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a b s t r a c t
This paper dedicated a simple preparation processing of metakaolin-based geopolymer micro-
spheres (MGMs) by the means of suspension dispersion solidification method (SDS), and explored 
the effects of dimethyl silicone oil temperature and stirring speed on the particle size distribution of 
MGMs. The prepared MGMs were characterized by X-ray diffraction, scanning electron microscopy, 
and Brunauer–Emmett–Teller methods. The results showed that MGMs were provided with perfect 
spherical shape and with a controllable diameter range within 25–450 μm. The MGMs demonstrated 
excellent adsorption performance for Pb(II) from water. Herein, the following study discussed the 
engineering applications of fixed bed adsorption technique, including the effect of different flow 
rate, the particle size of MGMs, bed height, and initial Pb(II) concentration on the breakthrough 
curves, by using MGMs for Pb(II) removal from aqueous solution.
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1. Introduction

Geopolymer [1] is a type of low-cost green inorganic 
non-metallic material with an amorphous or quasi-crystal-
line three-dimensional network gel structure. Geopolymers 
have excellent properties including high compressive 
strength, great acid, and heat resistance [2]. Due to these 
excellent properties, geopolymers are widely applied 
in building materials [3], pH buffering [4], absorbent, 
or immobilization of toxic waste [5,6]. At present, many 
researchers make use of fly ash, slag, metakaolin, or other 
industrial wastes to synthesize geopolymers, which not 
only realized the recycling of wastes but also develop many 
types of engineering materials [7–9].

With the rapid expansion of industry, many environ-
mental pollutions, particularly heavy metal contamination 
that resulted in a serious threat to life and nature. The treat-
ment of heavy metal pollution has become one of the most 

urgent problems around the world. Currently, methods 
for treating heavy metal ion contamination include chem-
ical precipitation, electrolysis, membrane separation, and 
adsorption [10], etc. Adsorption is the most widely process 
owing to its high efficiency, cost-effectiveness, and simple 
procedure [11].

At present, the emerging adsorbents are various, but 
most of them are powdery [12–16]. In the practical application 
process, it is difficult to separate the powder material from 
the adsorption liquid, and the flow resistance is high, which 
is not conducive to continuous operations [17]. Fortunately, 
the suitable spherical adsorbents with a low flow resistance 
are easy to disassemble and separate, which can overcome 
the drawbacks of powder adsorbents and facilitate contin-
uous operations. Therefore, the simple, low-cost, and envi-
ronmentally friendly preparation process of spherical adsor-
bents is eagerly called out.
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In principle, the methods of spherical particle materials 
synthesis include ultrasonic spray pyrolysis [18], micro-
fluidic [19], and suspension solidification [20], etc. The 
spherical particle materials obtained by the spray pyrolysis 
method have these properties of weeny particle size, uni-
form mesoporous distribution, and environmental-friendly 
synthesis process [18,21]. The microspheres, which are 
obtained by microfluidic approach, have approximate uni-
form particle size. Different particle sizes of microspheres 
will achieve by changing the thermodynamic properties of 
fluids, while this approach is time-consuming and micro-
fluidic chips are extremely expensive, and chips will be 
scrapped if they become occlusion [22]. Suspension solidi-
fication method is suitable but inefficient for preparation of 
MGMs with great spherical and a narrow particle size dis-
tribution ranging from 200 to 300 μm [23]. The efficiency of 
preparing microspheres has been improved remarkably by 
using SDS method in this study, which is an improvement of 
suspension solidification method.

At present, adsorbents for heavy metal removal can be 
classified into natural adsorbents, synthetic adsorbents, and 
biological adsorbents according to their sources. According 
to different application environments, various types of 
geopolymer adsorbents have appeared, such as powders, 
porous spheres, and so on. Metakaolin-based geopolymers 
have been studied for the adsorption of NH4

