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Abstract−Wastewater contaminated with organic compounds is a serious problem; therefore, many catalysts, espe-
cially copper catalysts, have been developed to treat it and remove contaminants before discharge. However, such sepa-
ration and reuse of these catalysts is often challenging. Steel slag (SS), a by-product of steel production, is produced in
large quantities and requires careful disposal. Therefore, in this study, we developed a magnetically recyclable copper
catalyst utilizing pre-treated magnetic steel slag (MSS) as a support. First, magnetic separation was carried out to
remove calcium silicate impurities such as alite and belite in MSS up to five times, thus increasing the Fe content of the
MSS. We synthesized the Cu catalyst supported by MSS (donated as Cu@MSS) and characterized the catalyst by vari-
ous surface analysis techniques, showing the presence of CuO and CuCO3 nanoparticles on the MSS surface. In cata-
lytic reduction tests of para-nitrophenol using sodium borohydride in the presence of Cu@MSS, the reaction was
accelerated when using the five-times pre-treated MSS because of the removal of inhibitors such as calcium com-
pounds, as well as the high content of iron oxides leading to a synergetic effect with metallic Cu in this study. In addi-
tion, we investigated the effects of various factors, including Cu loading, sodium borohydride concentration, and
catalyst dosage, on the catalytic activity of Cu@MSS. The catalyst was found to be stable and reusable. In summary,
these results suggest that treated SS can be used as a support material for copper catalysts for the treatment of contami-
nated wastewater and the easy separation and reuse of the catalyst.
Keywords: Steel Slag, Magnetic Separation, Cu Catalyst, p-Nitrophenol, Recycling

INTRODUCTION

The agricultural and industrial revolutions have increased the
world population dramatically, which has resulted in many global
environmental issues (e.g., air, water, and land pollution). Further-
more, the generation and disposal of solid waste have become sig-
nificant problems, especially in urban areas, which has resulted in
increased environmental regulation related to the management of
solid waste [1,2]. Most solid waste is dumped in landfill sites as a
final disposal method, but these sites have a maximum capacity,
and many of these sites will close in the near future [3,4]. Thus, the
recycling of the solid waste has attracted attention because of in-
creased awareness and interest in sustainable development [5,6].

Steel slag (SS) is generated from steel plants during the conver-
sion of iron ore to steel products and is generated in large quanti-
ties from industrial facilities [4,5,7]. More than one-billion tons of
steel are produced annually worldwide [8], and approximately 400
kg of solid waste can be generated when one ton of steel is pro-
duced [4]. Blast furnace slag (BFS) and SS are the two main solid
waste products of the iron-making and steel-making processes,
respectively [8]. Currently, BFS is recycled to form valuable prod-
ucts (i.e., granulated slag and partial Portland cement) in many
countries owing to its numerous advantages (e.g., relatively homo-
geneous particles and the increase in long-term strength and dura-

bility of the microstructure of hardened Portland cement) [5,8,9].
In contrast to BFS, SS cannot be upcycled easily, and it is mostly
used as a simple aggregate because it has a relatively low hydrau-
licity and volumetric expansion caused by free CaO [8,9]. There-
fore, the development of upcycling methods for SS that would allow
its application in industrial and environmental fields with high effi-
ciency is required.

Many suggestions for the reuse SS in value-added ways have been
proposed, for example, in CO2 sequestration [10], as a fertilizer [7,11],
or as a soil stabilizer [7,12]. Recently, SS has been used in wastewa-
ter treatment processes as an adsorbent and catalyst [13-15]. Among
these applications, its use as an environmental catalyst could be
the most value-added method because SS typically contains vari-
ous metal oxides (e.g., Fe2O3, SiO2, MnO, and Al2O3) [16-18] that
could react with wastewater pollutants directly or be used as the
supporting material for the development of other reactive catalysts
[15,18,19]. In general, a variety of support materials, such as silica
oxides, carbon materials, membranes, and zeolites, are used to main-
tain the dispersibility of metallic catalysts, resulting in enhanced
catalytic reactivity [6,20-22]. However, these support materials require
time-consuming processes such as centrifugation or filtration for
purification [18,19,23].

Normally, the weight percentage of iron oxides in SS is greater
than 20%, and these oxides are a mixture of magnetic minerals (i.e.,
magnetite (Fe3O4) and maghemite (γ-Fe2O3)) and wüstite (FeO)
[4,15]. Magnetite and maghemite are well known as insoluble and
superparamagnetic materials [23], meaning that some parts of SS
can be used as a magnetically separable support material for the
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development of reactive environmental catalysts. Indeed, many
researchers have used magnetic particles as a support material for
the development of magnetically separable catalysts [20,23,24]. How-
ever, to date, there has been limited research into the possibility of
using SS for the development of magnetically separable metal cat-
alysts.

