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In this paper, a kind of geopolymer porous ceramic was prepared using the physical foaming method combined with the 

gel casting process. The effect of sintering temperature on phase composition and physical properties of samples was 

studied. Fe2O3/geopolymer porous ceramic samples were prepared by Fe2O3 loaded on the surface of geopolymer porous 

ceramic samples through the impregnation-calcination method. The Fe2O3-loaded geopolymer porous ceramic samples 

were characterized by SEM-EDS, FTIR, and XPS. The adsorption experiments were employed to investigate the effect of 

testing conditions on the adsorption of Pb(Ⅱ) from the Pb(NO3)2 solution. The results show that the porosity of geopolymer 

porous ceramic samples decreased while the compressive strength increased, and the proportion of pores with a pore size 

range of < 0.1 mm and 0.1 mm – 0.2 mm increased. The adsorption capacity and removal rate of Pb(II) first increased and 

then decreased with the increase of Fe(NO3)3 solution concentration, calcination temperature, and holding time. The 

adsorption capacity and removal rate of Pb(Ⅱ) increased with the increase of the pH value and the initial Pb(II) 

concentration of the solution. 

Keywords: geopolymer, porous ceramics, Fe2O3, adsorption. 
 

1. INTRODUCTION 

With the growth of the population and the development 

of industrialization, heavy metal pollution become an 

increasing global problem. Lead (Pb) and its alloys have 

been used in producing lead-acid batteries, paints, cables, 

and ammunition [1]. The extensive use of Pb inevitably 

causes pollution to groundwater, causing a large amount of 

Pb to enter the human being and accumulation. When the 

concentration of Pb within the human being exceeds a 

certain level, the organs and tissues of humans will be 

destroyed [2]. The list of carcinogens published by the 

International Agency for Research on Cancer of the World 

Health Organization lists Pb as a Class 2B carcinogen. And 

it is included in the first batch of toxic and harmful water 

pollutant lists. 

At present, the main methods for the removal of Pb(Ⅱ) 

include chemical precipitation [3], ion-exchange [4], 

membrane separation [5], and adsorption [6]. Among these, 

the adsorption method has been widely used due to its low 

cost and excellent adsorptive properties, especially for 

dilute solutions [7]. The selection of adsorbents is a crucial 

step in adsorption method, including organic adsorbents 

such as activated carbon [8], carbon nanotubes [9], 

polysaccharides [10], as well as inorganic adsorbents such 

as clay [11] and metallic oxide [12]. Fe2O3 is one of the ideal 

adsorption materials, which not only has abundant pore 

structures but also possesses a large number of sites and 

surface functional groups. Therefore, Fe2O3 exhibits 

excellent activity for the adsorption and degradation of 

various inorganic substances [13]. However, the particle 

size of Fe2O3 is small, making it difficult to recover after 
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being used. Therefore, the adsorbent or the active 

component of the adsorbent is considered to be loaded on 

the carriers, such as hydrogels or porous ceramics [14]. The 

geopolymer porous ceramic samples prepared by sintering 

the porous geopolymer have numerous advantages, such as 

large specific surface area, good chemical stability, and 

mechanical properties [15]. 

In this paper, the geopolymer porous ceramic samples 

were prepared by the physical foaming method combined 

with a gel casting process using metakaolin and potassium 

silicate solution as the main raw materials. The effect of 

sintering temperature on the phase composition, physical 

properties, and pore size distribution of geopolymer porous 

ceramic samples was studied. Fe2O3/geopolymer porous 

ceramic samples were prepared by the Fe2O3 loading on the 

surface of the geopolymer porous ceramic samples using the 

impregnation-calcination method. At the same time, the 

adsorption performance of Fe2O3/geopolymer porous 

ceramics samples for Pb(II) from Pb(NO3)2 solution was 

also studied. 

