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e Ferric sludge is an effective dual functioning waste-derived oxygen carrier (OC)
e Ferric sludge achieves > 88% combustion efficiency and > 71% HCI removal efficiency
e Stability of ferric sludge OC improved with the application of Al,Os as support
e Ferric sludge is superior to iron ore for chemical looping combustion

e (Carbon footprint of ferric sludge is lower than iron ore by 108.0 kgCO»/t
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Abstract

The utilization of water treatment sludge (i.e., ferric sludge) was explored as the oxygen carrier
(OC) for chemical looping combustion (CLC) of municipal solid waste (MSW) syngas. The
performance of ferric sludge (FS) in CLC and simultaneous HCI removal was evaluated in a
bench-scale fluidized bed, and was compared with iron ore (IO) as a benchmarked OC. The
results show that FS (92%) performed better than 10 (82%) in terms of syngas combustion
efficiency and FS was able to remove HCI (77% removal efficiency) while IO was unable to
remove any HCL. Comparison of reaction temperature reveals that FS performed better at lower
CLC temperature between 800 °C and 850 °C. Agglomeration was observed when FS was used
in extended CLC cycles. Thus, investigation of using inert a-Al>O3 support together with FS
for extended CLC cycles was investigated. Agglomeration and sintering were drastically

reduced and good combustion efficiency of 88% for H> and 74% for CO was attained. Carbon



footprint assessment illustrated that FS was superior as a greener material based on global
warming potential of 20 and 100 years. Conversion of FS as an OC were characterized with
104.23 and 108.0 kgCO»/t lower than 10 for GWP-20 and GWP-100, exhibiting the
competitiveness in the usage of waste-derived material in CLC. Hence, FS can be considered
as a novel, cost-effective, and greener OC for CLC. The co-utilization of waste-derived
material and waste-derived syngas through CLC would be an integrated solution for improved

circularity and sustainability.

1 Introduction

Chemical looping combustion (CLC) has garnered great attention owing to its capability to
concurrently harvest energy from fuel and produce an almost pure stream of CO; at its output,
and is thus lauded as a potentially competitive CO> capture technology [1]. In CLC, fuel
combustion is comprised of two separated reactions, coupled by the transportation of the
oxygen carrier (OC) between an air reactor (AR) and a fuel reactor (FR) [2]. In the FR, the OC
is reduced by a fuel source and subsequently transported into the AR where the OC is oxidized
and regenerated by air. The OC is then circulated back to the FR to close the loop. For practical
applications, the OC should be able to maintain its chemical reactivity and physical integrity
during multiple cycles while also being widely available, easy to produce, low cost, and
environmentally friendly [3]. In general, the active components in OCs are oxides of
transitional metals (e.g Fe, Ni, Cu, Co, Mn, etc.). Therefore, many natural minerals and
inorganic industrial solid waste rich in these metals are potential OC candidates for CLC
process. Due to the low cost of these materials compared to synthetic OCs, these materials have
garnered high interest in CLC research. The application of low-cost OCs may substantially
reduce the CLC operation costs, making it more attractive as a potential CO> capture

technology [4].

The low-cost OCs explored in literature include natural ores such as iron ore [5], copper ore
[6], and manganese ore [7] and waste materials such as ash residues [3], copper slag [8], sewage
sludge ash [9], furnace dust [10], and bauxite waste [11], all of which contained a critical
content of transitional metal oxides [12]. For example, incineration bottom ash as OC utilizes
Fe>03 and CaSOs; as its active components and achieved a high combustion efficiency of H; at
94.6% and CO at 80.2% [3]. OC derived from sewage sludge ash also utilizes Fe;Os as the
active component and was proven that it was able to undergo 20 CLC cycles using H» as the

fuel in a thermogravimetric analyzer [9]. Separately, high combustion efficiency of syngas



between 84% and 89% was observed when using copper slag as OC with CuO, Fe;0O3, and
CuFex0y as the active components [8]. Therefore, water treatment sludge (WTS), specifically
the ferric sludge with its rich ferric content (~42% wt% Fe), is one of the promising yet

unexplored waste-derived OCs.

For WTS, the type of coagulant used in the water treatment process determines the type of
sludge produced [13], whereby usage of ferric salts and alum salts produces ferric sludge and
alum sludge respectively [14]. It is estimated that the amount of WTS produced worldwide is
about 1 to 3% volume of raw water treated in the plants [15]. Yet, there is a statistical obscurity
with regards to WTS production and disposal at an international level as statistics for both
WTS and sewage sludge are usually combined into one category. It is known that WTS is
commonly sent directly to landfills. This, however, is not a sustainable solution because land
itself is a finite and valuable resource, thus landfilling practices will eventually incur high
financial and environmental costs [16]. Given the potential of WTS as a valuable resource,
there is a need to explore viable options to reuse sludge and reduce the future environmental

and financial burden from landfilling it.

In WTS, other than Fe, the main components include various compounds containing primarily
Ca, Al, Si and Na [17], which may be beneficial to the reactivity of an OC. Ca can improve the
reactivity of iron-based OCs and alleviate the sintering of iron oxide during CLC [18]. Besides
this, Ca can also remove HCI during CLC [19], with previous studies demonstrating that
coating iron oxide with Ca can simultaneously remove HCI] while ensuring good combustion
efficiency [20]. Separately, aluminum oxides can act as a support for OCs to improve their
mechanical property and stability by preventing contact of active sites between OCs [21].
Lastly, CaSO4 can improve the performance of the OCs by influencing oxygen transport
through CaS0O4-CaS conversion in chemical looping process [22]. Nevertheless, potential side

reaction of CaSQO4can generate HaS in the flue gas, which will be a challenging issue [23].