In this study, we developed magnetically separable catalysts using
pre-treated SS. Copper was selected as a catalytic metal because it
can replace other precious metals such as Au, Ag, Pd, and Pt with
a lower cost and high reusability [25]. In addition, Cu nanoparti-
cles show excellent performance in the catalytic reduction of organic
pollutants compared to those of other first-row transition metals
[26]. Therefore, the objectives of this study were to i) investigate
the physical and chemical changes of SS before and after the pre-
treatment (i.e., magnetic separation and washing process), ii) eval-
uate the catalytic activity of SS itself after the successive magnetic
separation processes, iii) investigate the surface characteristics of
the developed Cu catalyst supported by magnetically separable SS
(MSS) using various surface analysis techniques, iv) evaluate the
effects of experimental factors (Cu loading, catalyst concentration,
and reductant (i.e., NaBH4) concentration), and v) demonstrate
the reusability of the developed catalysts for the treatment of waste-
water containing organic pollutants. We selected para-nitrophenol
(p-NP) as a target nitroaromatic toxic pollutant in wastewater, and
this is reduced to para-aminophenol (p-AP) by catalytic reduc-
tion with NaBH4 [18-20,27].

MATERIALS AND METHODS

1. Materials and Chemicals
The SS was obtained from a steel product company in South

Korea. Other chemicals such as p-nitrophenol (≥99%) and sodium
borohydride (≥99%) were purchased from Sigma-Aldrich. Cop-
per sulfate pentahydrate (99%, Samchun Chemical Co. Ltd., South
Korea) was used for the preparation of the Cu precursor solution.
The solutions used in all experiments were prepared using deion-
ized water (DIW, 18.2 MΩ) purified using an ultrapure water fil-
tration system (HUMAN POWER I+, Human Corp., South Korea).
2. Preparation of Fine Raw Steel Slag

SS having particle sizes of 3-5 cm (Fig. 1(a)) was crushed using
a hammer mill system to obtain millimeter-sized SS (Fig. 1(b)).
Then, 500 g of crushed SS was subjected to secondary crushing by
using a ball mill system at 35 rpm for 30 min. The SS after the sec-
ondary crushing was sieved to obtain fine SS having a particle size

of less than 106μm (Fig. 1(c)). Unless otherwise stated, the fine SS
after the sieving process is defined as raw SS (RSS) in this paper.
3. Preparation of Cu-MSS Catalysts

To separate the magnetic and non-magnetic fractions of RSS,
the RSS was transferred to a glass beaker containing DIW to pre-
pare the RSS suspension (20g/L). A neodymium magnet was placed
on the outside of beaker and the suspension was mechanically
stirred at 300 rpm for 2 h. After the stirring was stopped, the non-
magnetic RSS was allowed to settle for 1 h, and the MSS attached
to the walls of the flask was collected. The collected MSS and non-
magnetic RSS (NMSS) were centrifuged (5,000 rpm, 3 min) and
dried in an oven at 105 oC overnight. To obtain high-purity MSS,
we repeated this procedure up to five times. The wastewater after
the purification step was filtered through a 0.2-μm membrane fil-
ter (Whatman), and the pH of the solution and leaching of Ca2+

were determined at each step.
The Cu-doped catalysts were prepared through an impregna-

tion method. An exact amount (0.1 g) of RSS and three different
MSSs (i.e., 1 (1st-MSS), 3 (3rd-MSS), and 5-times (5th-MSS) purified
MSS) were mixed with 10 mL DIW for 10 min before the addi-
tion of the Cu precursor. Then, the Cu precursor solution (0.25-
1.5 wt%) was introduced into the support suspensions and they
were mixed (700 rpm) for 2 h. The mixed suspension was dried in
an oven at 105 oC overnight and then calcined at 350 oC (2 h) to
stabilize the Cu nanoparticles on the surface of the supports.
4. Batch Experiments for p-NP Reduction

The catalytic activity of the prepared Cu catalysts was investi-
gated using p-NP reduction experiments with NaBH4 under ambi-
ent conditions. The prepared catalysts were transferred to a quartz
cuvette (10-mm path length), and 1.9 mL DIW and 0.1 mL p-NP
(3 mM) were added to the quartz cuvette sequentially. Finally, the
catalytic reaction was initiated by adding 1 mL of freshly prepared
NaBH4 stock solution, yielding a 0.1 mM initial p-NP concentra-
tion. For parametric studies, different concentrations of Cu (0.25-
1.5 wt%), catalyst (1-3.33 g/L), and NaBH4 (10-100 mM) were used.