+ from model 
solutions and landfill leachate and heavy metals from aque-
ous solution [24,25]. Cheng et al. [26] focused on adsorbing 
different heavy metal including Pb(II), Cu2+, Cr3+, and Cd2+ 
via metakaolin-based geopolymer powders under vari-
ous experimental conditions and reported that metaka-
olin-based geopolymers have the property of adsorbing 
heavy metal ions. In addition, Kara et al. studied Mn2+, 
Co2+, Zn2+, and Ni2+ removal from aqueous solutions by 
using metakaolin-based geopolymer powder and the result 
showed that the Langmuir adsorption isotherm was verified 
to be 72.34, 69.23, 42.61, and 74.10 mg/g for Mn2+, Co2+, Ni2+, 
and Zn2+, respectively [14,15]. Tang Qing et al. [20] synthe-
sized metakaolin-based spheres with a particle size of 200–
300 μm to adsorb Cu2+, Pb(II), and Ca2+, and the equilibrium 
adsorption capacities were 34.5, 45.1, and 24.0 mg/g, respec-
tively. In addition, slag-based porous geopolymer micro-
spheres have high selective adsorption ability for Pb(II) and 
outstanding adsorption capacity as high as 629.21 mg/g [27].

Herein, inspiring the suspension solidification method, 
we developed a suspension dispersion solidification (SDS) 
method which was applied in this study to fabricate MGMs 
with perfect sphericity and poly-dispersed particles. Most 
importantly, silicone oil and metakaolin utilizing in this study 
are not only inexpensive and the silicone oil can be reused.

2. Materials and characterizations

2.1. Materials

The metakaolin used in this work was provided by 
Chaopai Company, Inner Mongolia of China. The chem-
ical components of the metakaolin were listed in Table 1, 
which composition was tested by X-ray fluorescence (XRF). 
Water glass with an industrial-grade was provided by 
Guangxi Chunxu Chemical Company, China. The module 
rate (SiO2/Na2O molar ratio) and solid content of water 

glass were 3.31 and 38.7 wt.%, respectively. The industrial- 
grade dimethyl silicone oil with a kinematic viscosity of 
2,000 mm2/s. Analytical grade sodium hydroxide with 
a content of 96.0 wt.%, Pb(NO3)2 were used.

2.2. Characterizations

The specific surface area of MGMs was tested by 
Micromeritic Gemini 2390 surface area and porosity ana-
lyzer (America). Hitachi S-3400N scanning electron micros-
copy (SEM) (Japan) was used to observe the roundness 
and sphericity of MGMs, and the elemental content was 
analyzed using energy dispersive analysis (EDS, EDAX 
PV8200) (Japan). The crystalline phases of MGMs were 
identified via Rigaku MiniFlex 600 X-ray diffractometer 
(XRD) (Japan) with a CuKα source operating at 40 kV and 
15 mA. The scanning range (2θ) was from10° to 70°, at a step 
size of 0.02° and a rate of 10°/min. The concentration of a 
lead ion in solution was determined by inductively coupled 
plasma emission spectrometer (ICP, Thermo Fisher ICAP 
6300), carrier gas flux of 0.5 L/min, with radio-frequency 
power of 1,150 W, the peristaltic pump of 50 rpm and aux-
iliary air flux of 0.5 L/min. Shaker (QYC-200) was supplied 
by the Shanghai Fuma Experimental Facilities Company. 
The pH was measured by pH Meter (PHS-3C, Shanghai). 

2.3. Preparation

Geopolymer pastes with a mass ratio of metakaolin: 
water glass (1.3 Module) = 0.94, H2O/Na2O molar ratio = 18 
were obtained through mixed metakaolin and water glass 
(1.3 Module) at a speed of 2,000 rpm for 6 min, which was 
then immediately poured into a syringe. One-thousand 
milliliters of silica oil (continuous phase) was heated to 
50°C, 60°C, 70°C, and 80°C, respectively, and stirred by a 
dispersion machine. The slurry was injected into silica oil 
and broken into small droplets under the viscous shear 
force of silica oil or agitator blade. And the slurry drop-
lets gradually formed their spherical shape resulting from 
surface tension and solidified in the process of falling in 
high-temperature silicone oil. Agitation speeds were con-
trolled at 500, 600, 700, and 800 rpm, respectively, so as 
to obtain droplets with different diameters. Fully solidi-
fied MGMs were collected and the silica oil on the surface 
was washed with distilled water and then dried at 60°C. 
Finally, the spheres were sintered for 6 h at 450°C to clean 

Table 1
Content of metakaolin (wt.%)

Element Content, %

Ca 0.150
Si 23.810
Fe 0.420
K 0.220
Mg 0.066
S 0.730
Al 23.820
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off the remaining silica oil on the surface and in the pores 
MGMs. The preparation process is shown in Fig. 1.