Municipal solid waste (MSW) syngas contains acidic impurities such as HCI. Presence of
chlorine in MSW can cause boiler corrosion [24] and dioxin generation [25]. OC derived from
ferric sludge could possibly mitigate these adverse effects. Therefore, ferric sludge has the
potential to be a novel and highly reactive waste-derived OC for CLC application of municipal
solid waste (MSW) syngas. Overall, the co-utilization of waste material and waste-derived

syngas through CLC could be a potential solution for renewable energy generation and resource



management.

This study aims to evaluate the feasibility of ferric sludge as an OC for CLC of MSW syngas.
Its performance in CLC, simultaneous HCI removal, and regenerability were evaluated in a
bench-scale fluidized bed reactor, using iron ore (IO) as a benchmark of low-cost OC. The
evolution of the OC during CLC was investigated by comparing the OCs before and after CLC
using XRD, FESEM, ICP-OES and BET. Potential issues with using ferric sludge in extended
redox cycles were identified using ICP-OES and FESEM. a-Al,O3; was added as a support to
mitigate these issues and was investigated by observing the performance of the OC under
extended redox cycles examined in the fluidized bed. Lastly, carbon footprint assessment was
applied to further determine the sustainability of using ferric sludge as a promising waste-

derived OC.

2  Materials and methods

2.1 Preparation of OCs

Ferric sludge was obtained from a freshwater treatment facility (or commonly known as a
waterworks) in Singapore, where ferric salt (FeCls) was used as a coagulant for water treatment.
The dewatered sludge was collected and stored in the cold room at 7 °C before use. To prepare
ferric sludge as an OC, it was calcined in air using a chamber furnace at 950 °C (heating rate
of 15.5 °C/min) for 5 h. After calcination, the ferric sludge was further crushed, pelletized and
sieved to obtain a size range of 0.25mm to 0.5mm. Commercial iron ore (hematite, imported
by SG Labware) was applied as a natural mineral and was used as a benchmark against FS for
a comparative study. The iron ore was sieved to obtain a size range of 0.063mm to 0.25mm
and then calcined at 950 °C (heating rate of 15.5 °C/min) for 5 h. The prepared ferric sludge

and iron ore will be denoted as FS and 10 respectively.

2.2 Reactivity tests

To determine the redox performance of the OCs, a bench scale fluidized bed reactor was used
as illustrated in Fig. 1. The reactor was a quartz tube with the inner diameter of 11 mm and was
heated to 800~900 °C by an electrical furnace during operation. To conduct the reactions in

CLC, the cyclic reduction and oxidation of OCs was conducted by switching the input gases.
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Fig.1 Experimental set up for CLC using a bench scale fluidized bed reactor

The gas switching program in one cycle was: N2 (3 min, 400 ml/min) — simulated syngas (5
min, 375 ml/min) —N; (5 min, 500 ml/min) — air (4 min, 400 ml/min), in which simulated
syngas was composed of 50 ml/min CO2, 213 ml/min N2, 50 ml/min CO, 50 ml/min H,, 12
ml/min CHy, and 0.14 ml/min HCI (1M) [26]. For each run, 10 g of OC was added into the
reactor when testing FS and 10O; for FS with a-Al>O3 as support, 10g of FS and 5g of a-Al,O3
was added. This combination is referred to as FS/Al,O3. 10 cycles were attempted for a basic
CLC experiment; 50 cycles were attempted for an extended CLC experiment. The gaseous
products were measured online by a gas analyzer (SICK, GME 810). The HCI content in the
gaseous product was determined by collecting the condensate in the outlet, which was then
measured by ion chromatography (IC, Thermo Fisher Dionex Aquion IC). To ensure
evaporation of HCI into its gaseous form, the pipes leading to the reactor were heated up to
130 °C. The tests were triplicated to ensure that the results obtained were reproducible. The
combustion efficiencies were presented based on their average values and with error bars to
account for the standard deviations. The combustion efficiency of CO and H» and the removal

efficiency of HCI were calculated as follows [27]:

7]1-12 — (Yin,H;._tIout,H2> % 100 (1)
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EHCl — (xin,HCl_xout,HCl> X 100 (3)

Xin,HCl

where 1y, and )¢ are the combustion efficiencies for H> and CO respectively; Enciis the HCI
removal efficiency; y; is the molar concentration of species i as measured by the gas analyser;
xuci 1s the mass concentration of HCI as measured by ion chromatography; the in subscript
indicates the data obtained from the running the CLC with an inert bed; the out subscript refers

to the data obtained from running the CLC with the OCs.

Thermogravimetric analysis (NETZSCH STA 449 F3 Jupiter) was performed to investigate the
thermal properties of the OCs. This elucidated the oxygen transport capacity (OTC) of the OCs
by subjecting them to reduction using H» (5% H2/N», 210 ml/min) and oxidation using air (250
ml/min) at 850 °C. OTC was calculated by the mass loss under H> reduction. Additionally, Ho.
temperature programmed reduction (H2-TPR) of the OCs was also conducted using H> (5%

H2/N>, 210 ml/min) from 100 °C to 900 °C (heating rate of 5 °C/min).