For recycling tests, the p-NP (0.1 mM) reduction was carried out
in NaBH4 (25mM) solution using 2g/L of 1wt% Cu doped catalyst
(i.e., Cu@MSS). After finishing the reaction, the catalyst used was
magnetically collected at the bottom of the cuvette, and 2.5 mL of
the supernatant was discarded. Then, 2.5mL of pure DIW was used
to wash out the remained p-AP and NaBH4 from the inside of the
cuvette. This washing procedure was repeated three times. Finally,
1.4 mL of DIW and 0.1 mL of p-NP (3 mM) were introduced to
the cuvette, and then, 1 mL of NaBH4 (75 mM) was added to the

Fig. 1. Photo images of initial SS (a) before and (b) after crushing by hammer mill and (c) after crushing by ball mill.



1816 S. Yoon and S. Bae

November, 2019

quartz cuvette for the next recycling test.
5. Analytical Methods

Aqueous samples were collected at each step after magnetic sepa-
ration for Ca2+ ion determination by ion chromatography (IC) (883
Basic IC Plus, Metrohm, Switzerland) equipped with a compact
auto-sampler (863 Compact IC, Metrohm, Switzerland) and cation
column (Metrosep C4-150/4.0, Metrohm, Switzerland). In addi-
tion, the chemical composition of the SS was determined by X-ray
fluorescence (XRF, PANalytical, Epsilon 3-XL, Germany). The crys-
talline characteristics of RSS, NMSS, MSS, and Cu@MSS were ana-
lyzed by X-ray diffraction (XRD) (Rigaku, Japan) equipped a HyPix-
3000 detector at scan speed of 3o min−1. Morphological character-
istics were identified by high-resolution field-emission scanning
electron microscopy (HR-SEM) (Hitachi, Japan) equipped with an
energy-dispersive X-ray spectroscopy (EDS). The samples were
loaded on a carbon tape and coated by platinum for 30 s [28]. X-
ray photoelectron spectroscopy (XPS) analysis was carried out to
identify the oxidation state of Cu on the surface of Cu@MSS using

Fig. 2. SEM images of (a) RSS and (b) the enlarged image. (c) EDS analysis of RSS and their results showing the electron mapping of Mg, Ca,
Fe, Al, Si, and Mn.

Table 1. XRF results for RSS, NMSS, and MSSs
Component RSS (wt%) NMSS (wt%) 1st MSS (wt%) 2nd MSS (wt%) 3rd MSS (wt%) 4th MSS (wt%) 5th MSS (wt%) Remark
CaO 31.2 43.7 26.9 22.4 19.9 18.3 17.7 Decrease
Fe2O3 31.8 16.6 38.1 44.5 50.5 51.4 52.3 Increase
SiO2 14.1 18.0 12.2 09.9 07.7 07.8 07.5 Decrease
Al2O3 07.1 07.4 06.4 05.8 04.6 04.7 04.5 Decrease
MnO 08.4 05.9 09.4 10.4 10.6 11.1 11.1 Increase
MgO 03.7 03.8 03.6 03.4 03.1 03.3 03.4 -
Cr2O3 02.0 02.2 02.0 02.0 01.8 01.8 01.6 -
Etc 01.7 02.4 01.4 01.6 01.8 01.6 01.9 -

a Sigma Probe system (Al source Kα X-rays, 1,486.7 eV, Thermo
Fisher Scientific, USA). Surface charging effects were corrected
with respect to the C 1s peak at 284.8 eV as a reference. The con-
version from p-NP to p-AP during the catalytic reaction was mea-
sured by UV-vis spectrophotometer (Agilent 8453, Agilent, USA)
at wavelengths of 400 and 300 nm, respectively.

RESULTS AND DISCUSSION

1. Variation in the Chemical Composition in RSS and MSSs
The morphological and elemental features of the RSS were investi-

gated by HR-FESEM at different magnifications (Fig. 2). Overall,
the RSS particles had a non-uniform size and shape after the phys-
ical crushing processes (Fig. 2(a)). In addition, we observed small
nanoparticles on the surface of RSS in the enlarged images (Fig.
2(b)), possibly calcium oxides, which are often observed in other
solid waste materials (e.g., fly ash) containing Fe, Si, Al, and Ca
[18,19]. The results of EDS mapping (Fig. 2(c)) show that the RSS
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particles contained different elements such as Mg, Ca, Fe, Al, Si,
and Mn.

Table 1 shows the results of XRF analysis for RSS and different
MSSs. The RSS was composed of mostly Fe2O3 (31.8%) and CaO
(31.2%), followed by other minor mineral phases such as SiO2

(14.1%), MnO (8.4%), Al2O3 (7.1%), MgO (3.7%), Cr2O3 (2.0%),
and others (1.7%). As the number of magnetic separations increased,
the content of Fe2O3 increased significantly (31.8%→52.3%), but a
decrease in CaO (from 31.2→17.7%), SiO2 (14.1→7.5%), and Al2O3

(7.1→4.5%) was observed. Compared to the MSS, the NMSS,
which settled during magnetic separation, contained high content
of CaO (43.7%) and SiO2 (18.0%) with relatively low content of
Fe2O3 (16.6%) and MnO (5.9%).