2. MATERIALS AND METHODS 

2.1. Raw materials 

The solid raw material used in the experiment was 

metakaolin, made by calcining kaolin (Industrial pure, 

Tianjin Zhiyuan Chemical Reagent Co., Ltd., China) at 

800℃. The average particle size and specific surface area of 

metakaolin were 8.5 μm and 0.43 m2/g. The molar ratio of 

SiO2 to K2O in the potassium silicate solution (Chemically 

pure, Zhengzhou Borun Chemical Reagent Co., Ltd., China) 

used in the experiment was 3.3. The Fe(NO3)3·9H2O 



(Tianjin Zhiyuan Chemical Reagent Co., Ltd., Chian) and 

Pb(NO3)2 (Shanghai Aladdin Biochemical Technology Co., 

Ltd., China) used were both chemically pure. 

2.2. Experimental method 

2.2.1. Preparation of geopolymer porous ceramic 

samples 

The KOH solution of 12M was added to the potassium 

silicate solution to adjust the molar ratio of SiO2 and K2O to 

1.2, and the alkali activator solution was obtained. 1.91 g 

polyacrylic acid and 32 g metakaolin were added to 22.4 g 

alkali activator solution and stirred for 30 minutes at 

500 rpm to obtain the geopolymer slurry. 2.6 g coconut 

diethanolamide was added to the geopolymer slurry, and 

stirred at 800 rpm for 7 minutes, and then 1.9 g calcium 

oxide (CaO) was added to the geopolymer slurry and stirred 

for 3 minutes. The geopolymer slurry was injected into the 

mold and cured at 70℃ for 24 hours. After demolding and 

then drying, the geopolymer porous ceramic green bodies 

were obtained. The green bodies were placed into a high-

temperature furnace heated to the predetermined 

temperature to obtain geopolymer porous ceramic 

samples.A new paragraph must be indented in the first line 

by 0.6 cm. 

2.2.2. Preparation of Fe2O3/geopolymer porous ceramic 

samples 

The geopolymer porous ceramic samples were crushed 

to obtain block geopolymer porous ceramic particles with a 

size of approximately 1 – 3 mm. The geopolymer porous 

ceramic particles were placed in deionized water, cleaned 

with ultrasound for 10 minutes, and then dried. The cleaned 

geopolymer porous ceramic particles were immersed in a 

2M HNO3 solution for 2 hours. Finally, they were taken out 

and washed repeatedly with deionized water to obtain the 

activated geopolymer porous ceramic particles. 

After activation treatment, the geopolymer porous 

ceramic particles were impregnated in Fe(NO3)3 solution 

with a certain concentration for 24 hours and dried. Then the 

samples were calcined at a predetermined temperature for a 

certain holding time to prepare Fe2O3/geopolymer porous 

ceramic samples. 

2.2.3. Determination of Fe2O3 load capacity on 

Fe2O3/geopolymer porous ceramic samples 

The Fe2O3 loaded on the surface of Fe2O3/geopolymer 

porous ceramic samples was dissolved in a HNO3 solution. 

After dissolution, the content of iron ions in the HNO3 

solution was determined by atomic absorption 

spectrophotometer, and the Fe2O3 load capacity of the 

Fe2O3/geopolymer porous ceramic samples was calculated, 

as shown in Eq 1: 

𝑄 =
𝐶𝑑·𝑉𝑑

𝑚
, (1) 

where Q represents the Fe2O3 load capacity of the 

Fe2O3/geopolymer porous ceramic samples (mg/g); Cd 

represents the concentration of iron ions in the HNO3 

solution after dissolution (mg/L); m represents the mass of 

Fe2O3/geopolymer porous ceramic samples(g); Vd 

represents the volume of HNO3 solution (L). 

