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a b s t r a c t
Fly ash (FA) and sewage sludge (SS) as adsorbents have recently developed to remove phosphate 
in wastewater, doping Al and Fe is an efficient method to improve phosphorus adsorption for 
ceramsite prepared with FA and SS. In this study, the removal performance of phosphorus by 
three kinds of ceramsite was investigated under the optimum concentration of Al and Fe salt. 
Besides, adsorption kinetics and adsorption isotherms were investigated to reveal the adsorp-
tion mechanisms. It was found that the best particle strength was obtained when the ratio of fly 
ash, sludge and concrete was 6:3:2. The adsorption capacity of Al and Fe-doped ceramsite was 
669.1 and 458.26 mg kg–1, respectively, which was much higher than that of undoped ceramsite 
(58.233 mg kg–1). Therefore, the method of metal salt doping waste-based ceramsite can be employed 
to immobilize phosphate in wastewater.
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1. Introduction

Water eutrophication has become a major global envi-
ronmental issue and will continue to pose a major threat 
to global environmental and human health and cause seri-
ous economic losses [1]. The discharge of wastewater con-
taining low concentration phosphorus contributed to the 
process of water eutrophication. Therefore, the advanced 
treatment to control wastewater containing phosphorus in 
the natural water bodies becomes the focus of industrial 
wastewater treatment. Furthermore, the enormous quan-
tity of solid wastes generated from metallurgy, thermal 
power generation, and mineral extraction contributes to 
very serious environmental problems every year. Some of 

these solid wastes (such as fly ash, red mud, slag, and Fe/
Al residual) can effectively absorb phosphate because these 
materials are enriched with oxides of aluminum, iron and 
calcium [2,3]. To control the increase of phosphorus load 
in water and improve the utilization rate of solid waste, it 
is of great importance to develop useful ways to attenuate 
the amount of phosphorus in the aquatic environment.

The phosphorus removal for wastewater mainly depends 
on the biological phosphorus accumulation, chemical 
precipitation, and adsorption method. Adsorption has 
been paid more attention owing to its advantages of high 
efficiency, low energy consumption, simple processing 
equipment, stable performance of adsorbent, and easy 
regeneration [4]. For the traditional adsorption process, 
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bentonite [5], diatomite [6], and zeolite [7] are the most 
common adsorbents for treating phosphorus wastewa-
ter. And now, the use of solid wastes for phosphorus 
adsorption is a more promising adsorptive process. Many 
researchers have begun to use solid waste (such as indus-
trial waste residue, water plant sludge, etc.) to prepare 
phosphorus removal adsorbents. For instance, Wang et al. 
[8] developed three kinds of solid waste (fly ash, red mud, 
and ferric-alum water treatment) as adsorbents to remove 
phosphorus. Compared with two natural adsorbents (zeo-
lite and diatomite), these three solid wastes possessed a 
higher adsorption capacity for phosphorus because of the 
higher Fe, Al, and Ca contents. Thus, developing an indus-
trial waste adsorbent that can not only solve the problem 
of eutrophication but also reduce the cost of phosphorus 
removal would help realize the resource utilization of 
industrial wastes.

Water supply sludge is the residue of a water treatment 
process for a municipal water plant, the Ca2+, Fe3+, and Al3+ 
contained in water supply sludge can combine with PO4

3– 
during plasma hydrolysis. The precipitation appears on 
the surface of the sludge to achieve the purpose of phos-
phorus removal [9]. A recent study found that the prepa-
ration of ceramsite from waterworks sewage and coal fly 
ash as the adsorbent can remove phosphorus in the sec-
ondary effluent of sewage treatment plants [10]. In addi-
tion, fly ash is a solid waste with a high adsorption capac-
ity, and it contains a lot of metal oxides such as calcium 
oxide, magnesium oxide, manganese oxide, iron oxide, etc. 
Phosphates can be removed by complexing or precipitation 
of calcium/magnesium phosphate. It owns the characteris-
tics of large specific surface area, porosity, and good phos-
phorus adsorption performance [11]. Li et al. [12] studied 
that preparing ceramsite with fly ash, lime and clay as 
raw materials had a better adsorption capacity for phos-
phorus. Previous studies have revealed that the ceramsite 
prepared by composite material had a good removal effect 
on phosphorus. Furthermore, concrete as industrial waste 
has low phosphorus background value, low price, porous 
structure, easy to obtain and so on, which has the potential 
for phosphorus removal. However, there were few reports 
on preparing ceramsite with fly ash, sewage sludge, and 
concrete as the primary raw materials and studying its 
phosphorus adsorption effect. In addition, there were no 
reports on the adsorption effect of aluminum (Al) and iron 