Fig. 3 shows the XRD diffractograms of RSS, NMSS, and 5th-
MSS, which revealed that calcium, aluminum, silica, and iron were
present in RSS in the form of various complex minerals such as wüs-
tite, gehlenite, magnetite, mayenite, alite, belite, and ferrite. This is
consistent with a typical XRD result of RSS [5,17,29]. Interestingly,
we observed no significant peaks corresponding to alite (Ca3Si) and
belite (Ca2Si) in the MSS sample compared to that of NMSS. Fur-
thermore, peaks corresponding to magnetite/maghemite were only
detected in the MSS sample not in the NMSS sample. The XRF
and XRD results indicate that 1) the magnetic properties were
derived from magnetite/maghemite likely crystal structure and 2)
Ca3Si and Ca2Si present on the surface of NMSS can be removed
easily during the magnetic separation with water. Based on the XRF
results, which show increases in both Fe and Mn, we can suggest
that the main Fe form of MSS is manganese ferrite (MnFe2O4), which
has a similar XRD pattern to those of pure magnetite/maghemite
[30,31].

To confirm the leaching of Ca oxides during the preparation of
MSS, we measured the pH and Ca2+ concentration in each solu-
tion used for the magnetic separation (Fig. 4). After the first sepa-

ration, the pH increased from 5.7 to around 11, and the pH de-
creased continuously as the separation was repeated (around to
pH 8 after in the 5th-MSS). Furthermore, the concentration of Ca2+

leaching from the RSS suspension (from 80 mg/L) decreased con-
tinuously and reached 20 mg/L in the 5th-MSS. The increase in pH
and decrease in Ca2+ concentration with increasing number of sepa-
rations could be caused by the dissolution of water-soluble cal-
cium materials (e.g., alite and belite) [18]. Alite and belite are the
main components of Portland cement and could have reacted with
water as shown in Eqs. (1) and (2).

Alite: 2Ca3SiO5+6H2O→3CaO·2SiO2·3H2O+3Ca(OH)2 (1)

Belite: 2Ca2SiO4+4H2O→3CaO·2SiO2·3H2O+Ca(OH)2 (2)

Calcium hydroxide produced by reactions 1 and 2 is also slightly

Fig. 3. XRD patterns of RSS, NMSS, and 5th-MSS.

Fig. 4. Variation of pH and Ca2+ concentration as increasing the num-
ber of magnetic separation. Experimental condition: [RSS]=
20 g/L.
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soluble in water (Ksp=5.5×10−6), which causes an increase in the
solution pH after the first separation process (Ca(OH)2→Ca2++
2OH−). However, a significant amount of alite and belite could be
washed out on the surface of MSS during the repeated separation
steps, which reduces the impact of Ca dissolution (i.e., increase in
pH and leaching of Ca2+).

2. Characterization of Cu@MSS
The morphological characteristics of MSS (5th) and Cu@MSS

were investigated by HR-FESEM (Fig. 5). Fig. 5(a) shows the sur-
face image of MSS after the fifth separation process. In particular,
the enlarged image of MSS (Fig. 5(a1)) shows a relatively clean
surface compared to the initial RSS surface (Fig. 2(b)). This result

Fig. 5. SEM images of (a and a1) 5th-MSS and (b and b1) 1 wt% Cu@MSS.

Fig. 6. EDS analysis of (a) MSS and (b) Cu@MSS.
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clearly indicates that the water-soluble calcium oxides present on
the RSS surface were removed by hydrolysis reactions with water
during the aqueous magnetic separation. In contrast, we observed
a significant change in the surface morphology in Cu@MSS (Fig.
5(b)); crucially, we observed nanoparticles on the surface of MSS
(Fig. 5(b1)). The results of EDS mapping (Fig. 6(a)) confirmed that
Al, Si, Ca, Mn, and Fe were the major components in MSS with-
out Cu, whereas a significant amount of Cu was well distributed on
the surface of Cu@MSS (Fig. 6(b)). The results show that Cu nano-
particles had been successfully doped on the surfaces of the MSS
particles.

