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Highlights

> Ferrite catalysts were synthesized from electroplating sludge by hydrothermal
process.

> Electroplating sludge derived catalyst can produce higher heating value of SNG.

> Electroplating sludge derived catalyst resist thermal shock perfectly.

> Electroplating sludge derived catalyst was more stable and kept intact after

reaction.
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Electroplating Sludge

Ferrite catalysts prepared from electroplating sludge are used to produce
high-calorie SNG. This method can recycle heavy metals and eliminate the
environmental pollution.
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Abstract

In this study, a ferrite catalyst has been prepared through a facile hydrothermal
method using industrial Zn and Fe-rich electroplating sludge as raw materials and
utilized for the first time as an efficient catalyst for methanation of syngas. The ferrite
catalyst showed pretty good catalytic performance during the stability test at 340 °C
for 300h, meanwhile exhibited a higher resistance to thermal shock (600 °C for 12 h)
than that of the catalyst prepared from pure chemical reagents or commercial
methanation catalyst. More importantly, a high-calorie natural gas with heating value
of 41.73 MJ-Nm™ could be obtained via methanation of syngas over the ferrite
catalyst derived from electroplating sludge. Thus, this work provides some new
insights for utlising solid waste as raw material for methanation catalyst, which is
very cheap.
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1. Introduction

With the development of electroplating industry, sludge generated from
wastewater treatment plants increases, especially in the developing countries, such
as China, electroplating factories produce approximately 10 million tons of
electroplating sludge annually [1]. Since the sludge is enriched in heavy metals such
as Ni, Zn, Fe, Cu, Cr and Cd etc., it is hazardous to environment, as toxic metals
posing a potential risk to the soil and groundwater. Currently, several methods have
being used to dispose the electroplating sludge and the most popular methods are
landfill or metal recovery by suitable technologies [2]. Landfill is not environmentally
benign and may cause large amount of waste of valuable metals [3], thus, it is very
promising to maximize the recovery and reusing of heavy metals economically.

Last decades witness a fairly rapid development of recovery of heavy metals
from electroplating sludge, such as ion exchange, leaching-solvent and membrane
separation, etc. However, these traditional methods have certain obvious drawbacks,
including complicated separation process, high capital cost and relatively low
recovery. Recently ferrite inclusion becomes more and more popular as a novel
treatment to reuse electroplating sludge. During the process heavy metal ions (Mn?%,
cu®, Ni**, zn*, Co*, Fe**, AI** or Cr**) which match well with the ferrite texture can
be fixed in the crystal lattice of spinel ferrite [4]. Generally, prepared ferrites are
tentatively used as functional materials. Nonetheless, the heavy metals are well
known to be the main elements of heterogeneous catalysis. For instance, Ni, Zn, Cr,
Mn, etc. in ferrite are used as promoters to enhance the efficiency or control the
selectivity of hydrocarbon production in CO hydrogenation [5-7].

As is known, natural gas is an excellent energy carrier due to low carbon release,
advantageous combustion, the existing pipeline grid for transportation and
distribution. It is also used as resources of high purity hydrogen for chemical industry
(trace carbon monoxide present in Hp-rich gases) such as NHs synthesis and methanol
production [8]. In order to extend the application of natural gas as town gas, it is

extremely important to improve the heat value. For example, Japan and South Korea



import liquefied natural gas (LNG) with high heating value typically in a range
between 41 and 46 MJ-Nm™ [9]. Since Sabatier et al. discovered the hydrogenation of
CO to methane, named methanation (Eq. (1)), the technology had been widely
developed and applied to produce synthetic natural gas (SNG). However, side
reactions water-gas shift (WGS: Eq. (2)) occurs along to certain degree when the
syngas is introduced. The stoichiometric ratio of H,/CO will changed according to the
percent of two component reactions.