2.3 Characterization techniques

The elemental composition was analyzed using inductively coupled plasma — optical emission
spectrometry (ICP-OES, Perkin Elmer Optima 8300) after microwave acid digestion (MAD,
Multiwave 5000, Anton Paar). During MAD, 0.125g of OCs was digested by 3.6ml HNOs3,
1.8ml HCl and 1.2ml HF for 9.5min at 180 °C (heating rate of 18 °C/min). This was followed
by de-complexation using 10ml H3BO3 for 20min at 150 °C (heating rate of 15 °C/min). The
crystalline composition, morphology, surface area, and porosity of OCs were characterized by
X-ray diffraction (XRD, Bruker D8 Advance), field emission scanning electron microscope
with energy-dispersive X-ray spectrometer (FESEM-EDS, JSM-7200F with Oxford Aztec
Standard X-max80, JEOL), Brunauer-Emmett-Teller (BET) and Barrer, Joiyner, and Halenda
(BJH) method (Quadrasorb EVO/SI, Quantachrome Instrument) respectively.

2.4 Carbon footprint assessment

To evaluate the environmental impact of producing FS compared to 1O, a carbon footprint
assessment was conducted using the GaBi software and Ecoinvent 3.5 database. The boundary
conditions for both IO and FS can be found in Fig. S1 while the mass and energy flow inventory

for both OCs can be found in Table S1. The functional unit was 1 tonne of OC used in CLC.



The processes considered in this assessment include mining of iron ore, energy used in
machinery needed for pre-treatment (sievers, crushers, and pelletizers), production and
combustion of natural gas used for calcination, transportation of materials, landfill diversion
from waste re-utilization, and waste streams generated during pre-treatment. All environmental
burdens associated with the generation of FS by waterworks will be entirely allocated to the
water treatment process. The impact categories chosen for comparison were global warming
potential (100 years) (GWP-100) and global warming potential (20 years) (GWP-20). GWP-
20 and GWP-100 refers to the amount of energy absorbed by the emissions of gases relative to

CO; with a time range of 20 and 100 years respectively.

3 Results and discussions

3.1 Characterizations of fresh OCs

Table 1 shows the elemental composition of ferric sludge, FS, and IO. Fe content of the ferric
sludge increased after calcination due to the decomposition of organics and removal of volatiles
during calcination [28]. Comparison between 10 and FS showed that IO has much higher
amount of potentially active component with more Fe as compared to FS. On the other hand,
FS contains higher amounts of potential complementary components such as Ca, Al, Si and Na

oxides compared to IO.

Table 1 Elemental composition of ferric sludge, calcined ferric sludge and calcined iron ore.

Elements Ferric Sludge Conc. FS OC Conc.£ (S.D.) I0 OC Conc.£ (S.D.)

+(S.D.) (mg/kg) (mg/kg) (mg/kg)
Al 33,715.8+ (4185.9) 94,674.6+ (6354.1) 9489.2+ (500.9)
As 23.4+(1.2) 61.9+ (47.3) 31.5%(15.4)
Ba 99.3+ (11.1) 228.6% (6.2) 129.6+ (9.1)
Ca 149,443 2+ (10,927.1)  326,358.3+ (9100.4) 10,353.9+ (836.8)
Cd 8.5+ (2.1) 25.6% (16.8) N.D.
Co 19.4+ (2.1) 20.2+ (8.1) N.D.
Cr 230.0+ (13.7) 636.1% (35.3) 359.7+ (19.2)
Cu 85.9+ (2.1) 156.0% (16.3) N.D.

Fe 180,125.9+ (11,674.3)  405,164.1% (9611.9)  706,001.1+ (30226.3)
K 2225.9+ (118.7) 4263.0+ (40.4) 3873.9+ (61.5)
Mg 14,521.9% (1057.2) 35,555.4+ (550.8) 4791.9+ (254.9)
Mn 1043.3+ (64.0) 2244.5+ (96.3) 3211.5% (169.3)

Mo 64.2+ (2.1) 181.6+ (32.0) N.D.
Na 416.4+ (130.4) 72,821.4+ (2760.3) 4186.4+ (190.3)
Ni 9.7+ (4.2) 40.3+ (7.0) N.D.




Pb 59.2+(6.7) 156.0+ (46.8) N.D.

S 33,700.1% (4155.0) 5361.8% (631.9) N.D.
Si 2874.6% (263.0) 41,2453+ (4620.0) 37,645.7+ (1832.3)
Ti 682.6+ (54.9) 1498.1+ (19.1) 36,334.2+ (2216.5)
\% 66.6+ (2.1) 123.7+ (2.3) 901.0+ (92.7)
Zn 2268.2+ (137.3) 5076.7+ (124.6) 823.5+ (35.8)

*ND refers to the element concentration lower than detection limit (Cd <0.38mg/kg, Co <0.76mg/kg,
Cu <1.52mg/kg, Mo <1.89mg/kg, Ni <1.89mg/kg, Pb <3.79mg/kg, and S <37.89mg/kg) of ICP-OES.

