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a b s t r a c t

At present, dye wastewater pollution and solid wastes storage become the main environmental 
issues in China. Thus, it is of great significance to develop low–cost and efficient technologies to 
remove dyes from aquatic environment. In this paper, the mixture of magnesium slag and steel slag 
were used as the raw materials, Na2SiO3·9H2O as alkali activator, silica fume as toughening agent, 
conductive carbon black as conductive medium, a novel conductive alkali-activated-steel-slag-mag-
nesium-slag-based composite cementitious material (CACCM) was successfully prepared and 
applied to dye wastewater treatment. The results indicated that the compressive strength of the 
prepared specimens with carbon black was decreased, and the electrically conductive property was 
improved significantly with growing of carbon black content. When carbon black content reached 4.5 
wt%, the stable conductivity was 0.3997 S/m for the curing period of 28 d. PL spectrum revealed that 
the photoluminescence intensities progressively decreased with increasing of carbon black content. 
The incorporation of carbon black could improve the photo catalytic degradation rate of the compos-
ite cementitious material, and the conductivity was positively correlated with the degradation rate. 
4.5CB/CACCM specimen showed the best photo catalytic degradation activity and the degradation 
rate of malachite green dye could reach 90.58% at 80 min. The photo catalytic degradation reaction 
belongs to the second-order reaction kinetics.
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1. Introduction

In recent years, with the accelerated process of indus-
trialization and increasing population, China has now 
developed into a printing and dyeing industry power [1]. 
It is reported that China had produced 756 thousand tons of 
dye in 2010, ranking the top of the world, while more than 
700 m3 of waste water was discharged in the production of 
one ton of dye [2]. Moreover, in daily textile printing and 
dyeing, as about 15% of the dye enters the water environ-
ment, more than 100 thousand tons of dye without effective 
treatment was directly discharged into the water environ-

ment [3]. These dyes which have stable chemical structures 
are very difficult to be degraded by the environment itself. 
So even the dyes with low concentration can also produce 
clear color, thus affects the normal life activities of aquatic 
animals and plants, and then destroy the ecological balance 
of water. More seriously, most of dyes and intermediates 
have carcinogenic, teratogenic and mutagenic effects, such 
as triphenylmethane dyes [4,5], which are great threat to the 
health of humans and animals through the food chain [6–8]. 
Therefore, dye wastewater is one of the most serious factors 
that threaten the safety of water body in China [9–12]. How 
to treat dye wastewater has obviously become a problem to 
be solved urgently.
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With the rapid development of national economy, the 
emissions of steel slag and magnesium slag as the main solid 
waste produced by the steel industry and the magnesium 
industry have increased sharply. According to statistics, 
in 2016, the emission of steel slag in China was about 121 
million tons [13], and the emission of magnesium slag was 
more than 6 million tons [14], so it is imminent to improve 
the application of this kind of solid waste as resources. In 
recent years, numerous scholars at home and abroad have 
made a lot of researches on the basic performance and com-
prehensive utilization of steel slag and magnesium slag. For 
example, the steel slag is mainly used as a raw material for 
calcining cement clinker [15], soil amendments [16], adsor-
bent used in wastewater treatment [17], and catalyst car-
rier material [18–20]; Magnesium slag is mainly used in the 
fields of calcining Portland cement clinker, cement admix-
ture [21], multiphase catalyst [22] and a raw material of cat-
alyst carrier material [14,23]. However, its utilization is still 
low. The large amount of accumulated steel slag and mag-
nesium slag not only occupy land resources, but also cause 
serious environmental pollution, and at the same time, it is 
also a huge waste of secondary resources, which seriously 
affects the circular economy and sustainable development 
of the iron and steel industry and the metal and magnesium 
industry. Therefore, it is imperative to further develop new 
methods for scientific utilization of steel slag and magne-
sium slag, explore a new way of high value-added utiliza-
tion for steel slag and magnesium slag as resources, and 
expand new fields for its green and harmless utilization.

