each other, and they distributed in all four
steps of the sequential extraction; however, all of them were mainly
exist in the residual fraction. Based on the BCR procedure, the residual
fraction shows the existence of metals with a high stable binding
structure. Under natural environmental conditions, the release of me-
tals associated with the residual fraction is complicated, and only very
severe and prolonged acidic conditions can mobilize them (Soliman
et al., 2018). Barely mobile metals cause lower environmental impacts
than easily mobile fractions. In the SACCs powder, the metals related to
the residual fraction are probably to be accommodated in a stable form
of aluminosilicate compounds. For example, the existence of Al in the
residual fraction implies the extremely low mobilization of Al, which
can be related to its dominant existence as a stable oxide (Al,03)
(Pathak et al., 2018). The presence of metals in residual fractions is
following other studies showing that such metals are associated with Al-
Si-oxides phases and/or embedded in glassy phases (Lin et al., 2018).
Besides, some components (e.g., REEs) were in phosphate form, which
had low solubility; thus, mobilization will only occur under strongly
acidic conditions (Mittermiiller et al., 2016).

In addition to mainly being present in the residual fraction, Al Si, P,
Ce, La, Nd, Pr, Mg, Pt, Pd, Fe, As, and Cr were found more in the re-
ducible fraction. Among the metals associated with reducible fraction,
aluminum had the most concentration (10,752 mg/kg). The oxidizable
fraction of the SACCs was the smallest one. The presented metals in this
fraction are related to the sulfides and organic matter. It indicates that
under oxidizing conditions, part of these metals may be mobilized from
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the SACCs (Pathak et al., 2018). Among the elements associated with
oxidizable fraction, phosphorus had the most concentration (2099 mg/
kg).

As said, in addition to mainly being present in the residual fraction,
the amount of Zn, Mn, Ba, K, Ca, Sr, Ni, Cu, and Pb were found more in
the acid-soluble fraction which indicated that the possible mobility of
these metals is high. Among the metals associated with acid-soluble
fraction, Mn had the most concentration (2360 mg/kg). Based on the
BCR procedure, the variation in the pH and surrounding ionic compo-
sition easily affects the metals in the exchangeable fraction. The weak
electrostatic attraction causes the weekly adsorption of these metals on
the surface (Zhao et al., 2019b). This fraction exhibits the highest metal
mobility and bioavailability; hence it is dangerous for the environment.
Also, depending on the redox conditions, the reducible and oxidizable
fraction may be a threat to the environment. The sum of the acid-so-
luble, reducible, and oxidizable fractions shows the total metal content
related to the mobile phase (Dai et al., 2018). The high concentration of
metals associated with the mobile phases represents that these metals
may be easily mobilized by natural processes such as weathering,
rainwater, microbial activities, and low molecular weight organic acids
exudation by plant roots, which cause the transfer of metals into the
food chain (Dai et al., 2018; Mittermiiller et al., 2016).

3.9.1. Environmental implications

Table 4 shows the calculated CF, GCF, and RAC values for each
metal of SACCs powder. Higher CF, GCF, and RAC values represent
lower metal retention time, and higher metals treat to the environment.
According to Table 4, most of the elements in SACCs powder had
CF < 1 and thus posed a low degree of contamination. Some metals

Table 4

The element value based on modified BCR protocol and CF, GCF, and RAC indexes.

Sr Ti As Ag Ni Cr Cu Pb Sum

Ca

La Nd Pr Mg Zn Mn Pt Pd Ba Fe
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such as Ni and Pb had 1 < CF < 3 and fell in the moderate con-
tamination category. The GCF index is equal to the sum of the CF in-
dexes of all the elements. Based on Table 4, the value of GCF was 11.87,
which depicts SACCs have a moderate degree of contamination. Fig. 9
shows the comparison of RAC values for metals of SACCs. It can be seen
that Zn, Mn, Ca, Cu, and Pb posed a high risk due to their high RAC
values. The metals of Ba, Sr, and Ni in SACCs fell in the medium-risk
category. Besides, the other metals (Si, La, Nd, Pr, Mg, Pt, Pd, As, and
Cr) were at low environmental risk. Base on RAC grade, the Al Fe, Ce,
and Ti came under no environmental risk rank. Also, there were no
metals at very high-risk classification.

It is worth noting that despite the small calculated index of CF and
RAC for some metals, which is a signature of low contamination degree,
the total amount of metals mobilization was high (£(F1 +F2+F3)) and
causes serious hazards. Indeed, contamination indexes evaluate the
content of mobilized metal concerning the residual fraction or total
metal concentration of waste. Nevertheless, the total metal content
presented in the SACCs was very high.