(Fe) salt on the above ceramsite. Thus, it is meaningful to 
find out whether the doping of Al and Fe is an effective 
method to improve the phosphorus adsorption for cer-
amsite prepared with fly ash and sewage sludge.

The work developed a composite material based on con-
struction waste (fly ash, sludge, concrete) doped with metal 
salts, and applied to adsorb phosphorus from industrial 
wastewater. It provides a promising technology to solve the 
problem of phosphorus removal from industrial wastewater 
and realize the resource utilization of construction waste. 
This work aimed to reveal the adsorption performance of 
ceramsite prepared from industrial waste (fly ash, sludge, 
concrete) and doped with Al and Fe salts on phosphorus in 
an aqueous solution. First, the optimal particle strength of 
ceramic prepared from fly ash, sludge, and concrete at dif-
ferent ratios was investigated. Then the adsorption capacity 
of Al and Fe salts to phosphorus in solution at different con-
centrations was explored. Finally, the adsorption mechanism 
of phosphorus in solution by metal doped ceramsite was 
revealed by adsorption kinetics and adsorption isotherm.

2. Materials and methods

2.1. Material

The fly ash was collected from a power plant, the sewage 
sludge used in the experiment was collected from a sewage 
treatment plant sedimentation tank, and the concrete was 
collected from a construction site in Nanjing. The fly ash, 
sewage sludge, and concrete were dried and then crushed 
and ground with a pulverizer, sifted, dried at 40°C, collected 
and set aside. Detailed information about sewage sludge, fly 
ash, and main concrete components are shown in Table 1.

2.2. Prepared of waste-based ceramsite

The ceramsite was prepared using fly ash, sewage 
sludge, and concrete as raw materials. Five ratios of fly ash 
and clay, that is, 3, 4, 5, 6, and 7, were used for taking 10 g 
of clay. Five ratios of sewage sludge and clay were used, 
that is, 1.5, 2, 2.5, 3, and 3.5. Five ratios of concrete and clay 
were employed, that is, 1, 2, 3, 4, and 5. The raw meal nod-
ules were prepared from sewage sludge, fly ash, concrete, 
and clay in different proportions, which were mixed into a 
granulator with a rotating speed of 30–40 rpm. Afterward, 
the raw meal nodules with a particle size of 4–6 mm were 

Table 1
Sewage sludge, fly ash and concrete main components (%)

Chemical composition (%) Sewage sludge Fly ash Concrete

SiO2 28.36 47.68 23.87
Al2O3 8.674 37.78 6.35
TiO2 – 2.49 –
Fe2O3 3.99 4.39 2.21
CaO 2.3 – 57.15
MgO 2.3 0.5 3.2
K2O 1.7 – 2.15
Na2O – 3.27 1.32
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screened out, which were oven-dried for 2 h at 105°C to 
remove moisture. After drying, the raw meal nodules were 
sintered at 1,150°C for 10 min in a muffle furnace. At last, 
the ceramsite sample was naturally cooled to room tem-
perature, and the particle strength of the ceramsite was 
measured. The whole process of waste-based ceramsite 
preparation is shown in Fig. 1.

At room temperature, the ceramsite was put into 
the concentration of 0.25, 0.5, 0.75 and 1 mol L–1 of Al salt 
(aluminum nitrate), and Fe salt (ferric chloride) solution. 
The initial temperature of the metal solution was deter-
mined through a water bath, they were placed in a con-
stant temperature shaker with a rotating speed of 120 rpm, 
the ceramsite was removed after a certain doping time, 
which was dried in an oven at 60°C. Then it was burned 
for 4 h in a muffle oven at 600°C. Finally, the ceramsite was 
cooled at room temperature and stored.