Fig. 7(a) shows the XRD patterns of MSS and Cu@MSS (1 and
10 wt% Cu loadings). Furthermore, 10 wt% Cu@MSS activated by
NaBH4 solution was also analyzed because the model reaction was
tested in NaBH4 suspension. The peaks associated with Cu were
not observed in the MSS and 1 wt% Cu@MSS samples because of
the low Cu contents, which were near the detection limit of the
XRD analysis [32]. When we increased the Cu loading to 10 wt%,
the XRD pattern of Cu@MSS contained three clear peaks at Bragg
angles (2θ) of 35.6o, 38.7o, and 48.6o, indicating the existence of
CuO particles (JCPDS card # 48-1548) on the MSS surface [33].
In addition, we observed an increase in the intensity of the peak at
around 25o, which corresponded to copper carbonate and hydroxy-
carbonate complexes [34-36]. After the catalyst activation, the peaks
corresponding to CuO and Cu complexes decreased significantly
and a new peak appeared at 43.5o, which was assigned to metallic
copper (JCPDS card # 04-0836) [37].

Fig. 7(b) shows the narrow scan XPS results (950-925 eV) of
Cu(2p3/2). No Cu peak was detected on the MSS surface, whereas
two broad Cu(II) peaks at 945-940 eV (Cu(II) satellite peak) and
939-930 eV were observed for the Cu@MSS. Furthermore, we ob-
served two distinct peaks corresponding to CuO (933.2 eV) and
Cu2CO3(OH)2 (935.0 eV) between 939-930 eV [25,38]. After acti-
vation, we observed the disappearance of the Cu (II) satellite peak
and shift of main peak of Cu(2p3/2) to a lower binding energy of
932.6 eV, which was assigned to the metallic copper. These results
are in good agreement with the XRD results, indicating that Cu(II)
doped on the MSS surface could be reduced to metallic copper (i.e.,
Cu(0)) particles by NaBH4 (2Cu2++BH4

−+3H2O→2Cu+B(OH)3+
2H2+3H+), thus possessing the potential to act as a catalyst for the
reduction of p-NP, as discussed in the next section.
3. Enhanced p-NP Reduction by the Cu@MSS Catalyst with
NaBH4

Fig. 8(a) shows the general UV-vis spectra of p-NP under dif-
ferent pH conditions. Under acidic conditions (pH 2.5), a strong
absorbance peak was found for p-NP at 317 nm. However, the ab-
sorbance peak was shifted to 400 nm (p-nitrophenolate ion) as the
pH increased because of the deprotonation of p-NP (pKa=7.16)
[18,39]. In this study, all the experiments were conducted under
alkaline conditions (>pH 10) because of the use of an NaBH4 solu-
tion [19,20,27]. Therefore, the concentration of p-NP was calcu-
lated from the absorption of the p-nitrophenolate ion at 400 nm.

The Cu@MSS suspension in the absence of NaBH4 (Fig. 8(b))
showed the conversion of p-NP to the p-nitrophenolate ion over a

Fig. 7. (a) XRD patterns of MSS, 1 wt% Cu@MSS, 10 wt% Cu@MSS, and 10 wt% Cu@MSS after the activation by NaBH4 solution (25 mM),
(b) XPS spectra for the narrow scan of Cu(2p3/2) on the surface of MSS, 1 wt% Cu@MSS, and 1 wt% Cu@MSS after the activation by
NaBH4 solution (25 mM).
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relatively long time (i.e., 60 min) because of the increase in the pH
arising from the dissolution of Ca species (e.g., CaO and Ca(OH)2)
in the MSS. However, no decrease in the peak intensity at 400nm was
observed, indicating the adsorption and reduction of p-NP did not
occur in the absence of NaBH4. In contrast, Cu@MSS with NaBH4

showed a continuous decrease in the intensity of the peak at 400
nm over 3 min and an increase in a new peak at 300 nm (Fig. 8(c))
that corresponds to p-AP [18,19,23,27,39,40]. Furthermore, a color
change from yellow (p-nitrophenolate ion) to colorless (p-AP) oc-
curred within 3 min, and the used Cu@MSS was easily collected by
a magnet (Fig. 8(d)). The results from surface analysis and catalysis

experiments indicate that Cu on the MSS surface can be reduced
to Cu(0) by NaBH4, and subsequently, the catalytic reduction of p-
NP with NaBH4 can proceed.

We evaluated the catalytic activity of different Cu@MSSs pre-
pared by using MSSs with different number of separations (RSS,
1st MSS, 3rd MSS, and 5th MSS). Control test using NaBH4 solu-
tion (50 mM) without any catalyst material showed no reduction
of p-NP (Fig. 9). Also, different MSSs without Cu loading were
used to identify any catalytic activity of the supports alone (Fig. 9(a)),
but there were no significant changes over 10 min. This indicates
that adsorption of p-NP on the MSSs surface was negligible, even

Fig. 8. UV-vis spectra of p-NP (0.1 mM) (a) at different pHs (b) during the reaction by Cu@MSS without NaBH4, and (C) with NaBH4 (25
mM). (d) Color change of p-NP suspension during the catalytic reaction.

