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Abstract

Since the advent of photocatalytic degradation technology, it has brought new vitality to the environmental governance and
the response to the energy crisis. Photocatalysts harvest optical energy to drive chemical reactions, which means people can
use solar energy to complete some resource-consuming activities by photocatalysts, such as environmental governance. In
recent years, researchers have tried to combine photocatalyst TiO, with building materials to purify urban air and obtained
good results. One of the important functions of photocatalysts is to degrade organic pollutants in water through light energy,
but this technology has not been reported in the practical application areas. To extend this technology to practical application
areas, photocatalytic concrete for degrading pollutants in waters was proposed and demonstrated for the first time in this paper.
The photocatalytic concrete proposed based on the K-g-C;N, shows a strong ability to degrade the organic dyes. Accord-
ing to the experiment results, the angle of light source plays an important role in the process of photocatalytic degradation,
while waters with pH value of 6.5-8.5 hardly influenced the degradation of organic dyes. When the angle of light source is
advantageous for photocatalytic concrete to absorb more visible light, more organic dyes will be degraded by photocatalytic
concrete. The degradation rate of methylene blue could reach about 80% in ¥2 hour under desirable conditions and is satisfied
compared with that of reported works. This study implicates that photocatalytic concrete can effectively degrade organic
dyes in water. The influences of changes in the water environment hardly affect the degradation of organic pollutants, which
means photocatalytic concrete can be widely used in green infrastructures to achieve urban sewage treatment.
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Introduction hydrogen production, air purification, degradation of dyes,
and antibiotics (Baghriche et al. 2017; Abou Saoud et al.
2018; Zeghioud et al. 2019). The above-mentioned func-

tions can be achieved only by sunlight. Therefore, photocata-

The photocatalytic effect, as a new technology of utilizing
light energy, has attracted much attention in recent years

(Akpan and Hameed 2009; Mirzaei et al. 2016; Ameta et al.
2018; Ye et al. 2019; Tahir et al. 2020). The photocatalytic
effect is defined as the catalytic oxidation reaction of photo-
catalysts under light, also known as photocatalysis (Serpone
2000). Photocatalysis can achieve many functions such as
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lysts are being brought into many different areas to achieve
novel functions (Yamashita et al. 2008; Suarez et al. 2014,
Liet al. 2015; Zeghioud et al. 2018, 2021; Mori et al. 2020;
Zhou et al. 2021). However, such a kind of highly prom-
ising material has not been utilized widely in the field of
green building materials. Most concrete structures in cities
receive tremendous solar energy within their lifespan and
the use of this type of energy is still somewhat limited. If
photocatalysts could be applied on the surface of construc-
tion materials, a new path for using this part of solar energy
will be illuminated. Therefore, a few scholars tried to add
a kind of photocatalyst TiO, in road construction materials
to achieve degradation of NOx of air and got ideal results
(Beeldens 2006; Folli et al. 2012; Jiménez-Relinque et al.
2019; Yu et al. 2020a, b; Singh et al. 2021). However, few
scholars in the field of green building materials pay attention
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to another potential function of photocatalysts—degradation
of pollutants (Frederichi et al. 2021). According to Houas
et al. (2001), Bhatkhande et al. (2002), Sakthivel et al.
(2003), and Akpan and Hameed (2009), photocatalysts can
degrade organic pollutants in the water. This function has the
potential to be applied to the surface of materials that contact
polluted water in cities. For example, photocatalytic materi-
als can be used on the surface of city hydraulic structures to
clean rivers polluted by organic dyes (as shown in Fig. 1).
Therefore, we proposed photocatalytic concrete for degrad-
ing organic dyes in water in this study.

In this study, one photocatalyst graphite-like carbon
nitride (g-C;N,) that has gained much attention in the field
of chemistry was used to develop photocatalytic concrete
materials. g-C;N, is a kind of potential photocatalytic mate-
rial and was first synthesized in 1993 (Cao and Yu 2014;
Wen et al. 2017; Fu et al. 2018). g-C;N,, is a semiconductor
material and composed of two elements widely distributed
on the earth—carbon and nitrogen. The solar energy uti-
lization efficiency of g-C;N, is much higher than that of
traditional photocatalytic materials such as TiO, reported
previously. Specifically, TiO, can only use a small part of
sunlight (ultraviolet) so TiO, cannot make full use of the
energy of sunlight. The specific reasons are as follows: For
different kinds of photocatalysts, they have different absorp-
tion threshold 4, and can only absorb the light wavelength
smaller than /Ig (Sayama et al. 1996; Li et al. 2013) Fur-
thermore, the absorption threshold 4, of photocatalysts is
decided by their band gap E, The relationship between them
is as follows (Yin et al. 2013):

