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a  b  s  t  r  a  c  t

A  new  type  of Ni,Ca-cementitious  material  was  firstly  synthesized  via  a  two-step  reaction  of alkali-
activated  steel  slag  polymerization  and  ion  exchange.  The  XRF  results  showed  that  almost  all the  Na+

ions  in  the  matrix  of  Na,Ca-cementitious  material  were  replaced  by  Ni2+ ions  at  room  temperature.  The
new  hydrated  products  of  metahalloysite  (Si2Al2O5(OH)4)  and  calcium  silicate  hydrate  (CSH)  were  formed
in the Na,Ca-cementitious  material.  The  diffuse  reflectance  UV–vis  near  infrared  ray  spectrum  was  blue-

2+ 5−
eywords:
on exchange
hotocatalysis
egradation
teel slag

shifted  due  to the  strong  interaction  between  Ni and  negative  charge  of  [AlO4] tetrahedron  in  the
framework  of  cementitious  material.  The  Ni,Ca-cementitious  material  was used  as  a  catalyst  for  the
photocatalytic  degradation  of  methylene  blue  dye  and  showed  a degradation  rate  of  94.39%  under  UV
irradiation.  The  high  photocatalytic  degradation  activity  was  suggested  to  be  the  synergistic  effect  of  the
cementitious  matrix,  Ni2+ ions  and  the  iron  oxides  of  wustite  (FeO)  and  calcium  iron  oxide  (Ca2Fe2O5)
from  the  steel  slag.  A probable  mechanism  of  photocatalytic  oxidative  degradation  was  proposed.
. Introduction

Preparation of geopolymers by alkaline activation of the indus-
rial by-products and the natural mine, such as fly ash [1–3],
last furnace slag [4–7], steel slag [8–10] and kaolinite [11,12],
ave attracted considerable attention due to their excellent phys-

cal properties for potential applications in building industry
13,14],  encapsulation of radioactive [15], solidification of haz-
rdous wastes [16,17], fire-resistance [18,19] and adsorbents
20–22]. It is suggested that the frameworks of geopolymers consist
f [SiO4]4− and [AlO4]5− tetrahedra linked randomly by sharing all
he oxygen atoms, and the negative charge of [AlO4]5− tetrahedron
s balanced by extra-framework cations of Na+, K+ and Ca2+ ions
23,24]. In general, the extra-framework cations can be replaced
y cations through ion-exchange reaction due to the porous struc-
ures of geopolymers [25,26]. Sazama et al. [27] reported that the
eopolymer catalysts with Co and Cu cations were prepared by
on exchange reactions of metakaolin-based Na-geopolymer and

etakaolin-slag based K,Ca-geopolymer, and were used as the
elective catalytic reduction of nitrogen oxides by ammonia and
he oxidation of decane by oxygen.
The manufacture of geopolymer-based catalysts by utilization
f solid wastes has many benefits such as low-cost, environment-
riendly, energy-saving and resource-recycling. The steel slag is a

∗ Corresponding author. Tel.: +86 29 82202467; fax: +86 29 85535724.
E-mail address: yaojzhang@yahoo.com.cn (Y.J. Zhang).
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by-product from the conversion of pig iron to steel and the methy-
lene blue (MB) dye is one of the organic pollutants in waste water
disposed by the dyeing and printing textiles. In order to realize the
dual purposes of the resource recycling of steel slag and remove
organic pollutants from the waste water, a new type of Ni,Ca-
cementitious material is firstly synthesized by alkali-activated steel
slag polymerization and ion exchange, and used as a catalyst for
the photocatalytic degradation of MB  under UV irradiation in this
paper.

2. Experimental methods

2.1. Materials

The steel slag with a specific surface area of 450 m2 kg−1 and an
average particle size of 17.49 �m was obtained from Laiwu Steel
Company after ball-milling 1 h. The main chemical components in
weight percent are shown in Table 1. A chemical activator, NaOH
(A.P.), was  purchased from Xi’an Chemical Reagent Company.

2.2. Preparation of Na,Ca-cementitious material

The starting materials of steel slag and activator for respectively
providing charge compensations of Ca2+ and Na+ cations were

mixed in the mass ratio of steel slag/activator/water = 1:0.11:0.28.
A typical preparation procedure was  described as below. The steel
slag was  placed into a net paste stirrer containing an aqueous solu-
tion of alkaline activator, and sufficiently mingled for 2 min. The

dx.doi.org/10.1016/j.jhazmat.2012.01.001
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:yaojzhang@yahoo.com.cn
dx.doi.org/10.1016/j.jhazmat.2012.01.001
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Table  1
Chemical components of specimens (wt%).