2.4. Adsorption experiments

2.4.1. Batch adsorption experiments

0.1 g MGMs adsorbents were separately added into 
three Erlenmeyer flasks with 100 mL ion concentrations 
of CPb(II) = 200 mg/L at pH = 5. The Erlenmeyer flasks were 
placed into a shaker with a shaking speed of 250 rpm at 
25°C for 48 h. Then, the samples were taken out and tested 
via ICP for Pb(II) concentration. The adsorption capacities 
(Qt) of geopolymers microspheres were calculated with the 
following equation:

Q
V C C

mt
e=

−( )0  (1)

where V (L) is the volume of the lead ions solution; 
C0 and Ce (mg/L) are the initial and final concentrations 
of metallic ions respectively; and m (g) is the mass of 
MGMs adsorbents.

2.4.2. Fixed bed adsorption experiments

The fixed bed adsorption experiments were conducted 
in a quartz column (1.0 cm internal diameter × 8.0 cm 
height), as shown in Fig. 2. A certain amount of MGMs 
adsorbents were packed in the quartz column, the bed layer 
was covered with nylon mesh at the top and bottom to 
prevent the adsorbent from being washed away. The lead 
ions solution (pH = 5) was pumped into the quartz column 
from the bottom at different inflow rate (1, 2, and 3 mL/
min), initial lead ions concentration (200, 100, and 20 mg/L), 
fixed-bed length (1, 2, and 3 cm) and particle size of 
MGMs (100–150, 150–200, and 200–400 μm) using a peristal-
tic pump at room temperature. The effluent samples were 

collected from the top of the column at different time intervals 
and the concentration of the samples were measured via ICP.

2.4.3. Fixed bed column data analysis

The fixed bed adsorption experiments can be evalu-
ated by breakthrough curves, which is to plot the time 
(t) with the experimental data concentration (Ct/C0) at 
the ratio of effluent to inflow. From the breakthrough 
curves of the fixed bed, the breakthrough time (tb) and the 
saturation time (ts) were measured when Ct/C0 = 0.1 and 
Ct/C0 = 0.9, respectively [17].

The amount of metal adsorbed in the breakthrough 
process can be employed by Eq. (2):

M M Mad in out= −  (2)

where Min (mg) uptake amount of metal entering the column 
reactor in the whole fixed-bed adsorption process and is 
expressed as:

M C Qtin = 0  (3)

where Mout (mg) denoted amount of unadsorbed metal 
eluting from the fixed bed and is expressed as:

M C Q C C dt
t

tout = −( )∫0 0 0  (4)

where C0 (mg/L) represents the concentration of lead ions 
in the influent, Q (L/min) is the flow rate, Ct (mg/L) is the 
concentration of lead ions in the effluent after adsorption 
for t, min.

The adsorption capacity of the sorbent can be calculated 
as follows:

Q
M
mtf
ad=  (5)

where m (g) is the mass of sorbent.

Fig. 1. Preparation scheme of porous inorganic spheres with the SDS method.
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The adsorption efficiency which determines how clean 
the treated effluent can be calculated as follows:

R
M
M

= ×ad

in

100%  (6)

3. Results and discussion

3.1. MGMs fabrication mechanism

The dispersion of the droplets comes from two aspects 
were agitator blade crushing and viscous shear force crush-
ing in the dispersion area. The crushing from the agita-
tor blade is shown in Fig. 3a. When continuous slurry 
was injected into the silicone oil, and then the slurry was 
drawn into the vortex with the silicone oil moving and be 
crushed due to the kinetic energy of the blade. The slurry 
droplets collide with the blades rotating at high speed and 
were broken into a plurality of sub-droplets with different 
sizes. The sub-droplets are thrown out of the dispersion 
center region with the continuous phase moves, and then 
move around into the sedimentation area.