1240
Ag(nm) = E,(V) 1)

where 1240 is the product of Planck constant and the veloc-
ity of light in a vacuum. According to formula (1), it can
be seen that the smaller band gap E, is, the bigger absorp-
tion threshold A, is. However, the band gap of TiO, is wide
(3.2 eV) and the absorption threshold Kg is 387 am (Fonseca
et al. 2015). Therefore, TiO, can only absorb ultraviolet light

Fig. 1 a, b Rivers polluted by
organic dyes
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with a wavelength less than 387 am to produce a photocata-
Iytic reaction, while ultraviolet light only accounts for about
5% of solar energy (Jacobson 1999; Zou et al. 2001). The
light energy received by a concrete structure in its entire
lifespan is mostly solar energy (sunlight), so TiO, photo-
catalyst cannot make full use of the light energy when it is
used to make photocatalytic concrete materials. However, for
g-C;N,, the band gap is only about 2.7 eV (Yang et al. 2016).
It can absorb ultraviolet light with a wavelength greater than
387am and produce a photocatalytic reaction. The utilization
rate of solar energy of g-C;N, is more than 10 times that of
TiO, (Liu et al. 2019a, b). In addition, TiO, is suspected to
be oncogenic according to related chemical research (Urru-
tia-Ortega et al. 2016; Nasr et al. 2018), so it is not appropri-
ate to use TiO, on the surface of structures that contact water
bodies directly. In contrast, g-C;N, is a kind of non-metallic
semiconductor, which is composed of two elements widely
distributed on the earth—carbon and nitrogen. Chemical
studies have proved that g-C;N, is completely nontoxic and
chemically stable (Tang et al. 2019; He et al. 2020). Moreo-
ver, g-C;N,, has strong acid and alkali corrosion resistance,
which makes g-C;N, suitable for concrete structures suscep-
tible to corrosion (Pourhashem et al. 2020). In addition to
the advantages of g-C;N, as photocatalysts above, g-C;N,
is easy to be modified to be more active by morphology
control, semiconductor recombination, element doping, and
molecular doping (Liu et al. 2019a, b). Considering the posi-
tive aspects of g-C;N, above, we modified g-C;N, by doping
with potassium and the modification improved the ability
of g-C;N, to absorb visible light. Furthermore, K-Doped
g-C;N, was combined with the surface of concrete materi-
als to make concrete materials capable of degrading organic
dyes in water. Under visible light, the photogenerated car-
riers of K-g-C;N, on the surface of concrete materials can
combine with hydroxyl radical (-OH), superoxide radical
(-O,-) and hydrogen peroxide (H,0,) to form a variety of
active oxygen-containing substances, which can degrade
common organic pollutants in water, such as methylene blue
and some small molecule organic compounds. According to
Konstantinou and Albanis (2004), the final products of the
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above process are mainly CO, and water. The degradation
mechanism is shown in Fig. 2.

Next, the degradation efficiency of K-Doped g-C;N, pho-
tocatalytic concrete to degrade organic dyes in water under
sunlight was tested, taking methylene blue, as the degrada-
tion target. Finally, we took regression analysis to analyze
the influences of the environmental factors such as angles
of lighting source and pH values of waters. The influences
of the environment factors on photocatalytic performances
of photocatalytic concrete were addressed quantitatively
according to the results of response surface methods.

Experimental procedure
Materials
Concrete materials

Portland cement (CEM 1, 42,5R) and ISO Standard sands
(ISO 679:2009, quartz sands) were used to make con-
crete materials. The content of silica of sands is more
than 96% and the loss on ignition is not more than 0.40%.
The mud content (including soluble salts) of sands is not
more than 0.20%. Due to limited experimental condi-
tions, the size of mold for making concrete materials is
23 mm X 23 mm X 20 mm. Considering the size of concrete
model was small and the strength of photocatalytic concrete
was not affected by photocatalyst on the surface, coarse
aggregates were not used in the production process of mak-
ing concrete cubes (Xu et al. 2020). Therefore, the study of

Fig. 2 Photocatalytic concrete for degrading organic dyes in water

photocatalytic materials in this paper was completed through
photocatalytic mortars.