2.3. Experiment of optimal doping conditions

For the optimal doping concentration of Al and Fe salt 
solution, Fe and Al solution concentrations were 0.25, 0.5, 
0.75, and 1 mol L–1, respectively. The ratio of ceramsite mass 
to the metal salt solution was 1:3, doped for 5 h at 20°C. 
2 g of Fe and Al-doped ceramsite were added into KH2PO4 
solution, respectively (the initial phosphorus = 10 mg L–1). 
The mixed solution was shaken for 20 h at 25°C. Samples 
were subjected to measurement of phosphate concentra-
tion by potassium persulfate oxidation-molybdenum- 
antimony anti-spectrophotometric method.

2.4. Phosphorus adsorption experiment

For kinetic studies, 5 g of undoped ceramsite, 2 g of 
Al-doped ceramsite, and 2 g of Fe-doped ceramsite were 
weighed, (ensuring a dose of 100 g L–1 for undoped ceramsite 
and 40 g L–1 for Al and Fe-doped ceramsite), the initial 
phosphate of KH2PO4 solution was 10 mg L–1, the mixed 
solution was shaken several times at 25°C. Set the reaction 
time at a certain interval (0–24 h) to reach the phospho-
rus adsorption equilibrium. For adsorption isotherm tests, 
the initial phosphate of KH2PO4 solution varied between 
2–10 mg L–1. The mixed solution was shaken at 25°C to reach 

the adsorption equilibrium, and equilibrium adsorption 
capacity (qe, mg g–1) was calculated using equation (1).

q
C C V
me

e=
−( )0  (1)

where C0 and Ce (mg L–1) are the initial and equilibrium 
phosphorus concentrations respectively, V (mL) is the 
solution volume, and m (g) is the quality of ceramsite.

2.5. Analytical method

Scanning electron microscopy (SEM) and energy- 
dispersive X-ray spectroscopy (EDS) were obtained on 
the scanning electron microscope-energy dispersive spec-
trometer (SEM-EDS) SU8010 (Hitachi, Japan). The X-ray 
diffraction (XRD) measurement was performed on the 
PHI-5000 Versaprobe-III system of the electron energy 
spectrometer (ULVAC-PHI, USA). In the Fourier-transform 
infrared spectroscopy (FTIR) is5 (Conta Instruments Inc.), 
the Fourier exchange was used to transform the time- 
domain function in the interferogram into a frequency- 
domain function graph.

2.6. Data analysis

2.6.1. Adsorption kinetics

Pseudo-first-order and pseudo-second-order models 
were used to analyze the kinetic data, Eq. (2) represented 
the first-order and Eq. (3) described the second-order, 
which is expressed as:
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where qt and qe (mg g–1) are the adsorption capacities 
of phosphorus at time t (min) and equilibrium, respec-
tively. k1 (h–1) and k2 (g mg–1 h–1) are the rate constants of 

Fig. 1. Whole preparation process of waste-based ceramsite.
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the pseudo-first-order and pseudo-second-order kinetic 
models, respectively.

2.6.2. Adsorption isotherm

The isotherm data were analyzed using Langmuir 
and Freundlich models, Eq. (4) represents the Langmuir 
model, and Eq. (5) describes the Freundlich mode, as 
expressed:

q
q bc
bce

m=
+1

 (4)

q KCe
n=  (5)

where qe (mg g–1) and Ce (mg L–1) are the phosphorus adsorp-
tion capacity and concentration at equilibrium, respec-
tively. And qm (mg g–1) is the maximum adsorption capacity, 
K, n, and b are all adsorption constants.

3. Results and discussion

3.1. Strength of waste-based ceramsite

To determine the ratio of each component of the cer-
amsite, the proportioning test of fly ash, sewage sludge, 
concrete was carried out.