In this paper, where carbon black is taken as con-
ductive medium, steel-slag-magnesium-slag as 
raw materials, a novel conductive alkali-activat-
ed-steel-slag-magnesium-slag-based composite cementi-
tious material (CACCM) was prepared, and used for photo 
catalytic degradation of malachite green dye wastewater. 
The main purposes of the research are as follows: (1) put 
forward to create a novel photo catalyst in an economical 
and feasible way; (2) evaluate its photo catalytic perfor-
mance of the composite cementitious material; (3) resolve 
the environmental pollutions caused by both wastewater of 
malachite green dye and steel-slag-magnesium-slag. 

2. Experimental

2.1. Reagents

Steel slag with the density of 3.40×103 kg/m3 and the 
Blaine specific surface area of 485 m2/kg was purchased 
from Hancheng Longmen Iron and Steel Co. Ltd., Shaanxi, 
China. The magnesium slag powder was obtained from 
Fugu Magnesium Company. The density and the Blaine 
specific surface area were 1.58×103 kg/m3 and 485 m2/kg 
respectively. Silica fume was provided by Xi’an Lin Yuan 
Co. Ltd. Na2SiO3·9H2O (A.R.) was purchased from Sino-
pharm Chemical Reagent Co. Ltd. Carbon black with an 
average particle size of 40 nm was supplied by Tianjin 
Lihua Chemical Co. Ltd., China.

2.2. Synthesis of photocatalyst

Steel slag and magnesium slag were mixed by the 
mass ratio of 8:2, and 300 g of mixture were accurately 

weighed as the measurement basis. In the mixing process, 
silica fume as the toughening agent and carbon black as 
conductive medium were added by using external-adding 
method, whose addition amounts were respectively 10 wt% 
and 15 wt% of the total mixture, and the addition amount 
of Na2SiO3·9H2O as the alkali-activator was 10 wt% of the 
total mixture. The water-slag ratio was 0.39. Referring to the 
standard of GB/T17671–1999 “cementation sand strength”, 
the solution containing Na2SiO3·9H2O was poured into the 
SJ-160 type mortar mixer, adding mixture and stirring evenly 
to form paste. Then, the mixed slurry was placed into a 31.5 
mm×31.5 mm×40 mm triplicate steel mold to be shaped on 
a vibrating table . Four galvanized stainless steel electrode 
plates were inserted at the equal distance (Electrode size: 20 
mm×30 mm). After that, they were put into a sealed plastic 
bag to cure at 80°C for 6 h in the constant temperature dry-
ing box. The test blocks were continuous cured at room tem-
perature for 1 d before the demolding, and it was cured for 
2 d in a standard curing box to obtain the novel conductive 
alkali-activated-steel-slag-magnesium-slag-based compos-
ite cementitious material (abbreviated as: 1.5 CB/CACCM). 
For the comparison, the conductive composite cementitious 
materials whose addition amounts of carbon black were 
respectively 0 wt%, 3.5t% and 4.5t% of the total mixture 
were prepared according to the above method (written as: 
CACCM, 3.5 CB/CACCM and 4.5 CB/CACCM), and the 
burden ratio was shown in Table 1. The compressive strength 
of the test blocks with 3d of curing age were detected, and 
the four electrode method was used to detect the electrical 
conductivity of specimens with the curing age of 1 d, 3 d, 7 
d, 14 d, 28 d and 60 d. The testing device is demonstrated in 
Fig. 1. 

2.3. Experimental device

The compressive strength of specimen was carried out 
on a YAW-300 automatic pressure testing machine at the 
loading speeding of 2.4 kN/s. The morphology analysis 
was characterized using Hitachi High-resolution field emis-
sion scanning electron microscope (FESEM) S-4800. The 
photoluminescence (PL) spectrum was carried out using an 
F-4500 fluorescence spectrophotometer with an excitation 
wavelength of 310 nm.