3H,+CO — CH4+H,0 AH 505 = =206 kJ-mol™ (1)

CO+H,0 — CO,+H, AH 595 = -41.1 kJ-mol™ (2)

Nonetheless, the selectivity of CH; and CO, represents the degree of
methanation and WGS reaction, respectively. WGS reaction is undesirable in
producing high-calorie SNG process, and should be suppressed to reduce the
selectivity of CO, because higher CO, content yields SNG of lower heating value. In
consequence, mediate selectivity of CH; and C,, hydrocarbons with low CO, content
is primary. Nickel is the most selective methanation catalyst and displays little activity
for WGS reaction [10]. However, Iron catalysts are known to hold high
Fischer-Tropsch synthesis activity with a low selectivity towards methane [11]. That is
the reason why Ni-Al,03 cannot produce high calorie SNG like Fe contained catalysts.
Typical performance of Ni catalyst was reports by Dennis, which presented the
highest CO conversion and CH, selectivity about 80% and 85% with few CO, during
the temperature range of 220-380 °C [10]. Lee et al. reported at 300 °C syngas
methanation (81.7-98.2% CO conversion) produced the high-calorie SNG which
contained 22-33% CO,, 18-27% CH4 and 36-40% C,4 by using a series of Fe-Zn
catalysts [9].

Using syngas generated from carbon sources (coal, biomass, coke oven gas,
municipal solid waste, etc.) to produce SNG has been considered as a promising way
towards the sustainable development and clean utilization of coal in China, whose
energy consumption has to depend mainly on coal [12]. For instance, the remote
coal resource in west of China could be converted into SNG and transported to

consumer city in East by ready SNG pipeline. Nowadays the heating value of SNG can



be enhanced by producing additional C,-C; hydrocarbons whose heating value
exceed about 40 MJ-Nm(i.e. CHa: 37.85 MJ-Nm; C;Hg: 67.33 MJ-Nm™>; C,Hq: 61.42
MJ-Nm™; C3Hg: 97.19 MJ-Nm™; C3Hg: 90.61 MJ-Nm™>; n-C4H1o: 128.68 MJ-Nm™; CyHg:
121.69 MJ-Nm'3) during methanation [9, 13, 14]. The most popular methanation
catalyst is Ni supported on Al,Os3. However, it yields less ethane or propylene. Among
the various catalysts in CO hydrogenation, Fe is reported to produce light paraffin as
most efficiently catalyst and Zn is always used to improve the selectivity of paraffin
[15-17]. Besides, Mn as promoter can also enhance the yield of C,-C4 and decrease
the selectivity of methane [14]. Since diversify metal ions exist in ferrite prepared
from electroplating sludge, it is anticipated that the ferrite might produce more C,,
hydrocarbons and then high-calorie SNG. Moreover, the spinel structure might be
more stable on condition of heat shock in methanation reactor, which is critical to
operate stably [18].

In this work, ferrite catalyst prepared from electroplating sludge (catalyst A) was
tested in a methanation reaction in a fixed bed reactor to produce high-calorie SNG.
For purpose of comparison, Ni-Zn ferrite (catalyst B) made by pure chemical reagents
and industrial catalyst Ni-Al,O3 (catalyst C) were also evaluated by methanation
reaction. Catalytic performance of these catalysts for syngas methanation at different
temperature was studied. Besides, catalytic performance was also retested after high
temperature processing. Results showed that catalyst A exhibited good activities to
produce high-calorie SNG. Meanwhile, this catalyst could suppress water gas shift
reaction significantly. What is more, it showed the slightest drop of activity upon the
heat-treatment.

2. Experimental section
2.1 Catalyst preparation

Electroplating sludge, which were directly collected from Taizhou electroplating
company, Zhejiang province, China, S1 (Zn-rich) and S2 (Fe-rich) contained 80.78 and
56.12 wt% of water, respectively. The electroplating wastewater of S1 and S2 were
separately collected from two workshops (S1 : corrosion protection by Zn of an

object; S2 : pickling). The transformantion of the electroplating waste water into



electroplating sludge follow the treatment process shown in Fig. 1. As listed in Table
1, the main heavy metal elements were Zn (22.2 wt%) and Fe (23.9 wt%). The
chemical reagents, such as Fe(NOs)3:9H,0, Zn(NOs),:6H,0, Ni(NOs),:6H,0, NaOH,
HNO3 were all of analytical grade and purchased from Sino pharm Group Chemical
Reagent Co. Ltd., China. Industrial catalyst J101 was purchased from Nanjing
Chemical Catalyst factory.
2.2 Ferrite preparation via hydrothermal treatment