The crushing from the viscous shear force is shown in 
Fig. 3b. As the velocity gradient exists in the radial direc-
tion of the blades, the velocity on the different streamlines 
was different. With the viscous shear force generated by 
the flow of the continuous phase, the large volume drop-
lets of slurry across the flow lines of different flow were 
elongated and broken into small droplets. Subsequently, the 
small droplets gradually moved away from the central area 
of the agitator blade with the movement of silicone oil and 
enter the sedimentation area.

It can be seen that in the SDS method, the stirring speed 
have a great influence on the particle size, distribution, 
and sphericity of the MGMs. This work focused study on 
the stirring speed and the temperature of silicone oil in 

order to get the dispersion rule, and obtain the processing 
parameters that can efficiently fabricate MGMs.

3.2. Influence of stirring speed on particle size distribution

From the experimental results of Fig. 4, with the 
increase of stirring speed from 500 to 800 rpm, the 
proportion of small particle size of MGMs increases grad-
ually. When the stirring speed is equal to 700 and 800 rpm, 
the proportion of MGMs (25–75 μm) reaches 81.48% and 
84.50%, respectively, while the large size (200–450 μm) 
MGMs proportion only occupy 0.64% and 0.35%, respec-
tively. When the stirring speed was 500 rpm, the proportion 
of large-diameter MGMs (200–450 μm) was much higher 
than that of other stirring speeds.

The homogeneous slurry was dispersed into droplets, 
and the MGMs size was highly relative to stirring speed. 
Smaller size of MGMs was obtained using a high stirring 
speed; oppositely, bigger MGMs would be generated. 
The impeller can provide bigger viscous shear force lead to 
greater kinetic energy for slurry and break it into smaller 
and more droplets with the increase of stirring speed. 
In addition, the higher the stirring speed, the greater the 
radial velocity difference near the blade, even small drop-
lets, would be broken into smaller size droplets due to the 
region across different velocity. Therefore, with the increas-
ing of stirring speed, the MGMs proportion of fine particles 
increases. The maximal mass of microspheres with the tar-
get size (75–125 μm) was obtained at 500 rpm which was 
the reason for choosing 500 rpm as the optimum stirring 
speed for the preparation of microspheres.

3.3. Influence of temperature on particle size distribution

Temperature of silicone oil is one of the key factors, 
which can affect the particle size of MGMs. It can be seen 
from Fig. 5, with the increase of silicone oil temperature, 
the content of the MGMs with large particle size increased 
while the small size decreased. At 50°C, the distribu-
tion of particle size of MGMs was uniform. However, the 
MGMs (200–450 μm) of the large-diameter were as high as 

Fig. 2. Schematic representation of the apparatus arrangement 
in fixed-bed column experiments.

Fig. 3. Regional distribution of the reactor and Crushing 
schematic of droplets, (a) crushing from the agitator blade, 
(b) crushing from the viscous shear force.
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94.17% at 80°C, while its small diameter (25–75 μm) only 
contained 2.45%.

The solidification time of MGMs is directly affected by 
the temperature of silicone oil. Because the geopolymer-
ization is rapid then the solidified time is short at a high 
temperature. On the contrary, the reaction rate is slow and 
the curing time is long at low temperature [28]. Droplets 
may solidify before they are spheridized in the dispersed 
area, and the droplets will coalesce with other droplets and 
solidify before they can be separated, which lead to a sharp 
increase in the proportion of large-sized MGMs at 80°C. 
The results show that high temperature is not conducive 
to the preparation of MGMs.

The process of being thrown out of the dispersion area 
is momentary after the slurry was dispersed into small 
droplets, which have not yet solidified at 50°C. At this point, 
the uncured droplets that have fallen to the bottom of the 
reaction vessel were stacked on each other, extruded, and 
solidified in this state. While the spherical droplets can be 

solidified before they fall to the bottom of the reactor when 
the temperature (60°C) of the silicone oil was suitable. The 
MGMs would not be deformed and adhered, and still main-
tain good sphericity even if MGMs were stacked and pressed 
on the bottom of the reactor. This was the reason why the 
proportion of large-sized (150–200 μm) MGMs at 50°C was 
larger than that of 60°C. In summary, 60°C adopting in this 
study was the suitable temperature for the preparation 
of MGMs.