3.1.1. Ratio of fly ash and clay

It is an effective way for comprehensive utilization of 
fly ash to prepare fly ash sintered ceramsite, the content 
of fly ash should be raised as much as possible. Fig. 2a 
shows the strength of ceramsite particles under different 
ratios of fly ash and clay. It was obvious that the particle 
strength enhanced gradually with the proportion of fly 
ash and clay from 3 to 6, and it declined from 158.76 N to 
79.38 N under the ratio reached 7. This might be the fact 
that aluminum oxide (Al2O3) was contained in fly ash, an 
important component of forming high-strength mullite. So 
the sample strength was enhanced by the increasing dosing 
of fly ash [13]. The particle strength of ceramsite largely 
depended on the content of fly ash, and it decreased when 
the content of fly ash was higher. Calcium oxide (CaO), 
ferric oxide (Fe2O3), and magnesium oxide (MgO) were 
impurity phases that affected the sintering of fly ash. As 
the content of these impurities increased, a large amount of 
gas produced destroyed the strength of the ceramsite [14]. 
Therefore, the optimal ratio of fly ash and clay was 6.

3.1.2. Ratio of sewage sludge and clay

The effect of sewage sludge proportion on the strength 
of ceramsite particles is shown in Fig. 2b. The particle 
strength gradually increased with the ratio of sewage 
sludge and clay was from 1.5 up to 3, then dropped from 
168.56 N to 118.58 N under the ratio reached 3 and 3.5, 
respectively. This phenomenon might be due to the pres-
ence of a great many silicon dioxides (SiO2) and Al2O3 in 
sewage sludge. However, the amount of sludge was posi-
tive with the content of organic matter, so numerous pores 

were generated in the high-temperature sintering process, 
which reduced the particle strength [10,15]. Therefore, 
the optimal ratio of sewage sludge and clay was 3.

3.1.3. Ratio of concrete and clay

The influence of different concrete and clay ratios on 
the strength of ceramsite particles is shown in Fig. 2c. 
It was a growth of particle strength when the ratio of con-
crete and clay was from 1 to 2. A lot of CaO was contained 
in concrete, which increased the particle strength as flux. 
However, it was obvious that the particle strength of cer-
amsite gradually declined with excessive concrete con-
tent. Especially the particle strength of ceramsite was less 
than 60 N when the ratio reached 5. The decomposition 
reaction of CaO released carbon dioxide (CO2), which 
acted as a micro-expansion agent in the firing process of 
ceramsite. Cracks in the surface of the ceramsite due to 
over-expansion, leads to a reduction in the strength of 
the ceramsite when the ratio of concrete to clay is 3–5. 
Therefore, the optimal ratio of concrete and clay was 2 
under the condition of ensuring a certain particle strength.

In summary, the best ceramsite ratio with fly ash, 
sewage sludge, and concrete as raw materials were 6:3:2.

3.2. Phosphorus adsorption effect of Al and Fe-doped ceramsite

3.2.1. Concentration of Al and Fe salt solution

Fig. 3a shows the analysis of the phosphorus removal 
effect. It was observed that the adsorption of phospho-
rus by doped ceramsite increased with the increase of Al 
and Fe salt impregnation concentration, which was due 
to the number of adsorption sites provided by metal cat-
ion after doping increased. Since the Fe and Al salt solu-
tions were acidic, the acidity of doped solutions enhanced 
with the increased Fe and Al salt concentrations. However, 
the high acidity of the doped solution destroyed the sur-
face and internal skeleton structure of the ceramsite, and 
reduced the phosphorus removal ability of the material. 
In addition, it may increase the cost of doping. Therefore, 
the optimal doping concentration of Al salt and Fe salt 
were 0.75 mol L–1 in this experiment.

3.2.2. Adsorption effect of phosphorus

The phosphorus adsorption capacity of undoped, 
Al and Fe-doped ceramsite at different reaction times is 
shown in Fig. 3b. During the whole reaction process, the 
adsorption capacity of undoped ceramsite increased to 
55.09 mg kg–1. In the period of 0–8 h, the adsorption capac-
ity of Al and Fe-doped ceramsite increased to 234.02 and 
167.95 mg kg–1, respectively. This phase had the steepest 
ascent curve, and the adsorption rate was the fastest.