2.4. Evaluation of photo catalytic activity

The 752N type ultraviolet visible spectrophotometer 
produced by Shanghai Precision and Scientific Instruments 
Co. Ltd. was used to detect the absorbance of simulated 
dye wastewater solution. The light source in the degrada-
tion experiment comes from the TL-D type ultraviolet lamp 
(Power: 18W) produced by PHILPS, and its vertical height 
with the surface of the dye solution 12 cm. The experimen-
tal procedures for evaluating the photo catalytic degrada-
tion activity of dye are shown as follows: 6 mg/L malachite 
green dye solution of 100 ml was prepared at the room tem-
perature to detect the absorbance value at different wave-
lengths by using spectrophotometer. The photo catalytic 
degradation of malachite green dye wastewater at its char-
acteristic absorption peak of 616 nm was studied. Before 
the experiment, the beaker containing the catalyst sample 
and malachite green dye solution was placed in the dark-
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room for about 30 min, enabling the dye solution to reach 
the adsorption–desorption balance on catalyst, and then the 
photo catalytic degradation reaction experiment was car-
ried out. The photo-degradation rate (η) was calculated as 
shown in the following Eq. (1):

( ) ( ) ( )0 0

0 0

100% 100t tC C A A

C A
η

− −
= × = ×  (1)

where C0 is the initial concentration of malachite green dye 
and Ct is the concentration of malachite green dye after irra-
diation for t minutes. A0 is the initial absorbance of mala-
chite green dye and At is the absorbance of malachite green 
dye after irradiation for t minutes.

3. Results and discussion

3 d compressive strength of the conductive composite 
cementitious materials with different addition amounts of 
carbon black are shown in Fig. 2. It can be seen that the com-
pressive strength of the conductive composite cementitious 
materials with carbon black decreased rapidly with the 
increase of carbon black content. The compressive strength 
of 1.5 CB/CACCM, 3.5 CB/CACCM and 4.5 CB/CACCM 
samples were 11.3 MPa, 7.4 MPa and 3.8 MPa, respectively, 

while the compressive strength of the CACCM sample 
without carbon black was 14.6 MPa. Compared with the 
test block without conductive medium, the compressive 
strength of the test blocks added with 1.5 wt%, 3.5 wt% 
and 4.5 wt% carbon black decreased by 22.61%, 49.32% 
and 73.97% respectively, which was probably because of 
the carbon black with larger surface area and finer parti-
cle gradation. The particles were added into the matrix 
to cause a large accumulation of agglomeration, and then 
produced the interface effect with the inter phase of gels in 
the composite cementitious material, reducing the density 
of hydrated gelatine, thus affecting the mechanical prop-
erties of test blocks. Its macroscopic performance was that 
the compressive strength decreased with the increased of 
carbon black content. 

Fig. 3 shows the FESEM photographs of (a) CACCM and 
(b) 4.5 CB/CACCM. Compared with CACCM specimen, 4.5 
CB/CACCM has some obvious cracks and loosing struc-
ture. This may be attributed to the interface effect between 
a large number of carbon black particles in the matrix and 
the gel phase in the CACCM sample, reducing the density 
of hydrated gelatine, thus affecting the mechanical proper-
ties of test blocks. This is in accordance with changes for the 
results of the macroscopic mechanical properties in Fig. 2.

The electrical conductivity of the conductive compos-
ite cementitious materials with different ages is shown in 
Table 2. It can be observed that with the growing of car-
bon black content, the electrical conductivities of the con-
ductive composite cementitious material increased at the 
same age. Its order was 4.5CB/CACCM > 3.5CB/CACCM 

Fig. 1. Schematic diagram of conductivity test of conductive 
composite cementitious materials.