3.4. Specific surface area and pore structure analysis

Specific surface area is a vital performance of adsor-
bents. Generally, the larger the surface area of MGMs, the 
more active adsorption sites for adsorbates [27]. The reac-
tion temperature directly affects the specific surface area 
of the MGMs (Fig. 6). With the increase of silicone oil tem-
perature, the specific surface area of MGMs increased first 
and then decreased. It can be explained that appropri-
ately increasing the reaction temperature (50°C–60°C) can 
enhance the reaction speed and improve the physical prop-
erties of MGMs. Whereas, too high temperature (70°C–80°C) 
causes too fast a curing rate and produces a negative influ-
ence that the geopolymer gel will cover the metakaolin 
particles that are not dissolved and prevent further geo-
polymerization [28]. It can be concluded that the MGMs 
obtained at the reaction temperature of 60°C has the larg-
est specific surface area, which is another reason for chose 
60°C as the reaction temperature in this work.

3.5. XRD and SEM analysis

As can be seen from Fig. 7, the XRD pattern of metaka-
olin with a wide hump in 15°–30° demonstrated the 
metakaolin with amorphous structure. The XRD pattern 
of unsintered MGM exhibits a wide dispersion peak near 
15°–35°, displaying the amorphous structure without 
crystal. Comparing the XRD pattern of metakaolin and 
MGMs, it can be concluded that metakaolin has been con-
verted into geopolymer. Besides the XRD patterns of sin-
tered MGMs and unsintered MGMs were almost identi-
cal indicating that the amorphous structure of MGMs did 
not change. Therefore, the redundant silica oil in MGMs 
was completed removed via sintering at 450°C for 6 h.

The SEM micrographs of MGMs with a diameter of 
approximately 100 μm are shown in Fig. 8. The MGMs have 
an excellent sphericity that displays in Figs. 8a and b. There 
are many pore structures shown in Figs. 8b and c, which 
may reduce the resistance of heavy metal ions to diffuse 
into MGMs and promote the adsorption process of heavy 
metal ions by MGMs.

3.6. Adsorption studies

3.6.1. Batch adsorption studies

MGMs (prepared by 500 rpm at 60°C) were washed to 
be neutral (pH = 7.0) via distilled water before adsorption 
experiment. The pH of Pb(II) ions solution was adjusted 
to 5 by 0.1 mol/L NaOH or HNO3. The adsorption capac-
ity for Pb(II) is 174.1 mg/g. It demonstrated that the 
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Fig. 4. Influence of stirring speed on particle size distribution.
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adsorb Pb(II) ability of porous MGMs is excellent and it 
is feasible to utilize MGMs to adsorb lead ions. Herein, 
the results of the batch adsorption experiments provide a 
theoretical basis for the fixed bed adsorption experiments. 
Since the latter experiments take Pb(II) for fixed-bed 
adsorption.

The adsorbed Pb(II) MGMs were broken and then 
analyzed by EDS so as to investigate the diffusion of Pb(II) 
in MGMs. It is obvious that Pb(II) ions have diffused into 
the interior of MGMs shown in Fig. 9. It can be interpreted 
as MGM has a large number of pore structures, which is 
also consistent with the previous SEM analysis.

3.6.2. Fixed bed adsorption studies

In this section, the effects of different flow rate, particle 
size of MGMs, bed height, and initial Pb(II) concentration 
on the fixed adsorption of Pb(II) by MGMs were investi-
gated. The experimental conditions and results are shown 
in Table 2.