Previous studies showed that the adsorption stage 
was mainly controlled by the liquid film diffusion pro-
cess [16]. That is to say, a liquid film was formed on the 
surface of the doped ceramsite in the solution, which pro-
duced a phosphorus concentration difference between the 
liquid film and the surrounding solution, thereby forming 
a phosphorus concentration gradient. Besides, the higher 
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concentration difference led to a greater migration force. 
The phosphate ions in the solution acted on adsorption 
sites of ceramsite under the action of this migration force. 
Moreover, the concentration difference was more con-
siderable in the early stage of adsorption. More specific 
surface and adsorption sites of ceramsite were exposed 
in solution to react with phosphate. It might be why the 
adsorption rate at this stage was the fastest. This was sim-
ilar to other studies on phosphorus removal using mod-
ified diatomite [17], Drinking Water Treatment Sludge 
(DWTS) [18], and altered zeolite [19].

The second adsorption stage appeared after 8 h. 
Obviously, the increase in contact time enhanced the adsorp-
tion capacity of phosphorus, and the adsorption gradually 
became slower until equilibration. The adsorption may 
dominate the phosphorus adsorption inside the pores at this 
stage [8]. From the change of ceramsite adsorption capacity, 
it can be found that Al and Fe-doped ceramsite adsorption 
equilibrium time was 20 h, and the adsorption capacity 

reached 274.40 and 202.33 mg kg–1, respectively. After 20 h, 
it was the third stage of adsorption. As the reaction time 
continued to increase, the undoped ceramsite began to 
show a desorption trend, while the adsorption capacity of 
Al and Fe-doped ceramsites almost did not change. Hence, 
based on the above analysis, the optimum contact time for 
the adsorption of phosphorus by Al and Fe-doped ceram-
site was fixed as 20 h. Compared to the adsorption effects of 
Al and Fe-doped ceramsites, the phosphorus removal effect 
was not different within 0–2 h. Nevertheless, the phospho-
rus removal effect of Al-doped ceramsite was greater than 
Fe-doped ceramsite in 2–8 h. Two reasons might cause 
this, on the one hand, aluminum hydroxide [Al(OH)3] col-
loid formed by aluminum in water can convert negatively 
charged phosphate PO4

3– into AlPO4 or hydroxy phosphate 
[Al(OH)y(PO4)Z] precipitation to remove phosphorus in the 
water. However, on the other hand, metallic iron ions’ exis-
tence depended on the environment’s pH value and redox 
condition. Besides, changing the redox condition of iron 

 

Fig. 2. Influence of the ratio of raw materials on the strength of ceramsite particles: fly ash content (a), sewage sludge content (b) and 
concrete content (c).
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ions can directly affect the iron-phosphorus cycle [6,20]. 
Therefore, Al-doped ceramsite had the best phosphorus 
removal effect.

Coal cinder was an inorganic waste produced by coal 
combustion [21]. The adsorption capacity of phosphorus is 
shown in Table 2. The results reflected that the adsorption 
capacity of Al and Fe-doped ceramsite in this study was 
higher than that of coal cinder. Thus, Al and Fe salt doping 
waste-based ceramsite can effectively remove phosphorus 
from industrial wastewater.

Many untreated solid wastes such as fly ash (FA) [8,22], 
sewage sludge (SS) [23,24], etc. have been investigated for 
phosphorus removal. In this study, the mixture of FA, SS, 
and concrete was used to prepare ceramsite to adsorb phos-
phorus from industrial wastewater. Table 3 shows that the 
phosphorus removal capacity of the composite material 
is higher than that of FA and SS (its phosphorus removal 
capacity is as high as 99%). The adsorption capacity of the 
composite prepared in this study was lower than that of 
single materials (e.g., FA and SS). This phenomenon may 
be because that FA and SS are in powder form, while the 
concrete incorporated in this study is in block form, which 
has fewer adsorption sites and a smaller specific surface 
area. However, the use of FA, SS, and concrete to prepare 
ceramic adsorbent achieves the purpose of waste to waste.