Photocatalysts

Generally, g-C;N, shows better catalytic performances after
modification so we decided to use modified g-C;N, as pho-
tocatalytic materials. Some scholars modified g-C;N, with
metal materials to improve the catalytic activity of g-C;N,
such as CoP/B doped g-C;N,, Na-g-C;N, and V-g-C;N,
(Wang et al. 2018; Li et al. 2019). Compared with the origi-
nal g-C;N,, the activity of g-C;N, modified by metals is
greatly improved, but many metals are not suitable for con-
crete materials. Firstly, noble metals like cobalt cannot meet
the requirements of concrete materials to be low-priced con-
struction materials. In addition, many kinds of noble metals
are toxic such as vanadium. Vanadium can improve the cata-
lytic activity of g-C;N,; however, vanadium will continue
to pollute the environment if released out from concrete
materials (Venkataraman and Sudha 2005). For low-price
alkali metals like Na*, although it is cost-effective, doping
Na* is usually implemented through NaCl (Qing et al. 2016),
which will corrode concrete and the embedded reinforce-
ment. Thus, it is necessary to find a desirable method to
modify g-C;N, to improve its catalytic activity and make it
suitable for concrete materials. Therefore, we used K,SO,
to dope K* to modify g-C;N,. Potassium is nontoxic and
low-priced and the corrosion of sulfates is much lower than
chlorides. Firstly, 10 g urea (purity 99%, Shanghai Macklin
Biochemical Co., Ltd, Shanghai) and 0.05 g K,SO, (purity
99.99%, Shanghai Aladdin Biochemical Technology Co.,
Ltd. Shanghai) were dissolved in 20 mL deionized water.
The urea and K,SO, solution is then evaporated to dry-
ness in an oil bath at 80°C. The dried powder was put in the
tube furnace at 550 °C for 3 h in air with a heating rate of
2 °C min~" and the resulting products were denoted as K-g-
C;N, as shown in Fig. 3.

The mass ratio of sulfate in K-g-C;N, prepared by the
above method is only 0.5%, which is negligible according to
ACI 201.2R-08. Therefore, there is a low possibility that the
K-g-C;N, photocatalysts will corrode the concrete materials.

Experimental model of K-g-C;N, photocatalytic
concrete

As for the process of combining concrete materials with
photocatalysts, considering that the K-g-C;N, photocatalysts
should be distributed on the surface of mortars as much as
possible, a direct approach was taken to attach the K-g-C;N,
photocatalysts to concrete surfaces as follows. According
to BS EN197-1, mortar cubes of mortars were prepared as
the mass ratio of cement-sand-water = 1:2:0.45. Mortar slur-
ries were then cast into the molds (23 mm width X 23 mm
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Fig.3 K-g-C;N, made by urea and K,SO,

length X 20 mm height) and cured at room temperature for
2 h. At this time, the hardening processes of the surface of
mortars were just beginning and it was a suitable timing to
let the surface of mortars combine K-g-C;N, photocatalysts.
At first, 0.05 g K-g-C;N, was distributed on the surfaces of
mortar specimens (as shown in Fig. 4(a)). Next, a glass sheet
was placed on the surface of mortar specimens to cover the
K-g-C;N, on surfaces of mortar specimens. Finally, a 50 g

Mold

Unhardened concrete

(a) Unhardened concrete

Pressure

L]

Na-g-C;Ny

Glass sheet ——>mm

Hardened concrete

(b) Unhardened concrete

(c) Contrast between the surface of photocatalytic concrete and
normal concrete

Fig.4 Process of making photocatalytic concrete. a Unhardened con-
crete. b Unhardened concrete. ¢ Contrast between the surface of pho-
tocatalytic concrete and normal concrete
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weight was placed on the glass sheet. Mortars had a low
degree of setting and hardening in 2 h, so K-g-C;N, would
be embedded in mortars under the pressure (as shown in
Fig. 4(b)). Meanwhile, the glass sheet would provide uni-
form pressure to make the photocatalyst to be combined
with concrete uniformly. Under the above conditions, mor-
tars were set and hardened for 21 days, and finally, the glass
sheet was removed and photocatalysts were exposed. The
contrast between the surface of photocatalytic concrete and
that of normal concrete is shown in Fig. 4(c). As can be
seen from the contrast between the Fig. 4(c), pale yellow
photocatalyst was spread evenly over the surface of left pho-
tocatalytic concrete compared with right normal concrete,
which made concrete have the potential to degrade organic
pollutants.

Experiments on photocatalytic performances
of degrading organic dyes

The photocatalytic performances of prepared samples
(23 mm width X 23 mm length X 20 mm height) were
measured in a customized quartz box (5 cm width X5 cm
length X 5 cm height) with high light transmission (Jinzhou
East Quartz Material Co., Ltd., China) full of methylene
blue solution (as shown in Fig. 5.). The test sample was
directly placed inside the quartz box so the solutions could
contact photocatalysts on the surface of the mortars. The
quartz box was irradiated by a 500 W xenon lamp (Beijing
China Education Au-light Co., Ltd., China) with an AM1.5
solar simulation filter (Polly et al. 2011; Yongqiang et al.
2012). Xenon lamp has black body radiation and the color
temperature of xenon lamps is up to 6000 K, which is very
similar to the real sun so the xenon lamp was selected to
simulate the light source in this study (Miyake and Kawa-
mura 1987). To simulate the flow of water in the natural
environments, a rotating magnetic stir bar was put in the
quartz box to make the solution flow.