3.6.2.1. Effect of flow rate on breakthrough curves

The flow rate is one of the key factors affecting the 
breakthrough curve, and the influence of different flow 
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rates on the fixed bed adsorption of Pb(II) by MGMs is 
shown in Fig. 10a. At the flow rate of 1 and 2 mL/min, the 
breakthrough time are 136 and 72 min, respectively, and 
the saturation time were 720 and 480 min, respectively. 
As the increase of flow rate, the slope of the breakthrough 
curve increases, and the saturation time is shortened. When 
the flow rate rises to 3 mL/min, the breakthrough time is 
shortened to 35 min and the saturation time increased to 
360 min. This is because the higher the flow rate is, the faster 
the Pb(II) solution passes through the fixed bed, the shorter 
the contact time of the Pb(II) solution with the MGM adsor-
bent, and the active adsorption sites are not fully utilized 
[29,30]. As a result, the slope of the breakthrough curve 
increases, the saturation time is shortened, and the adsorp-
tion amount is reduced. On the contrary, the lower the flow 
rate is, the smaller the driving force and the slower the Pb(II) 
solution passes through the fixed bed. The longer the con-
tact time between the Pb(II) solution and the MGM adsor-
bent is, the more active adsorption sites are fully utilized. 
Therefore, under the flow rate of 1 mL/min, the adsorption 
capacity of MGM to Pb(II) is the largest. However, very low 
flow rate often leads to adverse reflux, which reduces the 
removal efficiency of Pb(II) per unit time [17]. Therefore, 
2 mL/min flow rate is adopted in subsequent experiments.

3.6.2.2. Effect of particle size of MGMs on breakthrough curves

The effect of particle diameter on the bed bulk density 
is the most obvious [31]. In this experiment, two kinds of 
MGMs adsorbents with different particle sizes are used 
for filling the fixed bed and the experimental results are 
shown in Fig. 10b. It can be seen that the fixed bed filled 
with MGMs of 200–400 μm is reduced to a fixed bed 
filled with MGMs of 150–200 μm, the breakthrough time 
is increased from 50 to 72 min, and the saturation time is 
increased from 360 to 480 min. It is indicated that the use 
of different particle sizes MGMs to fill the fixed bed has 
different diffusion resistance. MGMs with different parti-
cle size ranges were obtained in this experiment, and then 
the diffusion resistance can be adjusted by filling MGMs of 
different particle sizes in practical applications. The reason 
of this result is that the porosity of the packed bed of large 
particle size MGMs is larger than that of the small particle 

size, and the diffusion resistance of the lead solution in 
the fixed bed filled with large particle size is smaller than 
that of the small particle size, resulting the driving force 
is larger than that of the small particle size and cannot be 
sufficiently contacted with the active adsorption site of the 
MGMs [31]. Therefore, the adsorption capacity and removal 
rate of Pb(II) in the fixed bed filled with large particle sizes 
are smaller than those in the small particle size. The MGMs 
with d = 150–200 μm were used for filling the fixed bed in 
the subsequent experiments.

3.6.2.3. Effect of bed height on breakthrough curves

Bed height is a vital design parameter of the tower 
reactor, which determines the amount of adsorbent and 
affects the quality of wastewater treatment, because the 
number of metal-binding sites is directly related to the 
amount of adsorbent [17,29]. The effect of bed height on 
breakthrough curves as shown in Fig. 10c, the slope of 
breakthrough curves decreases with the increase of MGMs 
dosage. With the increase of bed height from 1.0 cm (MGMs 
dosage is 0.5452 g) to 3.0 cm (MGMs dosage is 1.6356 g), 
breakthrough time increases from about 70 to 336 min, 
saturation time extends from 420 to 720 min, adsorp-
tion capacity decreases from 131.8 to 123.5 mg/g, but the 
removal rate increases from 50.2% to 75.8%, signifying 
that the bed lengths strongly affected the adsorbed process. 
The contact time between MGMs and Pb(II) increases with 
the increase of bed height, thus prolonging the breakthrough 
time and saturation time. In addition, the length of the mass 
transfer zone increases with the height of the packed bed, 
which leads to an increase in the number of binding sites 
(from 0.5452 to 1.6356 g), and improves the total adsorp-
tion capacity and the removal efficiency of Pb(II). Other 
studies have reported similar trends [29,30,32]. Since exces-
sive MGMs results in higher bed pressure, subsequent 
experiments were conducted at a bed height of 1.0 cm.