3.10. Leaching assessment tests

3.10.1. Determination of ANC

The ANC of the SACCs powder is presented in Fig. 10. The ANC is
calculated from the acidity to change the initial pH of waste to a re-
ference pH value, which is called “ANCx” (the selected reference pH
defines the subindex of ANC). For the SACCs powder, the pH value was
reduced rapidly by the addition of acid. After the addition of 0.6 mmol
H™ /g SACCs powder, the final pH value reached 4 (ANC,). The pH
value changes were more gradual from pH 4 to the final pH of 3, and

10
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more acid was required to reach pH 3. The ANC3 of powder was 1.5
mmol H* /g SACCs powder. It means when the final pH reached 3, 1.5
mmol H* by 1 g of powder was consumed. Finally, it could be con-
cluded that the pH of the SACCs powder reduced simply in contact with
acid, and acid neutralization capacity of waste was low.

3.10.2. TCLP, WET, and SPLP tests

The results of TCLP, SPLP, and WET with their threshold limits
based on the California Department of Toxic Substances Control
(CDTSC) and the United States Environmental Protection Agency
(USEPA) are shown in Table 5. Although there are no standard limits
for some metals in USEPA and CDTSC regulatory levels, the extraction
results of all metals presented in the SACCs powder were also reported.
As seen, among the leaching tests, the WET was the most aggressive
procedure to assess mobility. It is due to this fact that citrate, which is a
trident ligand, can cause the metal chelates formation in solution. The
complexes/ion pairs with mono-dentated ligands (such as acetate
complexes) are less stable than metal chelates with trident ligands
(Gonzalez and Barnes, 2002). As expected, all metals (except Mg) had
the greatest affinity with citrate ligand among three performed leaching
tests.

In comparison between TCLP and SPLP, all metals had a higher
concentration in TCLP leachates (except Ba), which is ascribed to the
difference of extraction ability of acetic acid buffer solution and un-
buffered nitric acid-sulfuric acid solution. It demonstrates their sus-
ceptibility to the acidic landfill condition and their tendency to leach
when compared to acidic rain conditions (Priya and Hait, 2019). Ba
concentration in leachates of SPLP was higher than the TCLP test, re-
presenting the higher leaching potential of nitric acid-sulfuric acid than
acetic acid. Indeed, the leaching system's chemical essence, the de-
pendency of metals towards the leaching ions, and the competitive si-
tuation for the redox reaction in the solution affect the order of leached
metals.

To pass the leaching tests, the leached metals concentration should
be less than the standard limits in USEPA and CDTSC regulatory levels.
The results showed all elements in the SACCs, which USEPA and CDTSC
have determined their standard limits, passed the WET, SPLP, and TCLP
tests and remained within the regulatory limits, but Ba exceeded the
regulatory limit according to WET. The SACCs included 10,100 mg/kg
Ba and failed the 100 mg/L WET Ba standard by generating a solution

Table 5
Leaching concentration of metals (mg/L) from SACCs, according to TCLP, SPLP,
and WET.

Metal TCLP TCLP limit ~ SPLP SPLP limit ~ WET SPLP limit
Al 1.78 n.s. 0.21 n.s. 756.1 n.s.
Si 21.2 n.s. 0 n.s. 185.4 n.s.
Ce 2.62 n.s. 0.14 n.s. 256.1 n.s.
La 1.41 n.s. 0.27 n.s. 89.4 n.s.
Nd 0.65 n.s. 0.19 n.s. 40.9 n.s.
Pr 0.29 n.s. 0.24 n.s. 4.45 n.s.
Mg 243.4 ns. 5.48 n.s. 188.6 n.s.
Zn 211 n.s. 0 n.s. 186.4 250
Mn 36.3 n.s. 0.26 n.s. 318.8 n.s.
Pt 0.28 n.s. 0.06 n.s. 0.5 n.s.
Pd 1.38 n.s. 0.07 n.s. 8.42 n.s.
Ba 3.81 100 5.86 100 347 100
Fe 11.4 n.s. 0.33 n.s. 60.3 n.s.
Ca 30 n.s. 4.36 n.s. 194.9 n.s.
Sr 7.62 n.s. 2.29 n.s. 48.6 n.s.
Ti 0 n.s. 0 n.s. 4.01 n.s.
As 0.11 n.s. 0.02 n.s. 2.63 n.s.
Ag 0 5 0 n.s. 0.16 n.s.
Ni 0.2 n.s. 0 n.s. 1.35 20
Cr 0.03 5 0 5 0.74 6;560 (Cr VLIII)
Cu 0.11 n.s. 0 n.s. 3.35 25
Pb 0.02 5 0 5 0.91 5

n.s.: not stated.
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Table 6

Removal of soluble elements from SACCs by water washing.
Element Cl Na K P Sr Ca Ba As Al Mg Zn Mn
Removal (mg/L) 28 18.40 2.29 291 0.53 0.89 1.25 0.03 9.84 1.38 0.09 0.11
Removal efficiency (%) n.d. 94.27 24.85 2.26 2.20 1.25 1.03 0.66 0.40 0.20 0.17 0.12

n.d.: not determined.