Fig. 9. (a) Concentration change of p-NP by different support materials (RSS, 1st-MSS, 3rd-MSS, and 5th-MSS) and (b) after 1 wt% Cu load-
ings. Experimental conditions: [Catalyst]=2 g/L, [NaBH4]=50 mM, and [p-NP]=0.1 mM.
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in the presence of NaBH4. On the other hand, the p-NP concen-
tration decreased drastically in 5 min in the suspension of 1 wt%
Cu@MSS (Fig. 9(b)). Interestingly, the efficiency of p-NP reduc-
tion by Cu@MSS was enhanced as the number of magnetic sepa-
ration pretreatments increased (Cu@MSS (5th)>Cu@MSS (3rd)>
Cu@MSS (1st)). This may be caused by the sequential and cumu-
lative removal of Ca(OH)2, which is a known inhibitor of catalytic
p-NP reduction, from the MSS surface [18]. Note that Cu nanopar-
ticles can show a synergistic effect on p-NP reduction with NaBH4

in the presence of iron oxides [25]. Our experimental results and
the results of other studies indicate that the high and low contents
of Fe2O3 and CaO, respectively, in 5th-MSS can lead to enhanced
p-NP reduction owing to the synergistic effect of Cu and Fe and
removal of the inhibitor (i.e., Ca species). Based on the results, we
selected the 5th-MSS as a support material for the Cu@MSS cata-
lyst for further studies.

4. Effects of Experimental Factors on the Catalytic Activity of
Cu@MSS

To investigate the effect of various experimental factors such as
the Cu loading, catalyst concentration, and NaBH4 concentration,
further experiments were conducted where each experimental
parameter was varied. The p-NP reduction kinetics are described
by pseudo-first-order kinetics:

ln(At/A0)=ln(Ct/C0)=−kobs-pNP (t−t0), (3)

where A is the absorbance at 400 nm of UV-vis spectra, C is the
reactant concentration, kobs-pNP is the observed pseudo-first-order
rate constant (min−1), and t0 is the induction time. We calculated
the rate constant by excluding the induction time where p-NP was
not reduced [25,41]. The induction time excluded at each condi-
tion is shown in Table 2.

Table 2. Induction time at different reaction conditions
Reaction condition Cu loading Catalyst loading NaBH4 concentration Induction time
Effect of Cu loading (Fig. 10) 0.25 wt% 06 mg (2 g/L) 050 mM 120 s

0.5 wt%0 06 mg (2 g/L) 050 mM 060 s
0.75 wt% 06 mg (2 g/L) 050 mM 030 s
1 wt%0.0 06 mg (2 g/L) 050 mM 012 s
1.5 wt%0 06 mg (2 g/L) 050 mM 012 s

Effect of catalyst loading (Fig. 12) 1 wt%0.0 03 mg (1 g/L) 050 mM 024 s
1 wt%0.0 04 mg (1.33 g/L) 050 mM 024 s
1 wt%0.0 05 mg (1.66 g/L) 050 mM 024 s
1 wt%0.0 06 mg (2 g/L) 050 mM 012 s
1 wt%0.0 08 mg (2.66 g/L) 050 mM 012 s
1 wt%0.0 10 mg (3.33 g/L) 050 mM 012 s

Effect of NaBH4 concentration (Fig. 13) 1 wt%0.0 06 mg (2 g/L) 010 mM 012 s
1 wt%0.0 06 mg (2 g/L) 025 mM 012 s
1 wt%0.0 06 mg (2 g/L) 050 mM 012 s
1 wt%0.0 06 mg (2 g/L) 075 mM 012 s
1 wt%0.0 06 mg (2 g/L) 100 mM 012 s

Fig. 10. (a) Catalytic reduction of p-NP by Cu@MSS at different Cu loadings (0, 0.25, 0.5, 0.75, 1, and 1.5 wt%) and (b) variation of rate con-
stant and normalized rate constant at each condition. Experimental conditions: [Catalyst]=2 g/L, [NaBH4]=50 mM, and [p-NP]=
0.1 mM.



1822 S. Yoon and S. Bae

November, 2019

4-1. Effect of Cu Loading
Fig. 10 shows the effect of Cu loading on the catalytic p-NP

reduction. We prepared five different Cu@MSS catalysts with dif-
ferent Cu loadings (0.25, 0.5, 0.75, 1.0, and 1.5 wt%). Compared to
0wt%, Cu@MSS showed no significant p-NP reduction and almost
complete reduction of p-NP was observed within 30 min for the
0.25 wt% Cu@MSS (Fig. 10(a)). The increase in Cu loading led to
a gradual increase in the kobs-pNP value (Fig. 10(b)) up to 1.5 wt%
(4.78 min−1), indicating that increasing the Cu loading can increase
the reactive surface area [42]. It has been reported that excessive
metal loading can inhibit the reduction kinetics of p-NP because
the metal can pile up and can even form aggregate particles, thus
blocking active sites [19]. However, no inhibition of p-NP reduc-
tion was observed with increase in Cu loading, indicating that the
Cu nanoparticles were well dispersed on the MSS surface without
the severe aggregation of particles until the highest Cu loading
examined in this study (i.e., 1.5 wt%).