Fig. 2a shows the XRD patterns of FS, whereby the following ferric based oxide were detected,
namely brownmillerite (CaFe2Os, COD 9014764), calcium iron oxide (CaFe;Os, COD
9013281), hematite (o-Fe,O3, COD 9015065) and maghemite (y-Fe2O3, COD 9006316). In
contrast to FS, only hematite was detected in 10. Therefore, maghemite and hematite are the

main active phases for cyclic redox for FS while hematite is the main active phase for 10 [29].
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Fig. 2 XRD patterns of FS and 1O after calcination elucidating the detected mineral phases of each OC

3.2 Redox reactivity of FS compared to IO
3.2.1 Redox activity
A comparison of OCs reactivity with syngas was further investigated; the results are shown in

Fig. 3. Comparing the ferric content of both FS and IO, it would be expected that IO should



demonstrate better combustion efficiencies. However, as seen from Fig. 3a and 3b, FS
performed better than 1O in all 10 cycles. A minor decreasing trend was observed for FS in
both CO and H> combustion efficiencies, whereby its capacity reduces as the cycles progress.
In contrast, IO showed an increasing trend in performance. It was attributed to the activation

effect [5], which improved the porosity of 10 leading to higher performance.
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Fig. 3 (a) CO conversion efficiency using FS and 10 as OC at 850 °C, (b) H, conversion efficiency
using FS and IO as OC at 850 °C

Physical structure was characterized to further discuss the reactivity difference between FS and
10. The FESEM images in Fig. 4 shows that fresh and spent FS is more porous than fresh and
spent 10. FS surface also contains the major elements of Fe and Ca as compared to only Fe for
10. Coupled with the data obtained from the BET results in Table 2, it can be observed that the
surface area of fresh FS is approximately 43 times higher than IO while spent FS has
approximately 5 times higher surface area compared to spent 10. High surface area and porous
structures facilitates diffusion of fuel gas into the OC, thereby enhancing the reaction between

the gas and solid surface, resulting in higher reactivity [30].

Lastly, FS contained considerably higher quantities of alkaline metals (i.e. Ca, Mg) than IO
(Table 1 and Fig. 4a and 4c). Alkaline earth metal species can act as an electron donor to
improve the lattice oxygen mobility of ferric oxide, thereby enhancing the reducibility [31].
This had been demonstrated by Liu, et al. [20], whereby IO modified with different alkaline
earth metals (Ca, Ba, and Sr) showed improved combustion efficiencies during CLC. IO coated

with Ca, Ba, and Sr obtained CO and H» combustion efficiencies of 89% and 95%, 95% and



96%, 95% and 96% respectively, as compared to pure 1O of 77% and 86%. Furthermore, the
fifth cycle performance of FS was similar to 10 coated with Ca, achieving 89% and 94% for
CO and H» combustion efficiency, which was attributed to the naturally high amount of Ca in
FS. Overall, FS performed better than IO in terms of combustion efficiencies of CO and H»,

owing to its higher surface area and quantities of alkaline metals.

Table 2 BET Surface Area and BJH Pore Volume for the OCs

OCs BET Surface Area BJH Pore Volume
(m?/g) (ml/g)
10 0.144 0.0009
10 (10 cycles) 0.398 0.0012
FS 6.303 0.0220
FS (10 cycles) 2.143 0.0034

To determine the competitiveness of FS as OC, its combustion efficiencies were compared
against other waste materials. FS was able to achieve a high average combustion efficiency of
95% for H, and 89% for CO over 10 cycles. This result was similar to Yin, et al. [3], whereby
the magnetic portion of the incineration bottom ash achieved combustion efficiencies of 95%
and 90% for H> and CO respectively. The use of copper converter slag by Durmaz, et al. [8]
also achieved high combustion efficiency of syngas (1:1 CO and H») of 89% which was similar
to FS at 92% (average combustion efficiency of Hz and CO). Thus, it can be concluded that FS
is as competitive as these other waste materials as OCs in CLC, based on their similarly high

combustion efficiencies.

10



Fig. 4 (a) FESEM-EDS image of FS before CLC, (b) FESEM-EDS image of FS after CLC at 850 °C,
(c) FESEM-EDS image of 10 before CLC, (d) FESEM-EDS image of IO after CLC at 850 °C

3.2.2 HCI removal
The use of MSW syngas as the fuel source meant that the fuel contains acidic impurities like
HCI, which are detrimental to the CLC process because of corrosion and pollutant generation.
CLC with OCs that rely on transitional metal oxides (i.e oxides of Fe, Ni, and Cu) are not able
to effectively dechlorinate the syngas [20]. Therefore, IO which was mainly composed of ferric
oxide was unable to effectively remove HCI since the reaction between ferric oxide and HCI

cannot proceed spontaneously [32].
FS contained significant amount of Na and Ca, which are alkali metal and alkaline earth metal

species known to be able to effectively adsorb and remove HCI [32, 33]. Possible reactions for

the sorption process are:

11



CaFe;04 + 2HCl — CaCla+H20+Fex03 (4)
CasFe 05 + 4HCl — 2CaCla+2H20+Fex03 %)
2NaFeO; + 2HC1 — 2NaCl+H,0O+Fe>03 (6)