3.3. Characterization of Al and Fe-doped ceramsite

3.3.1. SEM and EDS

The surface morphology of undoped, Al and Fe-doped 
ceramsite was observed by SEM, as shown in Fig. 4. The 
surface of three kinds of ceramsite presented a massive 
crystalline molten state, with rough surfaces and many 
internal pores (Fig. 4a–c). This might be because there was 
a higher carbon content in fly ash and more organic matter 
in the sludge. And these organics reacted with gases under 
high-temperature conditions. Among them, the carbon in 

the sludge mainly existed in the form of volatile compounds, 
which provided sufficient material for the expansion of cer-
amsite. These gas-forming substances made ceramsite gen-
erate enough gas during the sintering process to escape the 
surface of ceramsite. As a result, the pores inside the cer-
amsite were not uniform and the specific surface area was 
larger, which provided more active sites for attaching metal 
ions during the doping process. Thereby improving the 
adsorption performance of ceramsite to harmful substances 
in industrial wastewater [25,26].

Combined with the EDS, the main elements of ceram-
site were C, O, Al, Si, Fe, Mg, and Ca. That is, the main com-
ponents were SiO2 and Al2O3. What’s more, it can be found 
that the elemental composition of undoped ceramsite was 
C (7.87%), O (44.33%), Al (7.92%), Si (17.69%), Fe (1.45%), 
Mg (4.48%), Ca (14%) (Fig. 4d). Fe-doped ceramsite had its 
elemental composition C (7.94%), O (44.44%), Al (11.61%), 
Si (19.08%), Fe (9.1%), Mg (1.62%), Ca (3.02%) (Fig. 4e). 
Besides, the element composition of Al-doped ceramsite was 
C (8.66%), O (46.11%), Al (15.82%), Si (18.38%), Fe (1.81%), 
Mg (2.48%), Ca (3.79%) (Fig. 4f). By comparing before and 
after doping, it was obvious that Al element increased from 
7.92% to 15.82%, Fe element raised from 1.45% to 9.1%. The 
content of Al in Al-doped ceramsite was higher than that 
in undoped ceramsite, and the Fe in Fe-doped ceramsite 
was also higher than that in undoped ceramsite, indicating 
that the doping method in this experiment was valid.

Fig. 3. Influence of concentration of doped metal solution on adsorption effect (a) and adsorption equilibrium capacity of phosphorus 
at different reaction times (b).

Table 2
Similar results about P adsorption of porous materials

Adsorbent P adsorption  
qmax (mg kg–1)

Reference

Coal cinder 398 Yang et al. [21]
Fe-doped ceramsite 458.26 This study
Al-doped ceramsite 669.1 This study
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3.3.2. X-ray diffraction

The chemical composition of ceramsite was determined 
by XRD-6100 X-ray Fluorescence Analyzer (XRD) and a 
semi-quantitative analysis method was chosen. The XRD 
diffraction patterns of undoped, Al and Fe-doped ceram-
site are shown in Fig. 4g. The components of undoped, Al 
and Fe-doped ceramsite all contained quartz crystals (SiO2). 
However, compared with the results of EDS elemental anal-
ysis, XRD did not detect the actual presence of CaO, Al2O3, 
Fe2O3, and other components in the doped ceramsite. This 
phenomenon may be due to certain crystal defects in the 
crystal structure formed by Al and Fe salts doping in the cer-
amsite. Furthermore, Al3+, Fe3+, and Ca2+ can provide active 
sites when doped ceramsite adsorbs and react with PO4

3– for 
ion exchange and surface precipitation [27,28].

3.3.3. FTIR spectra

The FTIR is a kind of spectrum that shows molecular 
vibration, which purpose is to identify or distinguish the 
properties of organic materials, such as polymers, lubricants, 
adhesives, and cleaning agents.

As shown in Fig. 4h, the absorption peaks at 3,430 
and 918 cm–1 in the undoped, Al and Fe-doped ceramsite 
were associated with stretching vibration of the surface 
hydroxyl (–OH). Meanwhile, the stretching vibration of 
the aromatic C=C group caused the absorption peak at 
1,630 cm–1. There was a strong and broad peak between 
1,000 and 1,200 cm–1, with a main maximum adsorption 
peak at 1,070 cm–1. This phenomenon might be due to the 
O–Si–O bond’s stretching vibration and the Si–O–Si bond’s 
asymmetric stretching vibration [23]. The characteristic 
infrared peak of Al–O at 764 cm–1 and the distinct peak at 
565 cm–1 was attributed to the stretching vibration band of 
Fe–O [29]. Therefore, three kinds of ceramsite contained 
Al2O3, Fe2O3, and other metal oxides, which can perform 
ion exchange with phosphate and surface precipitation.