As for photocatalytic performances of K-g-C;N,, in addi-
tion to the material properties of the catalyst itself, important
influential factors of environments are also necessary to be
considered. For the degradation of organic dyes in solutions
under sunlight, the angle of light source and pH of solutions
are important influential factors in the process of degrada-
tion (Zhao et al. 2013; Prasad et al. 2020). The angle of light
source would greatly affect the amount of light photocatalyst
receives, which directly decided the catalytic efficiency. The
pH value was also necessary to be considered because the
K-g-C;N, has different surface charge characteristics at dif-
ferent pH values, and the force and affinity between organic
dyes and K-g-C;N,, will change with the pH value (Gu et al.
2019). To research the influences of various parameters
above on photocatalytic performances, the experiment was
set up as follows. Firstly, the light irradiated to the concrete
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Fig.5 The experiment on pho-
tocatalytic performances

structures in cities comes from all directions and can be
divided into many types, but mainly from direct sunlight.
Secondly, the angle of direct sunlight caused by latitudes
and time are the main factors that affect the light intensity of
an area on the earth. Therefore, we changed the irradiation
angle of the xenon lamp to simulate the change of angles
of sunlight. For the change of angles of sunlight caused by
time, we rotated the light source around the quartz box as
shown in Fig. 6(a) and this angle of light was named angle of
light X,. Furthermore, when the light source was fixed, the
angle between direct light and the outer wall of the quartz
box could vary with the longitudinal movement (longitudinal
means the direction perpendicular to direct light) of the mag-
netic stirrer. Then the angles of sunlight caused by latitudes
are simulated as shown in Fig. 6(b) and was named angle of

Fig.6 The angles of the light
source in experiments. a Angle
of light X,. b Angle of light X2

(a) Angle of light X4

Organic dye solution
__Mortar

R

Quartz box

\

Magnetic stir bar

light source X,. The angle of light X, varied from 0° to 90°
and the angle of light X, varied from 0° to 45°. In addition,
sunlight intensity also affects photocatalytic degradation.
However, the intensity of sunlight irradiated to the concrete
structures is a random variable affected by many uncertain
factors such as climate. Consequently, the variation of inten-
sity of sunlight in real environments cannot be simulated. To
solve the problem above, we adopted the method of shorten-
ing the experimental time. In real environments, concrete
structures in cities are unlikely to be exposed to high-inten-
sity direct sunlight for a long time due to the influences of
the climate. Therefore, the change of light intensity in a day
does not need to be considered as long as the photocatalytic
concrete can degrade organic pollutants in a very short time
under the general light intensity. Thus, we shortened the

(b) Angle of light X,
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photocatalytic reaction time to 30 min, which is shorter than
most degradation experiments in the field of photocatalysis.

As for concentrations of solutions, according to Ghattavi
and Nezamzadeh-Ejhieh (2020) and Yu et al. (2020a, b),
the concentration of organic dyes is generally from several
to dozens of ppm in the photocatalytic degradation experi-
ments by directly using g-C;N, photocatalyst. Considering
that the degree of photocatalytic concrete degradation of
organic dyes may be lower than that of directly using cata-
lysts, we set the concentration at 5 ppm. The concentration
of methylene blue was measured by a spectrophotometer
(Shanghai Metash Instruments Co., Ltd, China). The curve
of absorption and concentration of methylene blue solution
was obtained by the spectrophotometer (de Moraes et al.
2018). The absorbance of organic dye solutions with dif-
ferent concentrations (0 ppm, 1 ppm, 2 ppm, 3 ppm, 4 ppm,
5 ppm) was measured at the absorption peak (4,,,, = 665
nm) by a spectrophotometer. Thus, we got the relationship
between the concentrations of solutions and their absorb-
ances. By obtaining the absorbance, the concentrations of
solutions can also be measured by the spectrophotometer.
Finally, the degradation rate of methylene blue was defined
as below:

C,-C
X(%) = c, )

where X is the degradation rate, and C, and C stand for
the initial and actual concentration of methylene blue,
respectively.

Results and discussions

Surface morphology and composition of K-g-C;N,
photocatalyst

In ideal conditions, the toxicity of productions of the pho-
tocatalytic process will be greatly reduced compared with

Fig.7 Morphology of K-g-C;N,
on concrete materials by SEM
(a) and TEM (b)

@ Springer

the pollutants before degradation by g-C;N, (Jiang et al.
2020). The prerequisite of conditions is that g-C;N, used
for the degradation has the standard microstructure of carbon
nitride. If problems arise in the microstructure of g-C;N, in
this study, unexpected productions will be produced in the
photocatalytic process. Therefore, we need to investigate the
morphology and composition of K-g-C;N, photocatalyst.
Thus, surface morphology and composition of K-g-C;N,
were studied through the transmission electron microscope,
scanning electron microscope, and x-ray photoelectron
spectroscopy.