FS with its high surface area will aid in chemisorption by providing more sites for the above
reactions to take place. As seen in Fig. 5, FS was effective in removing HCI, with an efficiency
from 92% to 71% over 10 cycles of CLC. However, as the cycles progressed, the sorbent
components were gradually saturated for HCl adsorption, which corresponds with the
decreased adsorption efficiency [34]. Besides this, FS also underwent agglomeration. The
formation of NaCl and CaCl,, which have low melting temperatures (801 °C and 774 °C,
respectively) can exacerbate the reduction in adsorption efficiency [35]. In addition, the higher
soluble chloride content of FS (286.43 mg/kg) compared to 10 (3.55 mg/kg) could result in
increased generation of molten products. The molten products would block the pores and
agglomerate the particles which reduced the surface area available for chemisorption, thus
resulting in a decrease in removal efficiency of HCI by FS. This may also contribute to the
decreased in reactivity with syngas due to the decrease in surface area and sites available for

reduction of OC to take place.
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Fig. 5 HCI concentrations of flue gas during 10 cycles and HCI removal efficiency of FS during CLC
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Interesting comparisons can be made on the HC] removal performance of FS compared to other
materials in literature. In this study, FS had a removal efficiency of 92% which deteriorated to
71% over 10 cycles of CLC. This result is similar to Zhao, et al. [36], where their bifunctional
alumina based sorbent achieved a removal efficiency of ~88% to ~71% for HCI after an hour
of simultaneous removal of HCI1 and alkali metals. However, for sole removal of HCI, Cao, et
al. [37] research on Ca-Mg-Al mixed oxides achieved ~95% removal efficiency throughout
200 minutes. Even though the initial removal efficiency of FS is similar, the performance of
FS over time is lower in comparison. Nevertheless, due to its high initial removal efficiency,
FS is a possible contender for the removal of acidic vapors. Further research focusing on HCI
removal and adsorption, along with desorption of FS should be explored to determine its

competitiveness in the removal of acidic vapors.

3.2.3 Transformation of OCs during CLC

The crystal phases of FS before and after CLC are shown in Fig. 6. It can be seen that the
reduced FS mainly contained wiistite (FeO, COD 1011164) and brownmillerite (CazFe2Os).
This suggests that the OC was not fully reduced to Fe’, owing to the presence of steam in the
syngas. With the presence of steam, CaFe.O4 tended to convert to CaxFe2Os [38], and FeO.
Cho, et al. [39] discovered that severe agglomeration happened when iron oxide was reduced
to the point where wiistite was formed, due to wiistite having a lower melting point compared
to FexOs. After 10 redox cycles, the FS was mainly composed by Fe,O3; and CaxFe;Os. It
indicates that the CaFe,O4 was not recovered during multiple redox cycles, and the lower
reactivity of CaxFe;Os with CO and H: could be the reason for the decline in OC reactivity
[40].

13
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Fig. 6 XRD of FS at different conditions indicating how the mineral structure changes during CLC

The activity of OCs is also reflected by their reducibility, as characterized by H>-TPR, as shown
in Fig. 7a. The peaks of both the fresh 10 and 1O after 10 cycles were higher than the fresh FS
and FS after 10 cycles, owing to the higher Fe content in 0. Both the fresh IO and IO after 10
cycles show a main reduction peak between 500°C and 600°C corresponding to the reduction
of Fe>O3 to Fe3O4, and a small shoulder peak between 700°C and 750°C, which corresponds to
the reduction of Fe3O4 to FeO and Fe [41]. TPR peaks of 10 after 10 cycles were shifted to
lower temperatures which indicates increased reduction rates and is thereby congruent with the
CLC results obtained in Fig. 3 [1]. Conversely for FS, a shoulder peak between 450°C to 550°C
and a main reduction peak between 600°C and 700°C were observed for both the fresh FS and
FS after 10 cycles, which were attributed to the reduction of Fe»Os to Fe3O4 and FezO4to FeO,
respectively [42]. Another shoulder peak beyond 850°C exhibited by both the fresh FS and FS
after 10 cycles could be related to the reduction of brownmillerite [43]. Furthermore, the fresh
FS has an additional shoulder peak between 650°C to 750°C that was absent for FS after 10
cycles, which is due to the reduction of CaFe>O4 [43]. TPR peaks of the FS after 10 cycles
were also shifted to higher temperatures which indicates a decrease in reduction rates as seen
from the CLC results in Fig. 3. The TPR results also suggests that interaction among various

components in FS enhanced its reducibility compared to 10.
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Fig. 7 TGA profiles of OCs: (a) H>-TPR; (b) isothermal H; reduction at 850 °C

The TGA profiles of OCs in isothermal H» reduction are shown in Fig. 7b. The fresh FS had
an oxygen transport capacity (OTC) of 11.18%, which was higher than FS after 10 cycles but
lower than both the fresh IO and 10 after 10 cycles. Furthermore, the fresh FS had the highest
rate of reduction. This indicates that FS performance in CLC deteriorated as the cycles progress.
Conversely, IO after 10 cycles had the highest OTC of 26.59 wt% and a higher rate of reduction
than fresh 10, which meant that IO performance in CLC improves as the cycles progress. These
findings are congruent with the CLC results shown in Fig. 3. However, it was observed that the
oxidation rate of FS was greater than 10, with no deterioration between the fresh FS and FS
after 10 cycles. On the other hand, IO after 10 cycles had a drastically reduced rate of oxidation
as compared to the fresh 10; this tendency might eventually hinder 10’s performance as more

cycles progressed.