Catalyst A was prepared by hydrothermal method in typical synthesis using
electroplating sludge. In the first step, electroplating sludge from S1 (7.9g) and S2 (5g)
were dissolved in a solution of deionized water (300.0 mL) to form heterogeneous
slurry by stirring in a 500 mL high-pressure autoclave. The amount of Iron additive
(iron scrap) was determined by stoichiometric formula of ferrite and the sludge
composition. NaOH was used to keep the pH of reaction mixture at 9.0~9.5. Next,
the autoclave was heated at 180 °C for 6 h. Resulting precipitate was collected by
centrifugation, washed with distilled water to remove any impurities and dried at
105 °C for 15 h after the autoclave cooled to room temperature. At last, the catalysts
were calcined at 950 °C for 4 h in muffle. The simulation catalyst B was prepared by
chemical regent using Fe(NO3)3:9H,0, Zn(NOs),:-6H,0 and Ni(NOs),-6H,0 in the same
process as catalyst A. Catalyst C J101 was purchased from Nanjing Chemical Catalyst
factory. The catalyst B and C were designated to make comparisons with catalyst A in
the methanation reaction.
2.3 Characterization

X-ray diffractometer was employed to analyze the XRD profiles of as-obtained
ferrites and spent catalysts. The XRD patterns were acquired on a DX-2700
diffractometer with monochromatic Cu Ka radiation (A = 0.15418nm) operating at 40
kV and 30 mA at a scanning speed of 4°min™ in 26 = 5-80°. The metal compositions
in sludge and as-obtained ferrites were determined by inductively coupled plasma
optical emission spectrometer (ICP-OES, Optima2100DV, PerkinElmer) after the
suitable treatment. Temperature-programmed reduction (TPR) was carried out in a

quartz tube reactor loaded with about 20 mg of freshly calcined powder catalyst by



glass wool to study the reducibility of the catalysts. Silica gel desiccant and 5A
molecular sieve were applied to purify effluent. The TPR experiments were
performed in a mixture gas of 5% H,/N, at flow rate of 50 mL-min. The quartz tube
reactor was heated at a linear programmed rate of 10 °C:min™® from room
temperature to 1000 °C and the consumption of H, in the process of TPR was
monitored by comparison of the thermal conductivity difference between the
reference and the product gas. Nitrogen physisorption isotherms were obtained with
a Micromeritics TriStar Il 3020 instrument to measure BET surface area, pore volume
and average pore diameter of the fresh catalysts. Prior to analysis, each sample was
outgassed at room temperature for 24 h to remove the moisture and other
adsorbates. The morphology of as synthesized samples was monitored by using
scanning electron microscope (SEM, Zeiss Supra 55). Temperature programmed
oxidation (TPO) measurements was carried out on a 2 mm (I.D.) quartz tube. 30 mg
of used catalysts were placed between two quartz wool plugs and heated from
ambient temperature to 1000 °C at 10 °C-min* under 10% 0O,/He stream. Produced
carbon dioxide was measured on-line by the GC. Furthermore, for comparison
purposes, mechanical mixture of 5mg carbon and 25mg fresh catalyst A was also
tested as reference material.
2.4 Catalyst testing

Methanation reaction was carried out in a 1.2 cm (0O.D.) stainless steel fixed-bed.
In a typical run, catalysts with grain size ranging in 60-80 mesh were placed between
three layers of quartz sands in the bed. In order to facilitate the heat transfer and
prevent hot spots resulting from the exothermal character of the reaction, the
calcined 1.0 mL catalysts (1.2g of catalyst A) were diluted with 1 mL quartz sands in
the same size. Bed temperature controlled by a temperature controller was
monitored axially using a type-K movable thermocouple which was buried in the
catalytic bed. Before the reaction, catalysts were activated on-line in a stream of
hydrogen at 400 °C for 6h at atmospheric pressure with a heating rate of 1 °C-min™.
Then the pressure was elevated to 2.0 MPa by feeding the syngas mixture (H,/CO = 2)

from the pressurized manifold via individual mass flow controller. The gas hourly



space velocity (GHSV) was set at 3000 h™*. Subsequently, it was heated to the desired
reaction temperature by steps of 1 °C-min™’. Catalyst samples were activated in
synthesis gas at 2 MPa by increasing the temperature from 280 °C to 360 °C. Catalytic
performance and thermostability were further investigated after high-temperature
treatment processing (that is, 600 °C for 12 h). Heavy hydrocarbons were collected by
a heated trap (at 130 °C and reactor pressure) placed immediately below the reactor.
Products like water and oil were collected by a cold trap placed after the heated trap.
The tail gas and reactant were analyzed on line by gas chromatographs (Shanghai
Haixin GC-950) equipped with a thermal conductivity detector and a flame ionization
detector. And the gas chromatographs worked with a packed column (TDX-101)
filled with carbon molecular sieve. Quantitatively of products were determined by
calibrated area normalization; accordingly, the CO conversion and product selectivity
were calculated on the basis of the equations.