3.6.2.4. Effect of initial Pb(II) concentration on 
breakthrough curves

The effect of initial Pb(II) concentration on break-
through curves is shown in Fig. 10d and Table 3, which 

Table 2
Parameters for Pb(II) removal by MGMs in the fixed bed under different operating conditions

Flow rate (Q) 
(mL/min)

Bed height 
(h) (cm)

Initial 
concentration 
(C0) (mg/L)

Particle size of 
MGMs (d) (μm)

Adsorption 
capacity (Qtf) 
(mg/g)

Percentage 
adsorption 
(R) (%)

Breakthrough 
time (tb) min

Saturation 
time (ts) min

1 1 200 150–200 246.4 45.3 136 720
2 1 200 150–200 131.8 50.2 72 480
3 1 200 150–200 75.2 41.5 36 240
2 2 200 150–200 105.3 57.4 70 420
2 3 200 150–200 123.5 75.8 336 720
2 1 100 150–200 123.4 46.5 142 630
2 1 20 150–200 130.3 51.8 852 3,360
2 1 200 200–400 81.7 33.4 50 360
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indicates the change of initial concentration of Pb(II) from 
20 to 200 mg/L greatly affects the breakthrough curve. 
With the increase of the initial concentration of lead 
ion, the breakthrough and adsorption saturation time 
are greatly shortened. From 20 to 200 mg/L, the break-
through curve becomes sharper, and the breakthrough 
time decreases from about 852 to 70 min and saturation 
time also decreases from 3,360 to 480 min demonstrating 
that MGMs shows good durability at low Pb(II) concen-
tration. In a lower concentration of Pb(II), the extension 
of breakthrough point, due to the lower mass transfer in 
the adsorption process leading to more treatment of Pb(II) 
solution. On the contrary, the higher concentration gradient 
provides a larger mass transfer driving force, manifesting 
that the adsorption rate increases with the increasing of ini-
tial Pb(II) concentration and leading to a faster saturation 
of the adsorption process, which can be explained by more 
feed of Pb(II) solution per unit surface area of MGMs [17].

4. Conclusions

In this study, the controlled diameter and sphericity 
of geopolymers microspheres were prepared using SDS 
method. The standard sieve results showed that metaka-
olin-based geopolymer microspheres (MGMs) with control-
lable diameter range within 25–450 μm and the fixed bed 
adsorption indicated that the use of different particle sizes 
MGMs to fill the fixed bed has different diffusion resis-
tance. Experimental results showed that stirring speed and 
temperature are the main factors affecting the particle size 
distribution of MGMs, and the temperature of dimethyl 
silicone oil also impacted on Brunauer–Emmett–Teller sur-
face area of the microsphere. It was best to prepare MGMs 
when the temperature of silicone oil was 60°C and the 
stirring speed equal to 500 rpm. The analysis of SEM exhib-
ited that there are perfect sphericity of the MGMs. Besides, 
batch adsorption test and ICP analysis also suggested that 

Fig. 10. (a) Effect of inflow rate on breakthrough curves of lead ions adsorption onto MGMs (pH = 5, h = 1 cm, d = 150–200 μm, 
C0 = 200 mg/L), (b) effect of particle size of MGMs on the breakthrough curve of lead ions adsorption onto MGMs (pH = 5, h = 1 cm, 
Q = 2 mL/min, and C0 = 200 mg/L), (c) effect of fixed-bed length on the breakthrough curve of lead ions adsorption onto MGMs 
(pH = 5, Q = 2 mL/min, d = 150–200 μm, and C0 = 200 mg/L), (d) effect of initial lead ions concentration on the breakthrough 
curve of lead ions adsorption onto MGMs (pH = 5, Q = 2 mL/min, d = 150–200 μm, and h = 1 cm).
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the MGMs possess great removal efficiency for Pb(II). The 
flow rate, particle size of MGMs, bed height, and initial 
Pb(II) concentration impacted the breakthrough curve of 
Pb(II) adsorption onto MGMs in the fixed bed column. The 
increase in fixed-bed column length, initial concentration, 
and the decrease in particle size of MGMs and flow rate 
improved the adsorption performance and may be effec-
tively applied for the removal of metal ions from wastewater.
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