Table 3 shows the elemental compositions of both OCs before and after CLC. FS experienced
more noticeable changes in elemental concentration than 10. Notably, there was a reduction of
Nain FS after CLC, which can be attributed to the formation and partial evaporation of chloride
salts due to high operating temperatures [35] and vaporization of Na and its compounds. The
formation and melting of chloride salts also resulted in agglomeration of FS OCs [35]. Sulfur
was also mostly removed during CLC, which is due to the vaporization of the sulfur element
and compounds [44]. These high operating temperature may also lead to some vaporization of
heavy metal compounds containing Pb and Cd during CLC as observed from the results [45].
The vaporization and elimination of these compounds and elements also increased the

concentration of the remaining elements in the OC, as shown in Table 3.
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While the transformation of heavy metals from FS to the gas phase might increase the burden
of flue gas cleaning, the removal of hazardous components from the OC could potentially allow
for further utilization of the spent FS as construction materials to achieve circularity of FS.
CayFe>0s that was found in FS could also be used as catalysts for water treatment too [46].
These findings indicated that CLC, together with appropriate flue gas cleaning processes, could
be a potential pre-treatment step for the valorization of FS, thereby enabling the closing of the

FS waste loop.

Table 3 Characterization of ferric sludge and iron ore before and after CLC

Elements FS Conc. FS (after CLC) 10 Conc. 10 (after CLC)
+(S.D.) Conc. £ (S.D.) +(S.D.) Conc. £(S.D.)
(mg/kg) (mg/kg) (mg/kg) (mg/kg)
Al 94,674.6 114,034.5 9489.2 10,225.9
+(6354.1) +(27,724.2) +(500.9) +(286.2)
As 61.9 276.6 31.5 N.D.
+(47.3) +(55.0) +(15.4)
Ba 228.6 308.2 129.6 166.2
+(6.2) +(70.1) +(9.1) +(3.7)
Ca 326,358.3 504,181.9 10,353.9 9568.7
+(9100.4) +(118,916.3) +(836.8) +(524.8)
Cd 25.6 N.D. N.D. N.D.
+(16.8)
Co 20.2 N.D. N.D. N.D.
+(8.1)
Cr 636.1 958.6 359.7 699.1
+(35.3) +(182.0) +(19.2) +(72.5)
Cu 156.0 376.4 N.D. N.D.
+(16.3) +(182.4)
Fe 405,164.1 567,583.5 706,001.1 1,056,195.3
+(9611.9) +(113,821.6) +(30,226.3) +(33,213.2)
K 4263.0 4448.2 3873.9 3979.4
+(40.4) +(506.3) +(61.5) +(57.4)
Mg 35,555.4 52,375.8 4791.9 4239.1
+(550.8) +(11,727.0) +(254.9) +(256.3)
Mn 2244.5 3225.7 3211.5 3649.5
+(96.3) + (740.8) +(169.3) +(65.7)
Mo 181.6 N.D. N.D. N.D.
+(32.0)
Na 72,821.4 5740.3 4186.4 4194.8
+(2760.3) +(776.8) +(190.3) +(223.0)
Ni 40.3 N.D. N.D. N.D.
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+(7.0)

Pb 156.0 N.D. N.D. N.D.
+ (46.8)
S 5361.8 N.D. N.D. N.D.
+ (631.9)
Si 41,2453 113,087.3 37,645.7 33,852.2
+ (4620.0) +(25,864.1)  +(1832.3) +(2432.3)
Ti 1498.1 2168.5 36,334.2 33,586.3
+(19.1) +(498.3) +(2216.5) + (96.0)
\% 123.7 N.D. 901.0 1601.3
+(2.3) +(92.7) +(65.3)
Zn 5076.7 5639.2 823.5 1095.5
+ (124.6) + (1271.6) +(35.8) +(22.3)

*ND refers to the element concentration lower than detection limit (As <3.79mg/kg, Cd <0.38mg/kg,
Co <0.76mg/kg, Cu<1.52mg/kg, Mo <1.89mg/kg, Ni <1.89mg/kg, Pb <3.79mg/kg, and S <37.89mg/kg)
of ICP-OES.

3.3 Reactivity of FS in CLC under different operating temperatures

The reactivity of FS under different temperatures was investigated to evaluate the sensitivity
of the CLC performance as a function of the redox temperature. Redox cycles were performed
in 3 different temperatures of 800 °C, 850 °C, and 900 °C as shown in Fig. 8a and 8b. There
were marginal differences between the combustion efficiencies at 800 °C and 850 °C, while

the combustion efficiencies were lower at 900 °C.
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Fig. 8 (a) CO conversion efficiency using FS as OC at different temperatures, (b) H> conversion
efficiency using FS as OC at different temperatures

However, for other types of OCs, higher fuel reactor temperature usually led to the higher

conversion of fuels [47]. This suggests that changes in the physical properties of FS may have
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affected their performance at higher reactor temperatures. Fig. S2 shows how the morphology
of FS changed after CLC at different temperatures, as observed by FESEM. The FS after CLC
at 900 °C seems to experience more agglomeration than at the other 2 temperatures.
Agglomeration reduced the surface contact with the syngas, therefore reducing the reactivity
and combustion efficiencies during CLC [48]. Thus, the optimal CLC temperature for using
FS as an OC for CLC will be between 800°C to 850°C. This means the fuel reactor does not
have to be maintained at higher temperature during CLC operation with FS as the OC.