The kobs-pNP values were normalized by the Cu concentration (CCu)
to obtain the kobs-pNP/Ccu values (Fig. 10(b)). kobs-pNP/Ccu increased
continuously until 1 wt% Cu@MSS (159 L min−1gcu

−1) and reached
a constant level. It is well known that kobs-pNP is strictly propor-
tional to the total number of active site of metal particles [43], which
indicates that the kobs-pNP/CCu should be constant with increasing
the Cu loading. However, our results are not consistent with this
rule, indicating that our support material (i.e., Fe in MSS) could
work as a co-catalyst with the Cu nanoparticles, resulting in syner-
gistic p-NP reduction. For this reason, Cu@MSS showed 2-400
times higher values for kobs-pNP/CCu than other previously reported
Cu catalysts without support material (Table 3) [44-46], suggest-
ing that MSS support could improve the catalytic activity of Cu
catalyst. To identify the oxidation states of Fe on the Cu@MSS sur-
face before activation, after activation by NaBH4, and after reac-
tion with 0.1 mM p-NP, we performed additional XPS analysis
(Fig. 11). The peak shifts of the Fe(2p1/2) and Fe(2p3/2) were not
observed after the activation, but the Fe(III) satellite peak decreased
significantly after the activation by NaBH4. Then, the Fe(III) satel-
lite was re-formed after the reduction of 0.1 mM p-NP, indicating
that changes of Fe oxidation state on the Cu@MSS surface during
the reaction. After Cu@MSS was transferred to the NaBH4 solu-
tion, non-active Fe(III) sites on the MSS surface were reduced by

NaBH4 [18] and the newly formed Fe(0) or Fe(II) sites could donate
the electron to the Cu nanoparticles [25], resulting in the enhanced
activation of Cu nanoparticles.

Although the synergistic effect between Cu and Fe may increase
the kobs-pNP/Ccu up to 1 wt% of Cu loading, at higher Cu loadings,
the synergistic effect could be reduced because of the excessive
amount of Cu, which may cover the Fe sites. Thus, in this situa-
tion, kobs-pNP can only be increased by increasing Cu content but
not via the Fe synergistic effect, and the kobs-pNP/Ccu reaches a steady
state as shown in Fig. 10(b).

Table 3. Comparison of rate constant (kobs-pNP) and normalized rate constant (kobs-pNP/CCu) of Cu@MSS with other Cu catalysts for p-NP
reduction

Catalyst p-NP (mM) Cu (g/L) NaBH4 (mM) kobs-pNP (min−1) kobs-pNP/CCu (Lmin−1gCu−1) Ref.
9.5 nm Cu cubes 0.068 0.038 11.2 0.6060 15.95 44
18.0 nm Cu polyhedron 0.068 0.038 11.2 0.3420 9 44
21.5 nm Cu polyhedron 0.068 0.038 11.2 0.2460 6.47 44
Porous Cu microsphere 0.160 0.016 10.0 0.2460 15.375 45
Solid Cu microsphere 0.160 0.016 10.0 0.0840 5.25 45
Cu nanobranches 0.160 0.016 10.0 0.1260 7.875 45
Cu spheroid 0.100 0.330 10.0 0.1130 0.342 46
Cu2O 0.100 0.330 10.0 0.0527 0.159 46
CuO 0.100 0.330 10.0 0.0257 0.077 46
1 wt% Cu@MSS 0.100 0.020 10.0 0.6191 30.9 This work

Fig. 11. XPS spectra for the narrow scan of Fe(2p) on the surface of
1 wt% Cu@MSS, after the activation by NaBH4, and after
the reaction with p-NP. Experimental conditions: [Catalyst]=
2 g/L, [NaBH4]=50 mM, and [p-NP]=0.1 mM.
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4-2. Effect of Catalyst Loading
Fig. 12 shows the effect of catalyst concentration (1, 1.33, 1.66, 2,