(wt%) Na2O K2O NiO SiO2 Al2O3 CaO Fe2O3 TiO2 MgO  V2O5 MnO  P2O5 Loss on
ignition

Steel slag 0.15 0.12 0 19.13 4.87 37.42 18.77 1.62 5.55 0.98 3.63 0.65 7.11
Na,Ca-cem* 4.01 0.10 0 18.78 3.36 35.40 15.99 1.35 3.21 0.88 3.05 0.59 13.28
NH -cem* 0.09 0.05 0 23.08 3.84 33.38 17.92 1.57 3.71 1.00 3.42 0.66 11.28
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able to produce Na-geopolymer gel, Ca-geopolymer gel, and CSH
gel in a metakaolin/GGBFS system. From Fig. 1 it can be observed
that the pattern of Ni,Ca-cementitious material is similar to that of
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ote: Na,Ca-cem* is the Na,Ca-cementitious material; NH4-cem* is the NH4,Ca-cem

lurry was cast into a 31.5 mm  × 31.5 mm × 50 mm triplicate steel
old and then put into a curing box at 20 ◦C with 99% relative

umidity for 1 day. After being demolded, the specimen was con-
inuously cured at room temperature for additional 27 days [28].
ubsequently, the specimen with a compressive strength of 26 MPa
as crushed and dried at 60 ◦C for 3 h in a nitrogen atmosphere to

btain a Na,Ca-cementitious material specimen with particle size
n the range of 120 ∼ 425 �m.

.3. Preparation of Ni,Ca-cementitious material

The Na,Ca-cementitious material specimen (10 g) was added to
00 mL  aqueous solution of 0.3 M NH4Ac at room temperature for
2 h to perform ion exchange of Na+ with NH4

+. The specimen was
ltrated and washed sufficiently with deionized water and then
ried at 60 ◦C for 3 h in a nitrogen atmosphere. As mentioned above,
he experimental procedure was repeated once more to get the
H4-cementitious material specimen.

The NH4-cementitious material specimen (10 g) was  added
o 100 mL  aqueous solution of 0.1 M Ni(NO3)2 to carry out ion
xchange of NH4

+ with Ni2+ at room temperature for 12 h. The spec-
men was filtrated and sufficiently washed with deionized water
nd then dried at 60 ◦C for 3 h in a nitrogen atmosphere to acquire

 Ni,Ca-cementitious material-based catalyst. The chemical com-
onents are shown in Table 1.

.4. Characterization of specimen

X-ray diffraction patterns of specimens were measured on a
/MAX-2400 X-ray diffractometer equipped with a rotation anode
sing CuK� irradiation. Diffuse reflectance UV–vis near infrared ray
pectrum was recorded on a HITACHI UV-4100 spectrophotometer.
lemental analysis was carried out on a Bruker S4 Pioneer X-ray
uorescence (XRF) analyzer.

.5. Photocatalytic reaction

The specimen (0.2 g) was added to 100 mL  aqueous solution of
B dye (4.01 × 10−3 M)  and placed in a 250 mL  beaker. The solu-

ion was magnetically stirred and placed it in the dark for 30 min
o establish an adsorption and desorption equilibrium. The aque-
us solution of MB  was then irradiated by a UV-lamp (ZW-2, 40 W)
ith a 254 nm output, and subsequently was centrifuged in each

0 min  interval and the absorbance of the supernatant solution
as monitored on a UV–vis spectrophotometer at the maximum

bsorption wavelength of 665 nm.  The photocatalytic degradation
ate was calculated by Eq. (1).

 =
[

Ac0 − Act

Ac0

]
× 100 (1)
here � is the degradation ratio of MB.  The Ac0 and Act are the
bsorbency of MB  solution at initial time and at time t after UV
rradiation at 665 nm,  respectively.
17.62 1.56 3.61 1.02 3.38 0.62 10.85

ous material; Ni,Ca-cem* is the Ni,Ca-cementitious material.