3.4  Reactivity in extended cycles

The redox tests of FS during extended cycles were discontinued owing to the severe
agglomeration (shown in Fig. S3a). To address the agglomeration issue, a.-Al,O3 was employed
to stabilize the oxygen carrier to hinder the sintering of the active components. The mass ratio
of FS to a-Al,O3 used was 2:1 (10 g FS and 5 g a-ALO). Also, a-Al,O3 might prevent the
agglomeration from molten alkali metal salts through the formation of mixed metal oxides (e.g.,
NaAlO; and KAIO») [49]. As expected, the addition of a-Al,O3 to FS drastically reduced
agglomeration between FS particles, as shown in Fig. S3b. The prevention of sintering, i.e.
reduced agglomeration between the grains, enhances the stability of FS OC, which allowed for
the stable operation in extended redox cycles. However, minor agglomeration still occurred on

the FS particle surface as seen in Fig. 9a and 9b for FS/ALOs.
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Fig. 9 FESEM-EDS images of FS in the FS/A1,O; OC after (a) 10 cycles and (b) 50 cycles

The performance of diluted FS (FS/AL>O3) throughout 50 successive cycles is shown in Fig.
10. The conversion efficiency demonstrated a decreasing trend when FS/Al,O3 was used as the
OC. Interestingly, there was a steep decrease for the first few cycles followed by a gradual
plateau for the remaining cycles, achieving the lowest CO combustion efficiency of 70% and
86% for Ha. Fig. S4a, S4b, and S4c shows the raw data collected by the analyzer whereby a
stark difference between the first and 25" cycle was seen, while the difference between 25%

cycle and 50" cycle was almost negligible.
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Fig. 10 CO and H, conversion efficiency using FS/A1,0; as OC at 850 °C for 50 cycles CLC

The trend can be explained by the agglomeration behavior of the OC. The specific surface area
and pore volume of the OCs between 10" and 50™ cycles were similar as seen in Table 4. Thus,
the steep decrease in efficiency can be attributed to the particle surface rapidly sintering during
the first 10 cycles, while further sintering beyond 10 cycles was efficiently alleviated by the
Al>O3 support. The initial deactivation was also accompanied by the irreversible transformation
of CaFe>O4 into CayFe>Os, which has lower reactivity with CO and H» than CaFe;O4 [40]. At
the start of the cycles, CaFe>O4 and CazFe>Os contributed to the higher combustion efficiencies,
but as the cycles progressed, more CaFe>O4 was converted to CazFe>Os, resulting in decreasing

combustion efficiencies.

Table 4 BET Surface Area and BJH Pore Volume for OCs undergoing extended cycles

OCs BET Surface Area BJH Pore Volume
Samples (m?/g) (ml/g)
FS/ALO; (10 cycles) 0.888 0.002
FS/ALOs (50 cycles) 0.891 0.001
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The addition of a-Al>,O3 allowed for an extended CLC operation. However, it will also affect
the reactivity of the FS OC. This was demonstrated in Fig. 10 and Fig. 3, where FS
outperformed FS/A1>O3 during the first 10 cycles. The formation of irreversible silicates led to
reduced reactivity. Silicates were formed on the surface of FS, where Si from FS reacts with
Al from a-AlO3 evident in Fig. 9a and 9b [50]. This hampered the diffusion of the fuel gas
into the OC, thus reducing reactivity. While this impacted the CO combustion efficiency, the
difference in H> combustion efficiency between FS/Al,O3 and FS was minimal. Therefore, the
addition of a-Al,O3 improved the stability of the OC by preventing agglomeration, though at

the cost of slightly reducing combustion efficiencies during CLC.

3.5 Comparing carbon footprints of using 10 and FS as oxygen carrier

The global warming potentials (GWP-20 and GWP-100) of FS and IO, excluding biogenic
carbon, were shown in Fig. 12. GWP-20 and GWP-100 for the conversion of FS to an OC for
CLC of syngas are 427.87 and 370.90 kgCO»/t, respectively. This is lower than the utilization
of 10 as the OC which contributed 532.10 and 478.90 kgCO»/t towards GWP-20 and GWP-
100 respectively. The calculated GWP excluded the transport of materials within the city
(where the CLC of MSW syngas is applied) as it is assumed to be similar for both 10 and FS
for simplicity. Therefore, this assessment of the carbon footprints of FS and 10 demonstrated
the competitiveness of converting wastes into useful products as compared to the mining of

natural resources.