Table 1
Burden ratio of conductive composite cementitious materials

Sample Steel  
slag (g)

Magnesium  
slag (g)

Silica  
fume (g)

Carbon  
black (wt%)

Na2SiO3·9H2O  
(wt%)

Water-slag  
ratio

CACCM 216 54 30 0 10 0.31
1.5 CB/CACCM 216 54 30 1.5 10 0.39
3.5 CB/CACCM 216 54 30 3.5 10 0.47
4.5 CB/CACCM 216 54 30 4.5 10 0.55

Fig. 2. 3 d compressive strength of specimens. 
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> 1.5CB/CACCM > CACCM. The electrical conductivity 
of the same specimen with different curing ages tended to 
decrease with the increase of curing age, and the electrical 
conductivity tended to be stable at the curing age of 28 d. 
When the content of carbon black was 1.5 wt%, the stable 
electrical conductivity of the 1.5CB/CACCM sample was 
0.0122 S/m, when carbon black content was 4.5 wt%, the 
stable electrical conductivity of the 4.5CB/CACCM sample 
was 0.3997 S/m. When the curing age was 60 d, the electri-
cal conductivity was basically equal to the electrical con-
ductivity of the 28 d. Thus it can be seen that the addition of 
carbon black can obviously improve the electrical conduc-
tivity of the composite cementitious material.

As the conductive medium was not added, in the initial 
stage of hydration reaction, Na+, Ca2+, OH– and other elec-
trolytes in the system could migrate freely in their liquid 
channels, thereby exhibiting excellent electrical conduc-
tivity, and at this time, the matrix was dominated by ionic 
conduction. With the increase of the age, the hydration reac-
tion continued, and a large number of amorphous gelatin 
hydrated substances were produced, while these hydration 
products with cementitious property were gradually filled 
in the voids inside the materials, resulting in the decrease 
of the number and migration space of ions, and the electri-
cal conductivity of the samples showed a downward trend 
[24]. Because of its larger surface area and finer particle 
gradation, the added carbon black were existed in the form 
of botryoidal and chain structure formed by the aggrega-
tion and accumulation of carbon black particles., and were 
easy to connect with each other in a composite cementitious 
material system to form a conducting chain conductive net-

work structure [25], which played a leading role. With the 
increase of carbon black content, the density of carbon black 
and carbon black aggregates dispersed in the composite 
cementitious material system increased as well, while the 
average distance between carbon black particles decreased, 
the probability of contacting with each other increased, and 
the formed conductive channels were also on an increase 
[26], suggesting an excellent electrical conductivity. 

Fig. 4 displays the photoluminescence spectra of con-
ductive composite cementitious material catalysts excited 
by the 150 W xenon lamp. It can be observed that CACCM 
specimen shows the strongest photoluminescence spectrum 

 

Fig. 3. FESEM photographs of (a) CACCM and (b) 4.5 CB/CACCM.

Table 2
Electrical conductivity of conductive composite cementitious materials at different ages (S/m)

Sample Carbon black 
(wt%)

Electrical conductivity of test blocks at different ages (S/m)

1 d 3 d 7 d 14 d 28 d 60 d

CACCM 0 0.0770 0.0116 0.0076 0.0026 0.0020 0.0018
1.5CB/CACCM 1.5 0.1370 0.0343 0.0203 0.0138 0.0122 0.0112
3.5CB/CACCM 3.5 0.7221 0.2621 0.1767 0.1333 0.1318 0.1307
4.5CB/CACCM 4.5 1.6662 0.6363 0.4769 0.4069 0.3997 0.3978

Fig. 4. Photoluminescence spectra of specimens. 
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with a peak at about 467 nm. Photoluminescence spectrum 
was generated by the recombination of the photo generated 
electrons and holes [27]. Spectral intensity of CB/CACCM 
specimens was clearly weakened. Among them, 4.5CB/
CACCM specimen exhibited the weakest spectral intensity, 
implying that carbon black promotes the transmission of 
photo generated electrons, and enhancing the separation 
efficiency of photo generated electron-hole pairs. 

CACCM, 1.5 CB/CACCM, 3.5 CB/CACCM and 4.5 
CB/CACCM samples with the curing age of 3d were used 
as the catalyst for photo catalytic degradation of malachite 
green dye solution, while the amount of catalyst was 0.05 g, 
malachite green solution was 100 mL, and the dye concen-
tration was 6 mg/L.