3. Results and discussion

3.1. Microstructure and absorption spectrum of specimen

Table 1 shows the chemical components of specimens. The
content of Na2O in steel slag powders is about 0.15 wt%  and dra-
matically increases to 4.01 wt%  in Na,Ca-cementitious material due
to the polymerization of steel slag activated by sodium hydroxide.
After Na+ ions in turn are exchanged by NH4+ and Ni2+ ions, the
amount of Na2O rapidly drops to 0.06 wt%  and the content of NiO
is up to 6.95 wt%. This means almost all the Na+ ions in the matrix
of Na,Ca-cementitious material were replaced by Ni2+ ions at room
temperature. Sazama et al. [27] reported that the Na+ ions in the
vicinity of all the Al atoms in the geopolymer network could be
exchanged by Cu2+ or Co2+ ions at room temperature.

Fig. 1 shows the XRD patterns of specimens. The steel slag
powders show some mineral phases, such as calcium iron oxide
(Ca2Fe2O5, JCPDS No. 19-0222), Belite (Ca2SiO4, JCPDS No. 98-
000-0275), alite (Ca3SiO5, JCPDS No. 98-000-0043), portlandite
(Ca(OH)2, JCPDS No. 98-000-0359) and wustite (FeO, JCPDS No. 46-
1312). The details about these mineral phases including chemical
formula, serial number of JCPDS and 2� are summarized in Table 2.
The intensities of some diffraction peaks remarkably decrease
and some peaks disappear in the pattern of Na,Ca-cementitious
material compared with the pattern of steel slag powders in
Fig. 1, suggesting that the mineral phases in the steel slag such as
Ca2Fe2O5, Ca(OH)2, Ca2SiO4 and Ca3SiO5, partially react with aque-
ous alkaline solution of sodium hydroxide to produce two kinds of
new hydrated products, metahalloysite (Si2Al2O5(OH)2, JCPDS No.
01-074-1023) and calcium silicate hydrate (CSH) (Ca1.5SiO3.5·xH2O,
JCPDS No. 33-0306) [29]. Yip et al. [30] reported that it could be
70605040302010

2 Theta (degree)

Fig. 1. X-ray diffraction patterns of specimens.
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Table  2
Mineral phases of specimens.

Mineral phase Chemical formula Number of JCPDS 2� (◦)

Calcium iron oxide Ca2Fe2O5 19-0222 12.00, 24.11, 33.35
Belite Ca2SiO4 98-000-0275 18.08, 26.50, 31.19, 32.09, 35.36, 39.52, 41.28, 56.61
Alite Ca3SiO5 98-000-0043 30.12, 32.24, 49.54, 51.92, 56.61, 62.45
Portlandite Ca(OH)2 98-000-0359 18.08, 34.11, 47.10
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et al. [33] reported that the Ca2Fe2O5 was  employed as a catalyst
Wustite FeO 46
Metahalloysite Si2Al2O5(OH)4 01
Calcium silicat hydrate Ca1.5SiO3.5·xH2O 33

a,Ca-cementitious material except for the diminution of peak
ntensities of portlandite.

Fig. 2 shows the diffuse reflectance UV–vis near infrared ray
pectra of specimens. There are typical absorption bands in the
ange of 230 ∼ 300 nm and they are much clearer after enlargement
the left top of Fig. 2). Absorption bands centered at 260.6 nm and
81.5 nm are observed in the Na,Ca-cementitious material speci-
en, while these bands are slightly blue-shifted to 257.3 nm and

71.1 nm respectively in the Ni,Ca-cementitious material. The blue-
hifted bands are probably attributed to the strong interaction of
i2+ and negative charge of [AlO4]5− tetrahedron in the frame-
ork of cementitious material as a result of Ni2+ ion (0.069 nm)
ith smaller ionic radius than Na+ ion (0.102 nm). In the near

nfrared ray region, three kinds of absorption bands centered at
404 nm,  1922 nm and 2215 nm are suggested to be the absorp-
ion bands of Si OH in the frameworks of Na,Ca-cementitious and
i,Ca-cementitious materials. Elsherbiny et al. [31] reported that

he porous silica powders show a shielded complex ≡SiO H(OH2)
bsorption band at 1404 nm.