3. Result and discussion

3.1 X-Ray diffraction (XRD)

Fig. 2a and b showed the XRD patterns of the fresh catalysts. As seen in Fig. 2a,
the peaks at 18.5°, 30.3°, 35.7°, 43.3°, 53.7°, 57.1°, 62.7° and 74.2° of ferrite were
apparent in catalyst A though a few peaks ascribed to impurity were also exist. Most
importantly, these typical diffraction peaks of ferrite matched well with (Ni, Zn)Fe,04
(PDF 08-0234) [19], which indicated that ferrite with the spinel structure was
successfully synthesized from sludge by the hydrothermal method [20, 21]. The
impurity peaks (Fig. 2a) at the value of 26 equal to 18.6°, 30.7°, 36.1°, 37.8°, 43.9°,
54.5°, 58.1° and 63.8° were assigned to another form of Fe,SiO4 phase (PDF 44-1385).
All peaks (Fig. 2b) observed at 18.3°, 30.1°, 35.4°, 43.0°, 53.4°, 56.9°, 62.5°, and 74.0°
could be corresponded to (Ni, Zn)Fe,04 suggesting that the ferrite from reagent was
pure phase.

In order to figure out the phase transformations after the methanation reaction,
the XRD patterns of the used catalysts were depicted in Fig. 2. Fig. 2c showed spent
catalyst A almost maintained the spinel feature, which still matched well with (Ni,

Zn)Fe,04 and Fe,Si0,4 after the whole reaction [22-24]. For the spent catalyst B, the



most intense reflections at 20 of 35.5°, 40.0°, 42.6°, and 45.0° (Fig. 2d) represented
the characteristic peaks of FesC, (PDF 20-0508) which was known as catalytically
active phase for Fischer-Tropsch synthesis [25]. Additionally, peaks corresponding to
ZnO and Ni were observed in Fig. 2d. This result meant that the spinel phase in
catalyst B was not so stable as that in catalyst A. This difference might be due to the
impurity elements in sludge. For instance, addition of silica could enhance the
stability of iron-based catalyst during Fischer—Tropsch synthesis [26-30]. Though the
formation of Fe,Si0, inhibited the reduction of iron oxide or carburization of catalysts,
it increased the selectivity of light hydrocarbon [31, 32].

Lee et al. reported that ZnFe,0,4 could inhibit sintering of catalyst A during
methanation reaction and thermal treatment [33]. Mn could improve the surface
acidity and enhance carbon-rich environment on the surface of the catalyst A, which
leaded to the increase of the selectivity of C,-C4 [14]. By providing H, dissociation
sites, Cu increased the reduction ability of Fe,0s; to FesO, and the rate of
carburization. Thus, the content of CH4 and paraffin increased in FTS products [33,
34]. With above knowledge, promoting elements such as Zn, Mn, Cu, etc. in sludge
were likely to produce the higher heating-value SNG and make catalyst more stable.
They might affect the FTS performance individually or jointly [34]. Therefore the
effect of catalyst A was a composite promotion and further study is essential to
confirm the influence of individual element.

3.2 Inductively coupled plasma optical emission spectrometer (ICP-OES)

The mass fractions of different elements in catalysts were analyzed using
ICP-OES. Table 2 showed that the contents of Zn and Ni were almost the same in
catalyst A and B. The several extra elements such as Cu, Al, Cr, and Mn in catalyst A
might as structural promoter to promote the reaction of methanation. Catalyst C was
consisted of Ni and Al, with the content of 21.0 % and 23.30 %, respectively. Since Ni
supported on Al,03 was a typically methanation catalyst we speculated that catalyst
C would show highest selectivity of methane.