2.2.4. Pb(Ⅱ) adsorption experiments of 

Fe2O3/geopolymer porous ceramic samples 

The wastewater solution containing Pb(II) was 

simulated with an aqueous Pb(NO3)2 solution. The 

Fe2O3/geopolymer porous ceramic samples was put into the 

Pb(NO3)2 solution at a dosages of 1g/50ml. The solution was 

stirred at 120 rpm on a magnetic stirrer at constant 

temperature. The residual concentration of Pb(II) in the 

solution was determined by atomic absorption 

spectrophotometer and the Pb(II) adsorption capacity and 

removal rate of Fe2O3/geopolymer porous ceramic samples 

were calculated as shown in Eq 2 and Eq. 3: 

𝜑 =
𝐶0−𝐶

𝐶0
× 100%; (2) 

𝑞 =
𝐶0−𝐶

𝑚
𝑉, (3) 

where 𝜑 represents the removal rate (%); C0 and C represent 

the initial and equilibrium concentrations (mg/L) of Pb(II) 

in aqueous solutions; q represents the adsorption capacity 

(mg/g), V represents the volume of Pb(II) solution (L), and 

m represents the mass of Fe2O3/geopolymer porous ceramic 

samples (g). 

2.3. Characterization 

The open porosity of the samples was measured by the 

Archimedes drainage method. The compressive strength of 

the samples was tested by compression testing device  

(JBC-LY, Shenyang Hexing Co., Ltd., China). The cross-

section from the middle of the samples was cut, grounded 

and polished, and then observed under a stereomicroscope 

(XTL-30C, Shanghai Pudan Optical Instrument Co., Ltd., 

China). The images were analyzed by Image-pro Plus 

software to count the number and size of pores to obtain the 

pore size distribution. The microstructures of the samples 

were characterized by a scanning electron microscope 

(SEM, SU8020, Hitachi Co., Ltd., Japan). All SEM images 

were sprayed with Pt coating for facilitating to image. The 

phases of samples were determined by X-ray diffractometer 

(XRD, D8-Advance, Bruker Co., Ltd., Germany) using 

Cu Ka radiation ( = 1.5406 Å). The composition of 

samples was analyzed by energy-dispersive X-ray 

spectroscopy (EDS, Inca Energy-350, Oxford Co., Ltd., 

Britain). The functional groups of the samples were 

analyzed by using Fourier transform infrared spectroscopy 

(FTIR, GD26-FTIR-650, Beijing Haifuda Technology Co., 

Ltd., China). The X-ray photoelectron spectroscopy (XPS, 

ESCALAB 250Xi, Thermo Fisher Co., Ltd., USA) with 

AlKα X-ray source (hv = 1486.7 eV) was used to determine 

the chemical state of the sample. The X-ray beam size was 

500 μm. The analysis began with survey acquisition at 

100 eV of pass energy and 1 eV of step size, followed by 

high-resolution scans of the regions C1s,Fe2p, Pb4f and O1s 

at 30 eV of pass energy and a step size of 0.5 eV. All data 

of XPS were processed by Avantage software. All the 

spectra were calibrated reference to a C1s peak positioned 

at 284.8 eV to correct for charging effects. During the fitting 

process, we assume that the single-component lines have the 

shape of the product of Lorentzian and Gaussian component 

curves. Smart background was used and fitting was 

performed with Lorentzian/Gaussian mixed ratio of 30 %. 



The concentration of Pb(Ⅱ) before and after adsorption was 

analyzed by an atomic adsorption spectrometer (AAS, A3, 

Beijing Puxi Co., Ltd., China). The potential of samples was 

tested by the zeta potential meter (Nano ZSE, Malvern Co., 

Ltd., Britain). 

3. RESULTS AND DISCUSSION 

3.1. Characterization of geopolymer porous 

ceramic samples 

3.1.1. Effect of sintering temperature on phase 

composition of geopolymer porous ceramic 

samples 

The XRD patterns of the samples after sintering at 

900 ℃ ~ 1200 ℃ are displayed in Fig. 1. The samples were 

composed of the amorphous and quartz phases when 

sintered at 900 ℃. After the samples were sintered at 

950 ℃, the kaliophilite (K2O·Al2O3·2SiO2) phase began to 

appear in the XRD patterns. After the samples were sintered 

at 1000 ℃, the kaliophilite phase disappeared, and the 

leucite phase(K2O·Al2O3·4SiO2) appeared. After being 

sintered at 1100 ℃, the anorthite (CaO·Al2O3·2SiO2) phase 

appeared. 