.2. Photocatalytic activities of specimens

Fig. 3 exhibits the photocatalytic degradation activities of speci-
ens for MB.  In order to understand comprehensively the different

egradation activities, three approaches are taken in the catalytic
eactions. The first way is that the aqueous solution of MB  is
xposed to UV light without catalyst. The second way  is that the
queous solution of MB  suspending catalyst is put in the dark
ithout UV irradiation. The third way is that the aqueous solution

f MB  containing catalyst is exposed to UV light. The degrada-
ion rate of 22.97% in the first way presents that the MB  has
he low photodegradation activity. The results in the second way

how the degradation rate of 15.09% on the Na,Ca-cementitious
aterials and 29.25% on the Ni,Ca-cementitious materials. These

ow degradation activities can be dominantly ascribed to the cat-
lytic degradation, suggesting that the MB  molecules firstly absorb
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Fig. 2. Diffuse reflectance UV–vis near infrared ray spectra of specimens.
 36.34, 42.15, 61.13
1023 11.48, 20.12, 23.85, 31.27, 35.36

 29.32, 32.09

on the surface of catalyst, then are catalytically degraded and
are finally desorbed from the catalyst. It can be observed from
Fig. 3 in the third way that the Ni,Ca-cementitious materials-
based catalyst shows the photocatalytic degradation rate of 94.39%
and the Na,Ca-cementitious materials displays 53.27% under UV
irradiation, respectively. By comparing, the order of the degra-
dation rate of MB  on the Ni,Ca-cementitious materials is the
photocatalytic degradation (the catalyst irradiated by UV) � the
catalytic degradation (without UV) > the photodegradation (with-
out catalyst). The highest photocatalytic degradation rate of MB
on Ni,Ca-cementitious materials-based catalyst is considered to be
the results of synergistic effect among the matrix of cementitious
material, Ni2+ ions and the iron oxides of wustite (FeO) and calcium
iron oxide (Ca2Fe2O5) from the steel slag.

3.3. Reaction mechanism

A possible mechanism for photocatalytic oxidative degradation
of MB  is proposed as following. From Fig. 1 it is known that the
iron species predominately exists in the forms of wustite (FeO)
and calcium iron oxide (Ca2Fe2O5) dispersed in the network of
Ni,Ca-cementitious materials. These iron oxides, FeO and Ca2Fe2O5,
show semiconductor properties with narrow band gaps. When the
energy of a photon is absorbed by an electron situated in valence
band of iron oxides under UV light irradiation, the photogenerated
electron (e−) from the valence band jumps to its conduction band
and simultaneously leaves behind a positive hole (h+) in the valence
band as shown in Eq. (2) and Fig. 4. Gulshan et al. [32] reported
that the iron oxides of maghemite and hematite show semicon-
ductor properties and have the activities of photodecomposition
of MB  by illuminating with UV, visible and solar radiation. Yang
for photodegradation of methyl orange under UV light irradiation.

Iron oxides
hv→e− + h+ (2)
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The photogenerated electron (e−) transfers to Ni2+ ions located
n the vicinity of [AlO4]5− tetrahedron with negative charge in the
ramework of cementitious materials as shown in Eq. (3) and Fig. 4.
herefore, the Ni2+ ions play important roles in the transmission
hotogenerated electron and the enhancement of separation effi-
iency of photogenerated electron–hole pairs.

1/2)Ni2+ + e− → (1/2)Ni (3)

The photogenerated hole (h+) reacts with H2O molecule to
elease a significant proportion of hydroxyl radicals which is the
rimary oxidant in the photocatalytic oxidation of organic com-
ounds depicted in Eq. (4) and Fig. 4 [34,35].

2O + h+ → H+ + •OH (4)

The electrode potential of hydroxyl radical (2.8 V) is much higher
han that of MB  (0.53 V) in aqueous solution so that the MB  can be
hotocatalytically oxidized by hydroxyl radical via demethylation,
leavage of chromophore ring and final degradation into CO2, H2O,
O3

− and SO4
2− exhibited in Eq. (5) [36,37].

N+(CH3)2Cl
-

N

SCH3)2N CO2 + OH+

. Conclusion

A novel Ni,Ca-cementitious materials-based catalyst was  pre-
ared via a two-step reaction of polymerization and ion exchange.
here are two kinds of hydrated products, metahalloysite
Si2Al2O5(OH)4) and calcium silicate hydrate (CSH) in the alkali-
ctivated steel slag-based cementitious materials. The blue-shift
f absorption bands in the UV region was suggested to be the
trong interaction of Ni2+ and the negative charge of [AlO4]5−

etrahedron, while the absorption bands in near infrared region
ere suggested to be the absorption of silicon-hydroxyl (Si OH)

n the framework of Ni,Ca-cementitious materials. In the process
f photocatalytic oxidative degradation of MB,  the Ni2+ ions act as

 critical role in transmission of photogenerated electrons and the
ron oxides are responsible for the transfer of photogenerated holes
o as to enhance separation efficiency of the electron–hole pairs and
mprove the photocatalytic efficiency.
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