3.3 Temperature-programmed reduction (TPR)

The TPR characterization was used to obtain information about the reduction



behavior of catalysts (Fig. 3). Fig. 3a showed a small H, consumption peak in the
range of 290-310 °C which might be assigned to be the reduction of CuO to Cu. Then
the second one at about 335 °C was related to the reduction of Ni** to Ni. The third
peak appeared in a wide range of 400-550 °C was ascribed to the reduction of Fe,0;
to Fe304. The forth broad peak observed in range of 550-770 °C was associated with
Fe;0,4 to FeO and the last higher than 850 °C was due to conversion of FeO to Fe [35,
36]. Fig. 3b showed a characteristic curve with four peaks of catalyst B in the H,-TPR
spectra. The first hydrogen consumption weak peak was attributed to the conversion
of Ni** to Ni. The following peaks which appeared at about 375, 400, 500 and 700 °C
could be assigned to the following consecutive reduction of the catalyst B: Fe;03 =
FesO, - FeO - Fe. A similar tendency was also discovered for the nickel ferrite
catalyst by Lofberg et al. [35]. In Fig. 3c, the higher and broader small shoulder at
about 400 °C was attributed to reduction of bulk nickel oxide [37].

These observations suggested that the reduction of Fe,0s in catalyst B was
easier than catalyst A. That was, the presence of Fe,SiO; which led to the Fe,0;
reduction more difficult [18]. The results were in agreement with the conclusion
from the X-Ray diffraction. Catalyst C showed the lowest temperature of the
reduction of NiO. The facilitated reduction of NiO in catalyst C was attributed to its
supporting structure.

3.4 Ny-adsorption-desorption measurements

Catalyst nanoparticles were analyzed by Brunauer—-Emmett—Teller (BET)
measurement. The BET surface area value of the catalyst A calculated from N,
isotherms was 12.9 mz-g'l, however, catalyst B was 5.8 mz-g'l. Obviously, catalyst A
was about 2 times that of catalyst B. It had been reported that the BET surface area
of the iron catalysts could be increased by silica incorporation [28, 30]. Besides, the
elevated surface area of catalyst A could be partially contributed to some impurity
phase (Fe,Si04) in XRD [38].

Nitrogen-desorption-adsorption isotherms described the textural analyses of
the catalysts in Fig. S1. According to IUPAC classification, all N, isotherms were type

IV. The pores had uniform size with an evident hysteresis H3 loop in the 0.8-1.0



range of relative pressure, clearly related to nitrogen capillary condensation. These
indicated that catalysts were characteristic of mesoporous materials with regard to
mean pore-size distribution (Fig. S2).

3.5 Temperature programmed oxidation (TPO)

TPO analysis was performed on the used catalysts to measure carbon deposition.
For purpose of quantification comparison, carbon black was used as standard
substance. The spent catalyst A, B or reference material were carried out at the same
heating rate of 10 °C-min™. Fig. 4 showed that much lower amount of carbon was
deposited on catalyst A than that of B. Furthermore, several CO, peaks were
observed, indicating different types of carbons with different reactivity toward
oxidation [39-40]. Besides, the peak maximum of carbon species in ferrite catalysts
was shifted to lower temperature compared with reference material, indicating that
the deposited carbon species were mainly oxidized by lattice or surface oxygen [41].
Thus, the TPO profile of spent catalysts suggesting catalyst A held good carbon
resistance than that of catalyst B.

3.6 Catalytic activity

It could be seen from Fig. 5 that conversion of CO increased with the rising of
temperature on these catalysts. The conversion of CO for catalyst B was the highest
during the whole reaction processing. Besides, the conversion of CO for catalyst A
was larger than that of catalyst C, except below 300 °C. In other words, the catalyst A
showed better performance than commercial catalyst at higher temperature. At 360
°C, catalyst A, B and C showed the highest conversion of CO, which were 87.0 %, 94.6 %
and 39.9%, respectively.

Fig. 6 showed that the selectivity of CH4 for catalyst A was 70.1 % at 280 °C,
furthermore it reached up to the maximum (72.8 %) when the temperature was 300
°C. However, the catalyst B and C exhibited the highest selectivity of CH, at 320 °C.
The selectivity of CH,4 for catalyst C was larger than that of catalyst A above 300 °C.
Catalyst B showed the lowest selectivity of CHs; on the whole. The different CO,
selectivity against temperature was shown in Fig.7. As a result, the ferrite catalyst

prepared from pure regents showed high CO, selectivity, while the Ni-Al,O3 catalyst



showed much less CO,; selectivity. The predominent cause of the phenomenon was
that Ni catalysts were more favorable for the methanation than the WGS reaction
under high reaction pressure [42]. Surprisingly, the selectivity of CO, for catalyst A
was as low as catalyst C. The low CO, selectivity in catalyst A might be correlated with
the heavy metal modification which leaded to different reducibility and carburation
ability.