 

Fig. 1. XRD patterns of geopolymer porous ceramic samples at 

different sintering temperatures 

After being sintered at 1200 ℃, there was no change in 

the phase composition except for the enhancement of 

diffraction peak intensity of the leucite phase and anorthite 

phase. The reaction formula for generating leucite and 

anorthite are shown in Eq. 4 [16, 17] and Eq. 5 [18]: 

K2O+Al2O3·2SiO2+2SiO2→K2O·Al2O3·4SiO2; (4) 

Al2O3·2SiO2+CaO→CaO·Al2O3·2SiO2. (5) 

3.1.2. Effect of sintering temperature on physical 

properties and pore size distribution of 

geopolymer porous ceramic samples 

The physical properties and pore size distribution of the 

samples at different sintering temperatures are shown in 

Fig. 2 and Fig. 3. With the increase of sintering temperature, 

the porosity of the samples gradually decreased while the 

compressive strength gradually increased. The average pore 

sizes of the samples decreased, and the proportion of pores 

with a pore size range of < 0.1 mm and 0.1 mm – 0.2 mm 

increased. 

On the one hand, the amorphous geopolymers will 

undergo significant sintering shrinkage when they are 

transformed into crystalline phases [16, 19]. On the other 

hand, with the increase in sintering temperature, the amount 

of liquid phase generated in the K2O-Al2O3-SiO2 system 

[16] gradually increases during the sintering process. 

 

Fig. 2. Effects of sintering temperature on physical properties of 

geopolymer porous ceramic samples 

 

Fig. 3. Pore size distribution and average pore size of geopolymer 

porous ceramic samples at different sintering temperatures 

Its fluidity also gradually increases, which is conducive 

to the densification of the samples and the crystallization of 

the leucite phase with high-strength. Therefore, as the 

sintering temperature increased, the pore size of the pores 

gradually decreased. Some of the pores were closed, leading 

to a decrease in the open porosity. The generating of the 

leucite phase caused an increase of compressive strength. 

3.2. Preparation and characterization of 

Fe2O3/geopolymer porous ceramic samples 

3.2.1. Effect of the calcination temperature and holding 

time of Fe2O3/geopolymer porous ceramic 

samples 

Based on previous research, crystalline water in 

Fe(NO3)3·9H2O is removed at about 150 ℃ and Fe(NO3)3 is 

decomposed into Fe2O3 completely until 300 ℃, as shown 

in Eq. 6 and Eq. 7 [20]. Therefore, the calcination 

temperature was chosen from 350 ℃ to 650 ℃, the holding 

time was chosen from 1 hour to 6 hours in the preparation 

process of Fe2O3/geopolymer porous ceramic samples. 

Fe(NO3)3·9H2O→Fe(NO3)3+9H2O; (6) 

4 Fe(NO3)3→2Fe2O3+12NO+3O2. (7) 

The SEM images of the samples calcined at different 

temperatures for 2 hours are shown in Fig. 4, Fig. 5, and 

Fig. 6. After being calcined at 350 ℃, there were fewer 

Fe2O3 particles on the surface of the samples, and the Fe2O3 

particles were tiny. After being calcined at 450 ℃, the 

number of Fe2O3 particles on the surface increased 



significantly and the distribution of Fe2O3 particles was 

uniform. 

  

a b 

Fig. 4. SEM images of Fe2O3/geopolymer porous ceramic samples 

prepared by calcining at 350℃ for 2 hours: a – 5000 

magnification; b – 50000 magnification 

  

a b 

Fig. 5. SEM images of Fe2O3/geopolymer porous ceramic samples 

prepared by calcining at 450℃ for 2 hours: a – 5000 

magnification; b – 50000 magnification 

  

a b 

Fig. 6. SEM images of Fe2O3/geopolymer porous ceramic samples 

prepared by calcining at 650℃ for 2 hours: a – 1000 

magnification; b – 5000 magnification 

The size of the Fe2O3 particles increased, ranging from 

tens to one hundred nanometers. However, when the 

calcination temperature increased to 650 ℃, the Fe2O3 

particles were dispersively distributed on the surface of the 

samples. The particle size of Fe2O3 further increased, 

ranging from several hundred nanometers to two 

micrometers. 