The detailed component analysis revealed that due to the additional pre-treatment step of
pelletizing, as illustrated in Table S1, the electricity usage for producing FS was higher than
10, which contributed towards both GWP indicators. Heat is necessary for both drying of ferric
sludge due to its high water content seen in Table S1 and calcination of ferric sludge into a
usable OC. Conversely only calcination is required for 10. This meant that the CO; emitted
from combustion of natural gas and the amount of natural gas used for FS was higher than IO.
Generally, GWP-20 for both IO and FS were higher than GWP-100 due to the fact that CHy
GWP-20 was ~3 times more than GWP-100 [51]. This is because CH4 absorbs significantly
more energy than CO> but has a much shorter lifespan of 12.4 years [52]. Since natural gas
production resulted in emissions of fossil CH4, this explained the significant difference

between its GWP-20 and GWP-100 values for both IO and FS [53]. Nevertheless, considering
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that the OCs will be applied in a MSW gasification plant, it is possible to replace the use of
natural gas with heat generated from the waste treatment process itself for the calcination. This
could further reduce the carbon footprint of both OCs. Although the diversion of heat would
potentially reduce the net electricity generated from the MSW gasification plant, the synergistic
production and utilization of OCs on site with the heat from the waste treatment process will

be beneficial in lowering the net carbon footprints.
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Fig. 12 Carbon footprint of FS and 10 for use as OC. The individual component breakdown for both
GWP-100 and GWP-20 are presented as the first and second bars for FS and IO respectively. Net carbon
footprint for GWP-100 and GWP-20 are presented as the third and fourth bars for FS and 10 respectively.

As FS is a waste (or a by-product) generated from the water treatment facility, which is usually
located in a city, there is no additional transportation needed. Conversely for 10, a weighted
average distance on the imports of iron ore from the top three exporters (Australia, Sweden and
South Africa) to the targeted cities was used to calculate the impacts from rail and sea transport
[54] respectively, which was described in Table S2. The rail transport refers to the movement
of iron ore from the mine to the port, while the sea transport refers to the transboundary
movement of iron ore from the country of origin to the country that imported it. This resulted

in increased emissions for both GWP-100 and GWP-20 for using IO as an oxygen carrier.
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10 is the product of traditional mining, which uses the linear approach of “take-make-waste”.
Even though it is more abundant and cheaper compared to other types of ores, the mining of
10 is still energy intensive [55]. On the other hand, FS is the by-product generated from the
freshwater treatment and can be recovered through urban mining. Urban mining is when
compounds or elements of interest (ferric oxides, alkaline earth metals, and alkali metals) are
reclaimed from an anthropogenic stock (water treatment waste stream) and thus achieving
circularity [56]. This allowed for the “mining” of resources from a waste stream, thus
generation of sludge was not included in the carbon footprint assessment. The re-utilization of

sludge led to landfill diversion of FS which resulted in negative contribution towards GWP.

As the world becomes more environmentally conscious, new innovations and solutions must
be sustainable to reduce environmental impacts. The carbon footprint assessment allowed for
the effective comparison of a new solution against established procedures based on their carbon
emissions. Coupled with performance and cost evaluation, this provides a comprehensive
comparison between them and will ensure that a more informed decision will be made on
adopting new solutions over established ones. Therefore, the inclusion of a carbon footprint

assessment for new reengineering solutions should be encouraged.

To contribute towards improving the circularity of the CLC process, spent OCs should be
further repurposed or reused to prevent landfilling of these spent materials. These include
metals recovery such as Cu extraction from Cu-based OC [57], or smelting for iron production
from spent 1O as both forms of Fe (Fe2O3 and Fe3Oa) are present [58]. For using FS as OC, the
potential of reusing spent FS in the construction industry is promising. This is because of its
relatively high Ca, Si, and Al contents, which can potentially be applied as additive or
supplementary cementitious material to replace natural resources and to improve concrete
properties [59]. Thus, the usage of FS in CLC and subsequently in the construction industry
can ensure circularity of ferric sludge while maximizing its value and should be further studied

in future works.

To further assess the self-sufficiency of using ferric sludge as an OC in a city, the utilization
rate and production capacity are assessed. Considering a commercial gasifier (functional unit)
with a typical capacity of 300 t/day of MSW, the syngas generated is approximately 810,000
Nm?/day based on the estimated syngas yield of 2.7 Nm?*/kg [26]. Assuming the optimized OC
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applied can be reused for at least 200 cycles, the amount of OC needed is around 6.75 t/day
based on its OTC [60]. As the amount of waterworks sludge generated from the waterworks in
a city is generally around 40 to 60 t/day [61], this will result in the generation of approximately
18.5 to 27.7 t/day of FS after the pre-treatment for OC production. Therefore, it is expected
that the FS generated in a city is sufficient to be applied in CLC for multiple (~4) commercial-

scale gasifiers.

4 Conclusion

Treated ferric sludge is deemed to be an effective OC for application in chemical looping
syngas combustion. Using FS as an OC allows for lower CLC operating temperature while
affording high combustion efficiencies. Compared to iron ores, FS performed better over 10
CLC cycles in a fluidized bed using simulated MSW syngas as the fuel. Besides this, FS could
also simultaneously and effectively remove HCI during CLC. However, problems including
sintering and agglomeration arose from the formation of low-melting chloride salts and
reduction into wiistite. The addition of a-Al>O3 as a support in FS yielded good results as it
drastically reduces the extent of sintering and agglomeration, while still achieving good
combustion efficiencies. Comparison of the global warming potentials (GWPs) of 10 and FS
shows that FS-derived OC corresponds to reduced GWPs. Specifically, FS achieved 104.23
and 108.0 kgCO»/t less than IO for GWP-20 and GWP-100 respectively. This study unearthed
the possibility of using FS as an oxygen carrier, which is a novel and sustainable direction for

sludge reutilization.
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