TEM and SEM characterizations

The morphology of prepared K-g-C;N, was characterized
by a transmission electron microscope (TEM, JEOL JEM-
2100) and a scanning electron microscope (SEM, Hitachi
SU8010), as shown in Fig. 7(a). SEM analysis indicated
that the K-g-C;N, prepared by high-temperature calcination
method is flaky, part of which is granular and loose. The
reason is that the dispersion of urea is improved during the
heating process of urea, and the production of ammonia and
water vapor in the reaction process is also a contributor to
the formation of a loose structure. According to Fig. 7(b),
the TEM micrograph showed that the K-g-C;N, on con-
crete materials exhibits a uniform distribution structure,
and the HRTEM picture of the particles reveals the clear
lattice fringe of K. Note, K-g-C;N, made as described above
has a larger specific surface area and better photocatalytic
abilities.

XPS Characterizations

The chemical compositions of prepared K-g-C;N, were
characterized by x-ray photoelectron spectroscopy (XPS,
Escalab 250Xi). The XPS spectrum of the K-g-C;N, sample
is shown in Fig. 8. The XPS spectrum shows that K-g-C;N,
nanosheets are composed of C, N, O, and a small amount
of K. The O element comes from surface adsorption or

1 ] 10nm
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Fig.8 XPS spectra of K-g-C3N,

oxidation. The elemental maps of elemental sulfur were not
found in the XPS characterizations. Thus, ions were embed-
ded in g-C;N, are mainly potassium ions. Basically, sulfate
ions did not enter photocatalysts. The results above illustrate
the successful doping of potassium ions into the g-C;Ny,,
which can boost the electrical conductivity of photocatalytic
concrete under the sunlight. Then, overpotential is reduced
and carrier mobilities are improved, so the photocatalytic
performance is enhanced.

All the results indicate that the process for producing is
successful, which means that the degradation process by pre-
pared K-g-C;N, will not bring secondary pollution.

Photocatalytic performances of K-g-C;N,
photocatalyst on mortars

According to Muruganandham and Swaminathan (2006) and
Yu et al. (2009), 30 min was often selected as photocatalytic
reaction time for degrading organic pollutants in solutions.

Therefore, we used a xenon lamp to irradiate mortars for
30 min and recorded the changes of the concentration of
methylene blue. Because the purpose of this chapter is to
study whether the photocatalytic concrete material has the
function of degrading organic dyes, we provided constant
values for the angles of the light and solution pH, and set the
light angle X, as 60°, light angle X, as 0°, and the solution
pH as 7.5. Figure 9 shows the curve of the contrast of con-
centration of methylene blue under photocatalysis and with-
out light. As can be seen that the concentration of methylene
blue for the first ten minutes sightly increased. The reason
is that the mortar that was just put into the solution released
a small amount of powder, which leads to the decrease of
light transmittance rather than the change of methylene blue
concentration. The concentration of methylene blue changed
immediately when the light was turned on. This indicated
that a short period of illumination can trigger photocatalytic
reactions of photocatalyst on concrete materials. Then, the
slope of the curve showed significant changes between 20
and 30 min, which means the photocatalytic degradation rate
began to be slightly accelerated in this period. After 30 min,
the photocatalytic degradation rate maintained a steady rate.
When the time of photocatalytic reaction reached 30 min, the
degradation of methylene blue was almost 80% but the con-
centration of methylene blue without light hardly changed.

We compared the degradation rate of methylene blue
with that of the reported works (Garcia-Segura and Brillas
2017) in the literature and the comparative table is shown
as Table 1.

According to Table 1, it was apparent that photocata-
lytic concrete materials can decrease the concentration of
methylene blue significantly compared with other photo-
catalysts. However, the above experiments were carried
out in an ideal environment. In actual environments, the
angle of sunlight changes from time to time, and waters in
natural environments are complex. According to the study
of Peng et al. (2019), the degradation of methylene blue
will be carried out as stated below.