The SEM images of the samples calcined at 450 ℃ for 

different holding time are shown in Fig. 5, Fig. 7, and Fig. 8. 

  

a b 

Fig. 7. SEM images of Fe2O3/geopolymer porous ceramic samples 

prepared by calcining at 450℃ for 1 hour: a – 5000 

magnification; b – 50000 magnification 

The effect of holding time on the particle size and 

distribution of Fe2O3 was consistent with the calcination 

temperature. In addition, after being calcined at 450 ℃ for 

6 hours, some of the Fe2O3 particles on the surface 

agglomerated. 

  
a b 

Fig. 8. SEM images of Fe2O3/geopolymer porous ceramic samples 

prepared by calcining at 450℃ for 6 hours: a – 1000 

magnification; b – 5000 magnification 

3.2.2. Effect of Fe(NO3)3 solution concentration on 

Fe2O3/geopolymer porous ceramic samples 

The SEM images of the surface of Fe2O3/geopolymer 

porous ceramic samples papered by impregnating with 

0.1M, 0.2M, and 0.6M Fe(NO3)3 solution are shown in 

Fig. 9, Fig. 10, and Fig. 11. When the concentration of 

Fe(NO3)3 was 0.1M, as shown in Fig. 9, there were fewer 

Fe2O3 particles loaded on the surface of samples.  

  

a b 

Fig. 9. SEM images of Fe2O3/geopolymer porous ceramic samples 

prepared by impregnating in 0.1M Fe(NO3)3: a – 1000 

magnification; b – 5000 magnification 

  

a b 

Fig. 10. SEM images of Fe2O3/geopolymer porous ceramic 

samples prepared by impregnating in 0.2M Fe(NO3)3: 

a – 1000 magnification; b – 5000 magnification 

  

a b 

Fig. 11. SEM images of Fe2O3/geopolymer porous ceramic 

samples prepared by impregnating in 0.6M Fe(NO3)3: 

a – 1000 magnification; b – 5000 magnification 

When the concentration of Fe(NO3)3  increased to 0.2M, 

as shown in Fig. 10, the number of Fe2O3 particles loaded 



on the surface of samples significantly increased. When the 

concentration of Fe(NO3)3 increased to 0.6M, as shown in 

Fig. 11, a large amount of Fe2O3 accumulated on the surface 

of the samples, and some pores in the samples were blocked 

and covered. 

The SEM images and EDS patterns of samples before 

and after Fe2O3 loaded are shown in Fig. 12. 

 

a 

 

b 

Fig. 12. SEM images and EDS patterns: a – geopolymer porous 

ceramic samples; b – Fe2O3/geopolymer porous ceramic 

samples 

Geopolymer porous ceramic samples were mainly 

composed of Si, Al, and O. After loading with Fe2O3, the 

elemental peaks of Fe appeared in the EDS patterns, 

indicating that Fe2O3 was successfully loaded on the surface 

of geopolymer porous ceramic samples. 

3.3. Pb(Ⅱ) adsorption performance of 

Fe2O3/geopolymer porous ceramic samples 

3.3.1. Effect of the calcination temperature and holding 

time on the adsorption performance of Pb(Ⅱ) 

The effect of the calcination temperature on the Pb(Ⅱ) 

adsorption capacity and removal rate of samples is shown in 

Fig. 13. With the increase of calcination temperature, the 

adsorption capacity and removal rate of Pb(II) increased 

first and then decreased. When the samples were calcined at 

450 ℃, their adsorption capacity and removal rate of Pb(II) 

reached maximum. As shown in Fig. 14, the effect of 

holding time on Pb(II) adsorption capacity and removal rate 

of samples showed the same trend. The adsorption capacity 

increased firstly then decreased with the extension of 

holding time. When the samples were calcined for 2 hours, 

their adsorption capacity of Pb(Ⅱ) reached maximum. 