Table 7
The potential economic value of metals contained in SACCs.

Metal Content (mg/kg SACCs) Price ($US/kg) Economic worth ($US/t SACCs)
Pd 4650 72351.93 (www.metalary.com) 336436.47
Pt 75 33025.20 (www.metalary.com) 2476.89
Rh 250 302216.58 (www.metalary.com) 75554.15
Hf 591 5926.03 (www.mineralprices.com) 3502.28
Zr 42,057 37.13 (https://institut-seltene-erden.de/) 1561.58
Al 204,400 1.77 (www.metalary.com) 361.79

Sr 2002 100 (www.alibaba.com) 200.2

Nd 3429 52.86 (https://institut-seltene-erden.de/) 181.26

Ce 33195 4.71 (https://institut-seltene-erden.de/) 156.35

Ti 2299 58.09 (www.mineralprices.com) 133.55

Pr 1103 95.01 (https://institut-seltene-erden.de/) 104.79

La 4186 4.93 (https://institut-seltene-erden.de/) 20.64

Mn 7504 2.06 (www.metalary.com) 15.46

Zn 4500 2.27 (www.metalary.com) 10.22

Fe 6300 0.09 (www.metalary.com) 0.57

Sum 420716.2

with 347 mg/L Ba.

As said before, there is no standard threshold for some metals in
USEPA and CDTSC regulatory levels. The results showed that the con-
centration of these metals under different leaching tests were also high.
It is worthy to note that all metals are toxic at elevated concentrations
(Dopson et al., 2014). Therefore, this waste should be disposed of
safely.

3.10.3. Effect of water washing

The content of soluble elements in the washing water is shown in
Table 6. As observed, the removal of some elements, such as Cl and Na,
was significant. The elements, including P, Ca, Ba, and Sr, were par-
tially dissolved. It can be included that open area storage of the SACCs
may cause environmental leachate problems due to water leaching of
mentioned metals. However, since the dissolution of other metals was
negligible, the water washing pretreatment before the leaching process
can be done to leach the soluble salts. This pretreatment leads to a
decrease in acid consumption in the leaching process (alkali salts con-
sume large amounts of acid). Also, evaporation of the alkaline water
solution can cause obtaining the alkaline salt. In the alkaline leaching
process, the water washing pretreatment should be disregarded since it
allows applying lower alkaline reagent (Sadeghi et al., 2017).

4. SACCs: an asset or a liability

SACCs can be considered as secondary metal resources for rare earth
metals like Ce, La, Nd, Pr, Dy, and precious metals such as Pt, Pd, Rh,
and metals with an industrial application, such as Al, Zn, Mn, Zn, Fe, Ti,
and Sr. Indeed, SACCs can assist in fulfilling the needs of metals.
Table 7 shows the economic value of several metals contained in SACCs
(based on the metal content of the present study). It can be seen that
there is a great potential wealth in SACCs.

Considering the tremendous amount of produced SACCs and their
high metal content, they should be regarded as an asset. On the other
hand, the metals presented in the SACCs can contaminate the soil,
water, and air and pose environmental impacts on natural resources
and humankind. These adverse effects lead the SACCs to the liability
category. Nonetheless, the metals can be retrieved by proper recycling
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that not only decreases the metal contamination problem but also en-
hances the life of non-renewable resources. Furthermore, correct reg-
ulations and policies should be formulated for proper collection and
control of informal recycling. Consequently, the SACCs could qualify
for the asset category.

5. Conclusions

This research comprehensively characterized SACCs from different
aspects, which is extremely important for future studies involving the
recycling processes. The study showed that SACCs are a very rich source
of REEs (42,119 mg/kg) and PGMs (4975 mg/kg), compared to other
secondary sources, which could give the SACCs real market value. It
was concluded that SACCs must be recycled both from the economic
and environmental points of view. The detailed information about the
leaching behavior of metals through the toxicity tests of SPLP, TCLP,
WET, as well as the calculation of CF, GCF, and RAC parameters, de-
clared that the SACCs should be considered as hazardous waste re-
garding the high mobilization of toxic metals under different environ-
mental conditions. However, based on the results of the modified BCR
procedure, a unique harsh recycling approach is required due to the
stable binding structure of SACCs, metals embedded in silicate phases,
and the presence of barely soluble metal phosphates. The outcomes of
the present work can be beneficial for enabling the development of
appropriate recycling approaches.
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