Fig.9 The contrast of concen- = Melhylencblue_| = Methylenc blue_]
tration of methylene blue under SHESS ) T e e e &
photocatalysis (a) and without % \'\ g
. L}
photocatalysis (b) B4 u £ 4
8 e 8
g £
§ 31 light off’ light on light off 2 31 light off light on light off
g g
O 4 &)
2 N\ 2
n
\
1 WIS (I
0 10 20 30 40 50 0 10 20 30 40 50
Time(min) Time(min)
(a) (b)
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Table 1 Degradation rate of methylene blue under different conditions

Dye Initial concentra- Experimental conditions Degrada-
tion (mgL™") tion rate
(%)
Methylene blue 5 NaCl Solution, pH 7.5, Na-g—C;N, photocatalyst, 500 W Xe (>420 nm) for 0.5 h 80%
Methylene blue 5 Na,SO, Solution, pH 6.5, WO;/BiVO, photocatalyst, 500 W Xe (>420 nm) for 2 h 83%
Methylene blue 0.01 Na,SO, Solution, BiVO, photocatalyst, visible light for 40 min 51%
Methylene blue 5 Na,SO, Solution, pH 7, a-Fe, 05 photocatalyst, 350 W Xe for 105 min 78%
Methyl orange 5 Na,SO, Solution, a-Fe,0; photocatalyst, 300 W visible light for 2 h 79%
Methyl blue 10 Na,SO, Solution, pH 7, BiPO, photocatalyst, 11 W UVC for 5 h 80%

Note: The first line is the experiment in this paper.

C;N, + hv(> 2.7eV) - h* +e” 3)
e”+0° >0, )
‘0, +H" - H,0, )
H,0, +e~ — OH™ + 'OH ©6)
Methylene blue + *OH — --- - CO, + H,O + -+ @)

We can see that the process of degradation of methylene
blue is a series of chemical reactions and could be influ-
enced by many factors, such as pH value and irradiation
time (Merka et al. 2011; Rtimi et al. 2016). Therefore, it is

necessary to take some influential factors into account when
investigating the practical degradation abilities of photocata-
lytic concrete materials.

To investigate the stability of the K-g-C;N, photocatalyst
on the concrete material, after one photodegradation reac-
tion, the photocatalytic concrete material was washed several
times, and then the above test was repeated three times (Shao
et al. 2019). The result is shown in Fig. 10. It can be seen
from Fig. 10 that the degradation process of methylene blue
is basically the same in the four cycle tests, which indicates
that the photocatalytic process of the photocatalyst is very
stable, the photocatalyst and concrete materials are firmly
combined, and the catalytic activity of photocatalytic con-
crete material is basically unchanged in multiple cycles.

After investigating the stability of the K-g-C;N, pho-
tocatalyst on the concrete material, the durability of

tFeigsjt.sw The results of cycle ] ‘—l— Ist cycle ' ‘—0— 2nd cycle' ] ‘— —3rd cycle' ] —&— 4th cycle'
54" {ooee . ‘ *000
" ® ' ®
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4 ] . o . *
! \ \ \ \
g | [ | | [ ] | *
2 \ \ \ \
3 34 u | ] _ _ 2
<
8=
] \ \ \
2 ] [ 1 ° 1 *
o
oty 1 ]
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@ Springer

Time(min)



Environmental Science and Pollution Research (2022) 29:39027-39040

39035

photocatalytic concrete, which will affect the service life
of photocatalytic concrete, need to be discussed. The dura-
bility of photocatalytic concrete reflects in the time for that
photocatalyst exists on the surface of concrete material.
The photocatalytic concrete can degrade pollutants as long
as the photocatalyst exists on its surface. The peeling of
the surface of the concrete with time will let photocata-
lytic concrete lose photocatalyst. Therefore, the penetra-
tion thickness of K-g-C;N, on the surface of the concrete
decides the durability of photocatalytic concrete. Thus, we
tested the penetration thickness of K-g-C;N,, we rubbed
the surface of mortars with sandpaper until photocatalyst
was not seen, and then we tested the change in the thick-
ness. The change in the thickness of mortars represented
the penetration thickness of photocatalyst and we found
the penetration thickness of photocatalyst was about 2 mm.
Next, the existing time of photocatalyst on the surface of
concrete can be speculated when the speed of surface wear
of concrete is obtained. In the field of civil engineering,
concrete is considered isotropic material (Suidan and
Schnobrich 1973; Jason et al. 2006). Consequently, each
surface of mortars has the same resistance to wear and
will have the same degree of wear under mass loss caused
by scouring of water flow. In experiments, three surfaces
of mortars contacted the water, so the following formula
is obtained:

WL(AS) + 2WH(AS) "
WLH B

®)

where W, L, and H represent the width, length, and height of
mortars, respectively. AS is the thickness exfoliated of the
surface of mortars under scouring of the water. M is the rate
of mass loss of mortars. We can further get:

mLH
L+2H

®

According to formula (4), AS can be obtained by m, L
, and H. Thus, we measured the mass loss rate of mortars
after photocatalysis experiments and used mass loss rate
to calculate AS. The data is shown in Table 2.