As shown in Fig. 4 and Fig. 7 when the samples were 

prepared by calcined at high temperature or calcined for a 

long holding time, the surface of the samples had fewer 

Fe2O3 particles, and their particle size was small, resulting 

in a small specific surface area of Fe2O3 particles. Therefore, 

the available adsorption sites were scarce, and the 

adsorption capacity of Fe2O3/geopolymer porous ceramic 

samples was poor. 

 

Fig. 13. Effect of calcination temperature on absorption 

performance of Pb(II) 

 

Fig. 14. Effect of calcination time on absorption performance of 

Pb(II) 

However, when the samples were prepared by calcined 

at high temperature or calcined for a long holding time, as 

shown in Fig. 6 and Fig. 8. The Fe2O3 particles on the 

surface of the samples were larger, which may block some 

tiny pores. Additionally, the agglomeration among the 

Fe2O3 particles has occurred, which led to a decrease in their 

number and specific surface area. The adsorption 

performance of the samples was weakened. 

3.3.2. Effect of Fe (NO3)3 solution concentration on the 

adsorption performance of Fe2O3/geopolymer 

porous ceramic samples 

The effect of Fe(NO3)3 solution concentration on the 

Fe2O3 load capacity of Fe2O3/geopolymer porous ceramic 

samples is shown in Fig. 15. 

 

Fig. 15. Effect of Fe(NO3)3 solution concentration on Fe2O3 load 

capacity 

With the concentration of Fe(NO3)3 solution increased, 

the Fe2O3 load capacity of geopolymer porous ceramic 



samples gradually increased, and the load amount of Fe2O3 

on the surface of samples gradually increased too. The effect 

of Fe(NO3)3 solution concentration on the Pb(Ⅱ) adsorption 

capacity and removal rate of samples are shown in Fig.16. 

 

Fig. 16. Effect of Fe(NO3)3 solution concentration on absorption 

performance of Pb(Ⅱ) 

The removal rate and adsorption capacity of Pb(Ⅱ) 

increased firstly and then decreased with the increase of 

Fe(NO3)3 solution concentration. When the concentration of 

Fe(NO3)3 solutions reached 0.2M, the Pb(II) removal rate 

and adsorption capacity of the samples reached maximum.  

As shown in Fig. 15 and Fig. 9, Fig. 10, and Fig. 11, a 

high occurrence of Fe2O3 on the surface of samples with the 

increase of Fe(NO3)3 solution concentration, can provide 

more adsorption sites to improve adsorption capacity during 

the adsorption process. However, the impregnation with a 

high concentration of Fe(NO3)3 solution during the prepared 

process caused the pores on the surface of the samples to be 

blocked and covered. The synergistic effect between the 

catalyst and the porous ceramic carrier was weakened, 

which led to decrease in adsorption efficiency. 

3.3.3. Effect of solution pH value on the adsorption 

performance of Pb(Ⅱ) 

At the initial Pb(II) concentration of 40 mg/L, the effect 

of solution pH value on the adsorption of Pb(II) is shown in 

Fig. 17. The Pb(II) adsorption capacity and removal rate of 

samples increased with the increase of solution pH value. 

 

Fig. 17. Effect of Pb(Ⅱ) solution pH value on absorption 

performance of Pb(II) 

As shown in Fig. 18, when the pH value was low, the 

surface of the samples was positively charged and the 

electrostatic repulsive force limited the adsorption of Pb(II). 

In addition, there was competitive adsorption between H+ 

and Pb(Ⅱ) at a low pH value, which also led to a decrease in 

adsorption capacity. With the increase of pH value, the 

surface potential of the samples changed from positive to 

negative, which was conducive to the adsorption of Pb(Ⅱ) 

with positively charged. 

 

Fig. 18. Zeta potential of Fe2O3/geopolymer porous ceramic 

samples at different pH values 

When the pH value was 5.22, the Pb(II) adsorption 

capacity and removal rate of Pb(II) reached the maximum, 

which was 1.944 mg/g and 98.28 %. 

3.3.4. Effect of Pb(Ⅱ) solution initial concentration on 

the adsorption performance of Pb(Ⅱ) 

The effect of initial Pb(Ⅱ) concentration on the 

adsorption of Pb(Ⅱ) at pH value of 5.22 is shown in Fig. 19. 