On the whole, catalyst A showed the higher CH4 selectivity, higher C, 4 selectivity
and lower CO,; selectivity than that of catalyst B and C. It could be elucidated that
catalyst A could be used to produce higher heating value SNG with appropriate
temperature.

To investigate the thermal stability of the catalysts, high temperature treatment
was performed and catalytic activity was tested before and after that. As shown in
Fig. 8 CO conversion of catalyst A decreased from 87.0 % to 57.6 % after heat
treatment, whereas that of catalyst B and C decreased from 94.6 % to 30.7 % and
39.9 % to 6.0 %, respectively. Both A and B exhibited higher catalytic reactivity after
high-temperature processing in contrast to catalyst C. The good resistance to thermal
shock of catalyst A and B might be due to spinel structure. Besides, the reason why
catalyst A showed the best resistance to thermal shock might be explained as the
heavy metal promotion, by which the spent catalyst A was dense, whereas catalyst B
occurred coagulations on the surface as shown in SEM (Fig. S3c-d). Such a privilege is
of great importance in the notorious strong exothermic reaction. A completely

engineering importance of it in methanation reaction was worth of further study.
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The SNG calorie produced from catalyst A, B and C was calculated (according to
Eq. (3) and table 3), with the highest heating value of 41.7 (340 °C) MJ-Nm?3, 32.3
(320 °C) MJ-Nm™ and 36.0 (320 °C) MJ-Nm, respectively. The highest heating value
of catalyst A was ascribed to mediate CO, content and C,, hydrocarbons content.

Besides, catalyst C produced the least by-product comparing catalyst A and B. Thus,



the reason why catalyst A could produce high-calorie SNG and catalyst C always used
in methanation were obviously.
3.7 Stability

In order to investigate the stability of catalyst A, a long-term test was performed
under 340 °C, 2 MPa up to 300 h. Fig. 9 showed the catalytic stability of catalyst A
during methanation process. In the 300 h stability test, the CO conversion, CH,; and
CO, selectivity obtained on catalyst A maintained at about 65%, 50% and 13%,
respectively. No deactivation was observed in the time on stream, suggesting an
excellent catalytic stability of the catalyst prepared from electroplating sludge. Here,
the resistance to deactivation might be ascribed to the presence of heavy metals.

3.8 Economic assessment

The catalyst cost was evaluated for next step of application. Dealing
electroplating sludge would spend 149.81-299.63 St nowadays. In other words,
producing catalyst A not only could ignore the cost of raw materials but also saved
the handling expense and offer environmental benefits. So, the feedstock of catalyst
A was assumed to be -224.72 $:t™.

During hydrothermal processing, the electricity consumption was approximately
200 kw-h. The cost of desalted water was calculated at 2.55 $-t™ and electricity was
0.12 S/kw-h.

Table 4 showed among the three catalysts, catalyst C was the most expensive
one which was almost 33 times than that of catalyst A. Catalyst B involved slightly
higher cost because of the use of pure chemicals regents, while catalyst A resulted in
most cost-saving because of the reuse of the electroplating sludge.

4. Conclusions

Ferrite catalysts were synthesized by facilitating waste material, i.e.,
electroplating sludge. Our study demonstrated that the sludge could be used as a
valuable resource for synthesizing a highly active and stable methanation catalyst.
Comparing with catalyst B prepared by pure reagents and catalyst C employed in
industry, electroplating sludge derived catalyst could produce higher heating value of

SNG, resist thermal shock perfectly and suppress water gas shift efficiently. Besides,



due to the presence of impurity elements catalyst A was more stable and kept intact
after reaction. In a word, a new promising route to handle electroplating sludge and
synthesis catalyst is provided by this work.
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Fig. 2. XRD patterns of samples: Catalyst A, the ferrite sample prepared by sludge;
Catalyst B, the ferrite sample prepared from chemical regents; Spent Catalyst A, the
spent ferrite sample prepared by sludge; Spent Catalyst B, the spent ferrite sample

prepared from chemical regents.
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Fig. 3. H,-TPR curves of samples: Catalyst A, the ferrite sample prepared by sludge;
Catalyst B, the ferrite sample prepared from chemical regents; Catalyst C, sample