3.4. Adsorption kinetics and adsorption isotherm

3.4.1. Adsorption kinetics

To further grasp the change rule of the adsorption capac-
ity with time, adsorption kinetics was studied. The first- 
order and second-order kinetic models were fitted to the 
relationship of three kinds of ceramsite adsorption capacity 
with time. The kinetic fitting line is shown in Fig. 5, and the 
appropriate kinetic parameters are shown in Table 4.

Fig. 5a and b show the first-order and the second- 
order kinetic model of three kinds of ceramsite adsorp-
tion processes, respectively. Two kinetic models could fit 
the process of adsorbing phosphorus by Al and Fe-doped 
ceramsite. It is worth noting that the second-order kinetic 
model showed a better result (r2>0.98) for high concentra-
tion phosphorus (10 mg L–1) compared to the first-order 
kinetic model, and the predicted qe based on the secondary 
kinetic model was relatively close to the experimentally 
measured qe,exp. This might be the fact that the second- order 
kinetic model was based on the bilayer adsorption the-
ory, which included multiple adsorption processes such 
as external liquid film diffusion and surface adsorption, 
and chemical reactions played an important role in the 
adsorption process [30]. Hence the rate controlling step for 
phosphorus adsorption was a chemical interaction [31].

3.4.2. Adsorption isotherm

The adsorption equilibrium isotherm was used to 
describe the distribution of adsorbate molecules between 
the liquid and solid phases in the equilibrium state [32]. 
Isothermal simulation of phosphorus adsorption by three 
kinds of ceramsite in solution is shown in Fig. 5c–e, the pre-
dicted isotherm parameters shown in Table 5. The Langmuir 
adsorption isotherm model better explained the adsorp-
tion of phosphorus by Al and Fe-doped ceramsite with the 
highest correlation coefficient compared to the Freundlich 
simulation. The Langmuir model shows monolayer phos-
phorus adsorption in solution on the surface of uniform 
Al and Fe-doped ceramsite [33]. The Al-doped ceramsite 
showed the highest adsorption capacity of 669.1 mg kg–1, 
followed by Fe-doped ceramsite with 458.26 mg kg–1. In gen-
eral, Al and Fe-doped ceramsite could effectively remove 
phosphorus from industrial wastewater, with Al-doped cer-
amsite showing the best adsorption effect. The experimen-
tal result was consistent with Angaru et al. [33–35], which 
indicated that the Langmuir model had a slightly better 
fitting performance than the Freundlich models, which 
indicated that the Langmuir model had a slightly better fit-
ting performance than the Freundlich models.

3.5. XPS and FTIR of doped ceramsite before and after adsorption

Fig. 6a–c show the X-ray photoelectron spectroscopy 
(XPS) patterns of undoped, Al and Fe-doped ceram-
site before and after P adsorption. Only a 2p3/2 peak was 
detected in undoped ceramsite, and the binding energy 

Table 3
Summary of phosphorus removal performance of various industrial wastes

Material Dosage 
(g L–1)

pH Initial P 
(mg P L–1)

P removal 
(%)

P adsorption 
capacity (mg P kg–1)

Reference

Alum SS 1 14.7 42 174 Razali et al. [23]
FA 20 – 100 82 4,100 Lu et al. [22]
SS 10 7 5 29 145 Mohammed and Rashid [24]
FA 8 – 100 50 6,280 Wang et al. [8]
FA, SS, concrete 40 7 10 99 280 This study
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Fig. 4. SEM images (a–c) and EDS (d–f) of three kinds of ceramsite. XRD patterns (g) and FTIR spectra (h) of three kinds of ceramsite 
(a and d) undoped ceramsite, (b and e) Fe-doped ceramsite and (c and f) Al-doped ceramsite.
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Fig. 5. Kinetic model (a) first-order kinetic model and (b) second-order kinetic model of phosphorus adsorption by three kinds 
of ceramsite. Isothermal simulation of phosphorus adsorption by three kinds of ceramsite in solution (c) undoped ceramsite, 
(d) Al-doped ceramsite and (e) Fe-doped ceramsite. (Experimental conditions: the initial phosphate concentration: 10 mg L–1, 
the dosage of undoped ceramsite: 100 g L–1, the dosage of Al and Fe-doped ceramsite: 40 g L–1, the temperature: 25°C).