Fig. 5 exhibits the photo catalytic degradation rate of 
malachite green dye by the catalysts with different amount 
of carbon black. It shows that the photo-degradation rate 
of malachite green solution irradiated by ultraviolet light 
for 80 min was about 3.54%, indicating that malachite green 
dye under the radiation of ultraviolet light was relatively 
stable and difficult to have its own photolysis reaction. 
The photo catalytic degradation efficiency of CB/CACCM 
series of sample with carbon black was higher than that of 
the sample without carbon black, and the sequence of the 
degradation of malachite green dye by the catalyst sample 
was 4.5 CB/CACCM > 3.5 CB/CACCM > 1.5 CB/CACCM 
> CACCM. The degradation rate of the dye by the 4.5 CB/
CACCM, 3.5 CB/CACCM and 1.5 CB/CACCM sample 
under the irradiation for 80 min were 90.58%, 84.33% and 
51.84%, respectively, while the degradation rate of mal-

achite green dye by the CACCM sample without carbon 
black under the irradiation for 80 min is only 42.68%.

As shown in Table 2, compared with the CACCM spec-
imen without carbon black, the photo catalytic degradation 
rate by the 4.5 CB/CACCM catalyst sample with 4.5 wt% 
carbon black increased by 47.90%, for carbon black helped 
to form the conducting chain conductive network struc-
ture in the composite cementitious material system, which 
significantly improved the conductivity of the composite 
cementitious material. The electrical conductivity of the 4.5 
CB/CACCM sample was 0.3978 S/m, which was 221 times 
as high as that of the CACCM sample, its excellent electri-
cal conductivity played an important role in electron trans-
port. Under illumination, the conductive network structure 
speeded up the transmission rate of photo generated elec-
trons, and effectively separated photo generated electrons 
from photo generated holes, greatly improved the photo 
catalytic activity of the catalysts. 

In order to further explore the reaction kinetics charac-
teristics of malachite green dye, the experimental data were 
fitted into a linear function to correspond to the mutual 
relationship. As shown in Table 3, compared with the value 
of R0

2, R1
2, R2

2, and R3
2, which represent the correlation coef-

ficients of the zero, first, second and third order correlation 
coefficients of kinetics equations, the value of R2

2 was the 
biggest, indicating that the photo catalytic degradation 
of malachite green dye wastewater obeys the second-or-
der reaction kinetics. Second-order reaction kinetic curves 
of photo catalytic degradation of malachite green dye are 
shown in Fig. 6.

Table 3
Kinetics equations of photocatalytic degradation of malachite green

Sample Second-order reaction 
kinetics 

R0
2 R1

2 R2
2 R3

2 k2 [L/
(mg·min)]

t1/2 (min)

CACCM 1/Ct = 0.0016t+0.1870 0.7579 0.8037 0.8759 0.8436 0.0016 104.17
1.5CB/CACCM 1/Ct = 0.0022t+0.1979 0.7402 0.8196 0.9349 0.8859 0.0022 75.76
3.5CB/CACCM 1/Ct = 0.0128t+0.1757 0.7153 0.8711 0.9413 0.9349 0.0128 13.02
4.5CB/CACCM 1/Ct = 0.0220t+0.1691 0.6204 0.8599 0.9775 0.9662 0.0220 7.58

Fig. 5. Photo catalytic degradation rate of malachite green dye 
of specimens.

Fig. 6. Second–order reaction kinetic curves of photo catalytic 
degradation of malachite green dye.
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4. Conclusions

Herein, a novel type of alkali-activated-steel-slag-mag-
nesium-slag-based composite cementitious material cat-
alyst was prepared by polymerization and successfully 
applied it towards degradation of dyestuff wastewater. The 
addition of carbon black could significantly improve com-
posite cementitious material electrical conductivity. More 
importantly, the electrical conductivity of the conductive 
composite cementitious material is positively related to 
the degradation rate of malachite green dye, which can be 
attributed to the conductive network structure connected 
by carbon black. It has accelerated the transmission rate of 
photo generated electrons, and made the photo generated 
electrons to be effectively separated from the bare holes, 
which thus greatly improved the photo catalytic activity 
of the catalyst. This photo catalytic degradation reaction 
belongs to the second order reaction kinetics.
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