The adsorption capacity increased with the increasing initial 

concentration of Pb(Ⅱ). 

 

Fig. 19. Effect of Pb(Ⅱ) solution initial concentration on 

adsorption performance of Pb(Ⅱ) 

When the initial concentration was 20 mg/L or 

40 mg/L, the number of Pb(II) adsorbed was lower than the 

number of available adsorption sites. A larger number of 

adsorption sites remained unutilized after the adsorption of 

Pb(Ⅱ), so the adsorption capacity of samples was low. The 

adsorption equilibrium time was also reduced. In a solution 

with an initial concentration of 20 mg/L, adsorption 

equilibrium was reached after only 240 minutes. When the 

initial concentration reached 60 mg/L or above, the Pb(II) 

number relative to the adsorption sites gradually increased. 

At this point, it was difficult for a limited number of active 

sites to fully adsorbed Pb (II) in the solution, and these 

active sites quickly tended to saturate during the adsorption 

process. Although the adsorption capacity still increased, 

the amplitude decreased. In a solution with an initial 

concentration of 100 mg/L, the final adsorption capacity 

reached the maximum, of 2.7866 mg/g. The SEM images 

and EDS patterns of the surface of Fe2O3/ geopolymer 

porous ceramic samples after adsorption of Pb(Ⅱ) are shown 

in Fig. 20 and Fig. 21. 



 

Fig. 20. SEM images of Fe2O3/geopolymer porous ceramic 

samples after adsorption of Pb(Ⅱ) 

 

Fig. 21. SEM- EDS images of Fe2O3/geopolymer porous ceramic 

samples after adsorption of Pb(Ⅱ) 

After adsorption of Pb(Ⅱ), some small tablet-like 

particles appeared on the surface of the sample, which may 

be adsorbed lead compounds. Meanwhile, the elemental 

peaks of Pb appeared in the EDS patterns, indicating that 

Pb(II) was successfully adsorbed on the surface of the 

samples. 

3.4. Investigation of the mechanism of Pb(Ⅱ) 

adsorption of Fe2O3/geopolymer porous 

ceramic samples 

3.4.1. FTIR analysis 

FTIR patterns of geopolymer porous ceramic samples 

before and after loading with Fe2O3, as well as the FTIR 

pattern of Fe2O3/geopolymer porous ceramic samples after 

adsorption of Pb(II) are shown in Fig. 22. 

 

Fig. 22. FTIR patterns of geopolymer porous ceramic samples 

before and after loading with Fe2O3 and 

Fe2O3/geopolymer porous ceramic samples after 

adsorption of Pb(Ⅱ) 

There were a large number of hydroxyl (-OH) groups in 

the region of 3469 cm−1 after loading with Fe2O3, which 

relate to the large number of -OH groups distributed on the 

surface of Fe2O3 [21]. These -OH groups can improve the 

hydrophilicity of the surface of samples and achieve better 

Pb(II) adsorption performance of the samples. After 

adsorption of Pb(Ⅱ), the peak of the -OH group disappeared, 

indicating that the -OH groups on the surface of samples 

underwent a complexation reaction with Pb(II). The -OH 

groups were consumed during the adsorption process. This 

is consistent with the results observed by Wang [22] et al. 

3.4.2. XPS analysis 

The survey XPS pattern of the samples before and after 

loading with Fe2O3 and the Fe2O3/ geopolymer porous 

ceramic samples after adsorption of Pb(Ⅱ) are shown in 

Fig. 23. A peak of Fe emerged after loading with Fe2O3, 

indicating that Fe element was present on the surface of 

samples. The peak of Pb emerged in the patterns after 

adsorption of Pb(Ⅱ), indicating that Pb(Ⅱ) was successfully 

adsorbed on the surface of the samples. 

 

Fig. 23. Survey XPS pattern of geopolymer porous ceramic 

samples before and after loading with Fe2O3 and 

Fe2O3/geopolymer porous ceramic samples after 

adsorption of Pb(Ⅱ) 

The high-resolution XPS pattern of Fe2p before and 

after adsorption is shown in Fig. 24 a. Fe2p exhibits two 

peaks assigned to Fe2p3/2 and Fe2p1/2 with the binding 

energies of 711.15 eV and 724.35 eV before adsorption. 