Let the penetration thickness of photocatalyst is H. The
length of time 7 that photocatalyst was able to exist on the
surface of concrete can be calculated as follow:

Table 2 Rate of mass loss and AS of mortars

Order Rate of mass loss/(g/6 h) AS/(mm/6 h)
1 0.01% 7.3%107
2 0.01% 7.3%107
3 0.01% 7.3%x107
Average 0.01% 7.3%107

H

T=—
AS

(10)
When values of penetration thickness of photocatalyst
and thickness variation are 2 mm and 7.3 x 10~ mm/6 h, T'is
1.64 % 10° h, which means photocatalytic concrete can main-
tain photocatalytic performance for about 18.7 years. This is
an approximate estimate for the durability of photocatalytic
concrete and is valuable for the practical application.

The influences of the angle of light source and pH
value of solutions

Two important factors (angle of light source and pH value
of waters mentioned at the end of the “Photocatalytic per-
formances of K-g-C3N4 photocatalyst on mortars” section)
must be considered in the assessment of actual photocata-
lytic performances. Thus, we conducted experiments under
different angles of light and pH values of waters. In each
experiment, the angle of light X, was chosen of 0°, 30°, 60°,
and 90°; the angles of light X, chosen were 0°, 22.5°, and
45°; the pH value was chosen of 6.5, 7.5, and 8.5. Therefore,
we conducted 36 (4 X3 X 3) different experiments. Every
experiment lasted for 30 min and the degradation rate was
recorded after experiments. Figure 11 shows the degradation
rate of methylene blue of 36 experiments. Due to the wealth
of data logged, Fig. 11 is represented in parallel coordinate
plot format. In Fig. 11, four longitudinal axes are all axes
of the figure. If a point is selected from each coordinate
axis, and the curve formed by connecting the four points
represents an experiment. Choose a data point from each
coordinate axis, and then connect the four points, then form-
ing curve represents an experiment. The four points of which
the curve is composed represent the angle of light X the
angle of light X,, pH value, and degradation rate of this
experiment.

It can be seen from Fig. 11 that the effects of light angles
and acid-base properties of solutions on the degradation
of methylene blue are not intuitive and both high and low
degradation rates can come from any light angles and pH
value. Therefore, to study whether there is a significant
relationship between the degradation rate of methylene
blue and each factor, response surface methodology (RSM)
was conducted (Khuri and Mukhopadhyay 2010). Response
surface methodology is a method of finding the significant
relationship between various reactants and end products in
chemistry. Here we can regard angles of light and pH values
as reactants (response factors) and the degradation result as
end products (response values). Thus, the response surface
methodology (RSM) can be used for analyzing the signifi-
cances of influencing factors. Specifically, the response sur-
face method of three factors can be used for experimental
analysis. See Table 3 for the design of three factors.
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Table 3 Design of factors of Factor
RSM actors Table 4 Results of several different response surface methods
A () B () C Source P-value R?
0 0 65 Linear <0.0001 0.6272
30 225 [ 0.9879 0.5221
60 45 85 Quadratic <0.0001 0.9525 Suggested
90

For the sake of convenience, we used A for angle of light
X, B for angle of light X,, and C for pH value. Then the
experimental data was analyzed using Design-Expert®
(Design-Expert v 7.0, Stat-Ease Inc., Minneapolis, MN).
Design-Expert is the software specifically designed to con-
duct response surface methodology. The data for response
surface methodology is that in Fig. 11 and the specific values
are attached in additional file: Annex 1.

The response surface method mainly includes first-order
(linear), two-factor interaction (2FI), quadratic, cubic model.
To find an appropriate model for our study, P-value and R>
are obtained by Design-Expert and summary of the models
is shown in Table 4. According to the evaluation of several
response surface methods, the quadratic model has an allow-
able P-value and the smallest value of R?. Consequently, the
quadratic model was selected in RSM analysis.

Quadratic model was fitted to the data (A, B, and C) and
the regression equation was obtained as follows:

The analysis of variance (ANOVA) was performed for
formula (4) and the result is shown in Table 5.

Table 5 shows that A (angle of light X,), B (angle of
light X,), and A? have a highly significant impact on the
degradation rate while the other terms are insignificant.
Basically, the angle of light will directly affect the light
energy obtained by the catalyst on the concrete surface,
thus affecting the photocatalytic degradation efficiency.
The change of angle of light X, is similar to the change
of sunlight angle in different time periods and the angle
of light X, is similar to the change of light angle at dif-
ferent latitudes. However, the influences of pH value on
degradation rate are not significant. Firstly, the range of
pH value in the experiments is small (6.5-8.5). If the range
of pH is expanded, it may change the significance of influ-
ences of pH values, but it is unnecessary to set a wide
pH range considering the pH value of waters in general

Y =86.0625 — 33.7833A — 5.95833B — 0.16667C + 1.725AB + 0.5AC

—0.1875BC — 35.3125A% — 1.7916B> + 0.4167C?