2.66, and 3.33 g/L) on the p-NP reduction by the 1 wt% Cu@MSS
catalyst. Under all conditions, the complete reduction of p-NP was
observed within 3 min (Fig. 12(a)). A nearly linear relationship
was observed between the catalyst loading and kobs-pNP, as shown
in Fig. 12(b), indicating that the number of active sites available for
the catalytic reduction of p-NP increased with increasing catalyst
loading. However, the rate constant normalized by the amount of
catalyst (kobs-pNP/Ccatalyst) did not show an increasing trend, indicat-
ing that a large amount of Cu@MSS is not required when the cat-
alytic reaction must be finished within a few minutes (<3 min).
However, we observed a variation of induction time during the
catalyst loading experiments, which is the initial period of p-NP
adsorption on the active site or the surface restructuring time before
catalytic reaction [47], and 2 g/L of Cu@MSS loading showed the
lowest induction time (Table 2).
4-3. Effect of NaBH4 Concentration

Fig. 13(a) shows the reduction kinetics of p-NP by 1 wt%

Cu@MSS in different NaBH4 solutions (10, 25, 20, 75, and 100
mM). It was observed that p-NP was converted to p-AP almost
completely within 5 min at all NaBH4 concentrations. The removal
efficiency and the kobs-pNP values were significantly enhanced with
increasing NaBH4 concentration (Fig. 13(b)). Furthermore, the p-
NP reduction kinetics in the presence of Cu@MSS followed the
pseudo-first-order kinetic model, as generally observed in this study,
except at 10 mM NaBH4 concentration, which followed the zero-
order-kinetic model. This may be because the concentration of
NaBH4 (10 mM) may not be sufficient to induce a first-order reac-
tion [43]. Fig. 13(b) also shows the rate constant normalized by
the NaBH4 concentration (kobs-pNP/CNaBH4), which revealed the high-
est value at 25mM NaBH4. This result indicates that 25mM NaBH4

could be the optimal concentration for efficient reduction of p-NP
by Cu@MSS. At high NaBH4 concentration (>25 mM), Cu@MSS
can react with NaBH4 aggressively, resulting in excessive produc-
tion of hydrogen bubbles during the reaction (inset of Fig. 13(b)). This
interferes with p-NP reduction on the active surface of Cu@MSS
[19,20,25].

Fig. 12. (a) Catalytic reduction of p-NP by 1 wt% Cu@MSS at different catalyst loadings (1, 1.33, 1.66, 2, 2.66, and 3 g/L) and (b) variation of
rate constant and normalized rate constant at each condition. Experimental conditions: [NaBH4]=50 mM, and [p-NP]=0.1 mM.

Fig. 13. (a) Catalytic reduction of p-NP by 1 wt% Cu@MSS at different concentrations of NaBH4 (10, 25, 50, 75, and 100 mM) and (b) varia-
tion of rate constant and normalized rate constant at each condition. Experimental conditions: [Catalyst]=2 g/L, and [p-NP]=
0.1 mM.
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5. Recycling of the Cu@MSS Catalyst
We investigated the stability and recyclability of 1 wt% Cu@MSS

catalysts (2 g/L) by conducting five recycling tests for catalytic p-
NP reduction (0.1 mM) with 25 mM NaBH4 (Fig. 14). The cata-
lyst used at each cycle was easily collected by magnetic separation
after finishing the catalytic reduction of p-NP. We observed almost
complete reduction of p-NP within 3 min in all five cycles, indicat-
ing the good reusability and stability of Cu@MSS during the suc-
cessive reactions. However, the kobs-pNP values decreased slightly as
each cycle proceeded (from 2.23 min−1 in the 1st cycle to 1.31 min−1

in the 5th cycle). The decrease in the reaction kinetics could be
caused by a small loss of catalyst during the washing process. Because
we performed small batch-scale reactions in the quartz cuvette,
even the loss of a small amount of catalyst could significantly affect
the reaction kinetics in the recycling tests [19,20,27].

CONCLUSION

The need for recycling methods to convert solid waste into
value-added materials has increased because of environmental and
economic concerns. In this study, we successfully developed a recy-
clable and reactive Cu catalyst using pretreated SS (i.e., MSS). A
pretreatment step using the magnetic separation of SS with water
was carried out up to five times, resulting in significant increases
in the Fe content and decrease in the Ca, a known catalysis inhibi-
tor, content of the MSS. The increased Fe content and removal of
Ca species accelerated the reduction kinetics of p-NP because Fe
acts as a co-catalyst with the doped Cu nanoparticles and the
inhibitory effect of Ca was removed. Parametric studies showed
that Cu concentration, catalyst amount, and NaBH4 concentration
can influence the catalytic p-NP reduction significantly. Recycling
tests of Cu@MSS revealed its good stability and reusability over
five repeated catalytic cycles. The experimental results obtained
from this study show the excellent potential of MSS as a support
material for the synthesis of novel metallic catalysts, which can be
applied to various environmental and industrial clean-up pro-
cesses.
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