J101 purchased from Nanjing Chemical Catalyst factory.
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Fig. 4. O,-TPO profile: CO, intensity as a function of temperature for used ferrite
sample prepared by sludge (Catalyst A), used ferrite sample prepared from chemical
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Fig. 5. The conversion of CO with the rising of temperature during methanation
reaction. Reaction conditions: 2.0MPa, H,/CO = 2. Catalyst A: the ferrite sample
prepared from sludge; Catalyst B: the ferrite sample prepared from chemical regents;

Catalyst C: sample J101 purchased from Nanjing Chemical Catalyst factory.
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Fig. 6. The selectivity of CH, with the rising of temperature during methanation
reaction. Reaction conditions: 2.0MPa, H,/CO = 2. Catalyst A: the ferrite sample
prepared from sludge; Catalyst B: the ferrite sample prepared from chemical regents;

Catalyst C: sample J101 purchased from Nanjing Chemical Catalyst factory.
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Fig. 7. The selectivity of CO, with the rising of temperature during methanation
reaction. Reaction conditions: 2.0MPa, H,/CO = 2. Catalyst A: the ferrite sample
prepared from sludge; Catalyst B: the ferrite sample prepared from chemical regents;

Catalyst C: sample J101 purchased from Nanjing Chemical Catalyst factory.
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Fig. 9. Stability test of Catalyst A : ferrite sample prepared from sludge. Reaction

conditions: 340 °C, 2.0MPa, H,/CO = 2.



Table 1

Element contents of heavy metals in sludge

Elements
Samples
Zn Ni Fe Cu Cd Al Cr Mn
Sample *' (wt%) 222 70 71 48 06 25 25 07
Sample > (wt%) 1.8 0.8 239 31 07 50 21 05

Sample *': Electroplating sludge from process S1

Sample 32, Electroplating sludge from process S2



Table 2

Textural properties and element contents of heavy metals of catalysts

Pore Pore Surface Elements
Samples Size Volume Area
3 1 5 4 Zn Ni Fe Cu Al Cr Mn
(nm) (cm -g") (m*-g™)
Catalyst A (wt%)  11.9 0.04 12.9 104 58 235 6.8 25 14 03
Catalyst B (wt%)  14.4 0.02 5.8 110 6.8 318 0 0 0 0
Catalyst C (wt%) 7.2 0.5 243.7 0O 210 O 0 233 0 O

Catalyst A: The ferrite sample prepared by sludge.
Catalyst B: The ferrite sample prepared from chemical regents.

Catalyst C: Catalyst J101 purchased from Nanjing Chemical Catalyst factory.



Table 3

Product distributions of catalysts in methanation reactions

Q co Selectivity (%)

Catal

(MJ-N  conw.

st
y m'3) (%) CHy; GCHe GCyHsa GCsHg GCsHe C4Hip CiHg GCsy  COy

A 41.7 615 63.5 11.7 0.2 6.0 0.6 2.1 0.1 14 144

B 374 916 48.1 16.0 0 6.0 0 1.7 0 1.0 27.0

C 388 19.7 88.7 4.0 0.1 1.1 0.8 0.3 0.1 0.3 45

Reaction condition: Catalyst A was performed at 340 °C, Catalyst B was at 320 °C,

Catalyst C was at 320 °C.



Table 4

Total manufactured cost of catalyst A, B and C.

Item/catalysts A B C
Desalted water (t-t?) 41.9 33.5 B
Desalted water cost ($-t7) 106.7 85.3 _
Electroplating sludge (t) 1.8 _ _

Electroplating sludge Treatment cost ($-t7) -404.4

Electricity (-t 1004.3 803.7 B
Chemicals ($-t™) B 16074.9
Operating labors cost ($:t™) 53.9 53.9 B
Depreciation ($:t™) 149.8 149.8
Total costs ($-t) 910.3 17167.6  29962.6

® Dealing electroplating sludge spend 224.72 $-t™. Thus feedstock of Catalyst A was
assumed to be -224.72 $-t™.

® The cost of electricity was calculated at 0.12 S/kw-h.