Y
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Table 5 Results of analysis of variance

Source  Sum of squares df* Meansquare F-value P-value
Model  32,616.98 9 3624.11 10242 <0.0001
A 22,826.2 1 22,826.27 645.10  <0.0001
B 852.04 1 852.04 24.08  <0.0001
C 0.6667 1 0.6667 0.0188 0.8919
AB 39.67 1 39.67 1.12  0.2994
AC 3.33 1 3.33 0.0942 0.7613
BC 0.5625 1 0.5625 0.0159 0.9006
A? 8867.36 1 8867.36 250.60  <0.0001
B? 25.68 1 25.68 0.7258 0.4020
c? 1.39 1 1.39 0.0393 0.8445

4df is the degree of freedom. Each term has one degree of freedom
and the model has nine degrees of freedom

environments. Secondly, the influences of pH on the pho-
tocatalytic degradation of organic dyes are complex, with
both advantages and disadvantages. The pH of solutions
may change the electronegativity of the catalyst surface
(Yamamoto and Futatsugi 2005), the aggregation in the
solution, and the physicochemical properties of organic
dyes. When the solution is slightly acidic, the amino group
in K-g-C;N, is positively charged after protonation, result-
ing in electrostatic repulsion with cationic dye methylene
blue, which makes it difficult to be adsorbed by photocata-
lyst (Yamamoto and Futatsugi 2005). When the solution
is alkaline, it is beneficial for the adsorption of organic
dyes, but the production of - OH, which plays an important
role in the photocatalytic process, is inhibited (Wang et al.
2011). In conclusion, when the pH value of solutions is
in the small range around 7 (6.5-8.5), the pH value has
no significant influence on the photocatalytic degradation
rate of methylene blue, so the influence of pH value on
degradation efficiency can be ignored.

Conclusions

In this study, the photocatalyst suitable for application to
concrete materials was discussed and K-g-C;N, photocata-
lyst was made and combined with the surface of concrete
materials to prepare photocatalytic concrete. Furthermore,
the photocatalytic performances of photocatalytic concrete
based on K-g-C;N, photocatalyst for degradation of organic
dyes in water were studied. The results show that photo-
catalytic concrete can degrade organic dyes in water in a
short time under visible light irradiation. The light angle of
environmental factors has a significant impact on the deg-
radation process of photocatalytic concrete. When enough
light energy is not provided, the degradation of organic dyes

in water is limited. Therefore, positioning the photocatalytic
concrete relative to the sunlight must be accurately deter-
mined before construction takes place. In the case of the
insufficient light source, applications of photocatalytic con-
crete materials and even photocatalytic concrete structures
are not practical. Further research of photocatalytic concrete
materials should be focused on the fields of road-building
materials and shallow water hydraulic structures. However,
for the pH value of water, it hardly has a significant effect
on the photocatalytic reaction when it is in a small range of
6.5 to 8.5. On this limited experimental finding, one may
tentatively conclude that the acid-base properties of water
body in cities would have little impact on the photocatalytic
reaction of photocatalytic concrete and photocatalytic con-
crete has potential for practical applications.

Considering the differences between the real environ-
ments and experimental conditions, such as the concentra-
tion, time under sunlight, pH value, and depth in water, the
identified influences of these parameters on photocatalytic
performances of photocatalytic concrete should be explained
in detail:

(1) Concentration: The photocatalytic degradation can have
a satisfactory result when the concentration of methyl-
ene blue is under 5 ppm.

(2) Depth of water: At present, it is observed that the deg-
radation effect of photocatalytic concrete can be carried
out approximately 5 cm below the water surface.

(3) Duration of sunlight exposure: Longer duration of
sunlight exposure leads to a better degradation effect.
However, photocatalytic concrete can fully perform the
function of photocatalyst so it doesn’t take a long time
to implement a significant degradation. The degrada-
tion rate can reach about 80% under the sunlight for
only 30 min.

(4) pH value: The pH value between 6.5 and 8.5 can prom-
ise the photocatalytic degradation process to proceed
smoothly. Beyond this range, the photocatalytic deg-
radation efficiency may be affected but it is unneces-
sary to consider an extreme pH value for normal water
environments.

(5) Durability: Experimental and numerical analyses show
that the durability will limit the service time of photo-
catalytic concrete. The specific service time of photo-
catalytic concrete will depend on the time of photocata-
lyst existing on the surface of the concrete. Currently, it
could be determined that when the depth of penetration
of photocatalysts is 2 mm, photocatalytic concrete can
maintain its function for a relatively long period.
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