Table 4
Relative parameters of adsorption kinetics equation for phosphorus removal (mg kg–1)

Doping  
methods

qe,exp  
(mg kg–1)

First-order kinetic models Second-order kinetic models

qe (mg kg–1) k1 (h–1) r2 qe (mg kg–1) k2 (h–1) r2

Undoped 55.62 56.467 0.097 0.800 45.982 0.007 0.924
Al 274.87 267.08 0.515 0.956 280.536 0.003 0.995
Fe 205.55 188.911 0.845 0.939 205.000 0.006 0.986
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of this peak before and after adsorption was centered at 
133.25 and 133.40 eV, respectively. For Al-doped ceram-
site, the binding energy of the P-element before adsorp-
tion was centered at 133.05 eV, and after adsorption, it is 
centered at 133.15 eV. The binding energy of p-element 
before and after adsorption of Fe-doped ceramsite was 
centered at 133.25 and 133.45 eV, respectively. Comparing 
the undoped, Al and Fe-doped ceramsite after adsorp-
tion, it can be found that the peak area of the P element 
increased to some extent, which indicates that the Al and 
Fe-doped ceramsite improve the adsorption capacity 
of P. Fig. 6d shows the FTIR spectra of Al-doped ceram-
site before and after adsorption, and it was observed 
that the Al-doped ceramsite showed P–O groups at a 
wavelength of 1,054 cm–1. In addition, the increase of 
P–O groups at this wavelength after the adsorption of P 
by Al-doped ceramsite can further prove that Al-doped 
ceramsite improves their adsorption of P in solution.

3.6. Recyclability

After phosphorus adsorption, the recyclability of Al 
and Fe-doped ceramsite was facilitated by treatment with 
NaOH solution. This was because the stable solid phases 
of aluminum and iron phosphate present on the surface 
of the ceramsite combine with OH– ions in the solution to 

produce complexes or precipitates of aluminum hydroxide 
and iron hydroxide while releasing PO4

3–, HPO4
2–, and H2PO4

– 
into the solution during the reaction [36]. Fig. 7 examines 
the adsorption effect of Al and Fe-doped ceramsite at three 
cycles. The phosphorus removal capacity of the adsorbent 
decreases slightly with the number of repeated uses, and its 

  

Fig. 6. Before and after phosphorus adsorption by undoped ceramsite (a), Al-doped ceramsite (b) and Fe-doped ceramsite (c), FTIR 
spectra before and after phosphorus adsorption by Al-doped ceramsite (d).

 
Fig. 7. Reusability performance of Al and Fe-doped ceramsite at 
three cycles.
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adsorption efficiency is below 95% after a maximum of three 
repeated uses. A small amount of P concentration remained 
on the surface or in the internal pores of the Al and Fe-doped 
ceramsite during each reuse cycle and occupied the 
active site, resulting in a slight decrease in removal capacity.

4. Conclusions

This study demonstrated that Al and Fe-doped ceram-
site could effectively remove phosphorus in wastewater. 
The best ceramsite ratio with fly ash, sewage sludge, and 
concrete as raw materials were 6:3:2. When the concen-
tration of Al and Fe salt were 0.75 mol L–1 respectively, Al 
and Fe-doped ceramsite had a better phosphorus adsorp-
tion effect. The optimal reaction time of Al and Fe-doped 
ceramsite was 20 h, and the phosphorus removal effect of 
Al-doped ceramsite was better than that of Fe-doped cer-
amsite. In addition, the second-order kinetic model was 
more suitable for describing the adsorption of Al and 
Fe-doped ceramsite to phosphorus. The adsorption of Al 
and Fe-doped ceramsite to phosphorus could be well fit-
ted by the Langmuir model. This study developed Al and 
Fe-doped ceramsite that adsorb phosphorus in wastewater, 
which provided a strategy for the practical application of 
waste such as fly ash/sewage sludge/concrete.
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