The spin orbit splitting energy difference of these two peaks 

is about 13.2 eV, and two satellite peak locates at 719.9 eV 

and 733.01 eV, indicating that the iron oxide loaded on the 

surface of samples is mainly Fe2O3 [22, 23]. And the peaks 

with binding energies of 716.35 eV belong to Fe (III) 

[24].The position of the Fe2p3/2 peak did not change while 

the Fe2p1/2 peak shifted towards a higher binding energy 

after the adsorption of Pb(Ⅱ), indicating that the occurrence 

of charge transfer from Fe during the adsorption process. 

The high-resolution XPS pattern of Pb4f is shown in 

Fig. 24 b. Pb4f exhibits two peaks assigned to Pb4f7/2 and 

Pb4f5/2 with binding energies of 138.5 eV and 143.45 eV. 

The binding energy of Pb4f7/2 is lower than Pb(NO3)2 

(139.7 eV), indicating that Pb(II) tended to acquire or share 

electrons during the adsorption process, which may be relate 

to the complexation reaction between Pb(II) and the surface 

functional groups of Fe2O3. 



 
 

 

a b c 

Fig. 24. High-resolution XPS patterns: a – Fe2p before and after adsorption of Pb(Ⅱ); b – Pb4f after adsorption of Pb(Ⅱ); c – O1s before 

and after adsorption of Pb(Ⅱ) 

 

The high-resolution XPS patterns of O1s before and 

after adsorption of Pb(Ⅱ) are shown in Fig. 24 c, three peaks 

with binding energies of 530.05 eV, 531.68 eV, and 

532.79 eV belong to M-O (M refer metallic element), M-

OH and H2O [Error! Reference source not found.]. The 

peak with a binding energy of 536.89 eV belongs to the NO2 

[26] remaining on the surface of the sample after the 

decomposition of Fe(NO3)3. As shown in Fig. 24 c, it can be 

observed that the peak of M-O shifted towards the high 

binding energy. The peak area of M-O decreased after 

adsorption, indicating that a reaction occurred between Fe-

O and Pb(II) during the adsorption process, and the Fe-O 

was consumed. The peak area of M-OH after adsorption 

increased compared to before, and the peak of M-OH also 

shifted towards high binding energy. The M-OH tended to 

lose electrons, indicating that Pb(II) coordinated with the M-

OH on the surface of samples and generated Pb(OH)2. Thus, 

the peak area of M-OH increased. 

4. CONCLUSIONS 

The following conclusions are drawn: 

1. With the increase of sintering temperature, the 

amorphous geopolymer gradually transformed into 

geopolymer ceramics mainly composed of leucite and 

anorthite phases. Meanwhile, the porosity of 

geopolymer porous ceramic samples and the pore size 

of internal pores gradually decreased, and the 

compressive strength gradually increased. 

2. The Fe2O3/geopolymer porous ceramic samples 

prepared by impregnating with 0.2M Fe(NO3)3 solution 

and drying, final calcining at 450 ℃ for 2 hours had the 

best adsorption performance with an adsorption 

capacity of 1.94 mg/g. The Fe2O3 particles on the 

surface of samples had a moderate particle size, and it 

distributed uniformly on the surface of samples. The 

adsorption capacity increased with the increasing 

solution pH value, from 0.16 mg/L at solution 

pH = 1.47 to 1.99 mg/L at pH = 6.5. The adsorption 

capacity increased with the increasing initial 

concentration of Pb(II), from 0.90 mg/g when the initial 

concentration of Pb(II) was 20 mg/L to 2.79 mg/g when 

the initial concentration of Pb (II) was 100 mg/L. 

3. Pb(II) adsorption mechanism of Fe2O3/geopolymer 

porous ceramic samples was electrostatic adsorption 

and complexation reaction between the surface 

functional groups of samples and Pb(II). 
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