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Fig. 1 Particle size analysis chart of calcined kaolin
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TUERE(Qe). f)m, BT B HARE Qi Qp Al Qk
Z A 25 ST B e I 4% A vk = [20(16)]



J Chin Ceram Soc, 2025, 53(12): 3531-3544

2025 4

- 3534 - (R 6 4R )
Qexc = Q(Solution after adsorption) Q(Deionized water) (14)
Qp = Qk - Qexc (15)
Qother = Qt - Qk - Qc (16)
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—=— Geo

~ 180 —e— 3HGeo
o —a— NH,-Geo
g 150 —v— NH,-3HGeo
o
2120
|
S 90
=]
S
B 60
C l aa A daddad A dad A s A A AA A 4 idh 4
5
< 30

0

0.2 0.4 0.6 0.8 1.0
Relative pressure(p/p,)

(a) N, adsorption—desorption isotherms of Geo,

3HGeo, NH,-Geo and NH,-3HGeo

AR\ T R A7 200, Ak, BREUMEZ FLH R
(BHGeO) FF: fity H )\ THI A1 i 4% PR AR AU AT S U ¥ 2
eI AT B A DR AR R A S 250\ T A 1 d A 45 44
BEEIR . SRS AL UM R JE AR A K XRD 15 mT 4,
ek APTES A2 i 2 AL SR B 4 4544 .
212 FERLFLBREE R K 3 &4 Geo. 3HGeo.
NH2-Geo 1 NH2-3HGeo 1) N2 it it 55 2k F LAz
AR, AREERI B TR L. HE3av L, Frf
FEMEI AT IV RZEE 26 H3 U R 3R, R IARE N,
BoNfLgii. R 1EPERER, Geo ) BET LK
N 2657 m2.g?t. fL#AF N 0.051 1 cme-gt, T
3HGeo H LR AR FNFLAARAA 73731l 3 4% 343.87 m2.g~t
A10.167 9 cm3-g, Uil Geo FEfAIY) 12.94 £5F1
3.29 f%. & 3b AW, 3HGeo HIAFLLELA] B 1%
K, IXFRER AL AT DL 25 3 R A kLY BET
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# 1 Geo, 3HGeo, NHz-Geo, NH:-1HGeo. NH2-2HGeo #1 NH2-3HGeo HJ BET tbREFA . FLIAFRFFIHFLE
Table 1 BET specific surface area, pore volume, and average pore size of Geo,3HGeo,NH2-Geo,NH2-1HGeo,NH2-2HGeo and

NHz-3HGeo
Samples BET surface area/(m?-g™%) Pore volume/(cm?®-g) Average pore size/nm
Geo 26.57 0.0511 23.57
3HGeo 343.87 0.1679 8.27
NH,-Geo 27.21 0.0727 16.95
NH,-1HGeo 42.76 0.0759 12.29
NH,-2HGeo 88.53 0.0565 11.38
NH,-3HGeo 167.83 0.1035 34.18
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(b) FTIR profiles of of NH,-Geo and NH,-3HGeo

P14 Geo. 3HGeo. NHz-Geo il NH2-3HGeo [#] FTIR Y1
Fig. 4 FTIR profiles of Geo,3HGeo,NH2-Geo and NH2-3Hgeo
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(a) Thermogravimetric analysis curves of Geo,
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Fig. 5 Thermogravimetric analysis curves of Geo, 3HGeo, NH2-Geo, NH2-3HGeo and silicone hydroxyl and amino content of

amino-modified porous geopolymers
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WfIE], =% Po* U253 7 48.01%. 70.10%
#199.90%, W FfE 4514 192.40. 280.40 mg-g~L Al
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Fig. 6 SEM images of Geo,3HGeo,NH2-Geo and NH2-3HGeo
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Table 2 Kinetic parameters of the adsorption of Pb?* in NH2-1HGeo, NH2- 2HGeo and NH2-3HGeo
Samples
Kinetics model Parameter
NH>-1HGeo NH,-2HGeo NH,-3HGeo

Pseudo-first-order Qecai/(mg-g™) 93.73 139.90 231.70
K1x107/(1-min1) 76.80 90.80 175.70
R1? 0.9701 0.9951 0.8729
Pseudo-second-order Qecai2/(mg-g™) 202.84 296.74 416.67
Kyx107%/(1-mint) 1.8845 1.3920 15915
R2? 0.9848 0.9970 0.9996
Elovich a/(mg-(g-min)™) 76.52 96.15 160.97
pl(g-mg™) 0.0340 0.0240 0.0180
Rs? 0.9860 0.9817 0.9283

Intra-particle diffusion Ki/(mg-(g-minY2)7) 4.95 6.58 8.32
Ci 83.10 107.52 163.67
R4? 0.9347 0.9520 0.7601
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# 3 NH2-1HGeo, NH:-2HGeo #1 NH2-3HGeo %1 Pb?* B MiE iR rhik &35
Table 3 Parameters of adsorption isotherm curves of NH2-1HGeo,NH2-2HGeo and NH2-3HGeo
Samples
Isotherm Parameters
NH>-1HGeo NH,-2HGeo NH>-3HGeo
Langmuir model Qm/(mg-g™) 232.23 321.34 519.37
Ku/(L-mg™) 1.6757 0.9224 7.2854
R.2 0.9999 0.9996 0.9999
Freundlich model 1.nt 0.1261 0.1163 0.2969
Ke/(mg/(LYn.g)) 7.28 128.84 193.44
Re? 0.8299 0.6364 0.6245
Temkin model Kr/(L-g™) 6.03 7.15 0.36
b/(J-mol) 12.55 17.13 41.24
Rr? 0.8943 0.6729 0.7235
D-R model Qm/(mg-g™) 173.69 249.61 408.84
/x1078/(mol-kJ )2 2.01 2.63 3.71
E/(kJ-mol) 4987.55 4360.21 3671.12
Ro-r? 0.9643 0.9283 0.9822
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Table 4 Thermodynamic parameters of Pb?*adsorption on NHz-1HGeo,NH2-2HGeo and NH2-3HGeo

AG/(kJ-mol-)

Samples R? AH/(kJ-mol) AS/(kJ-(mol-K)™)
288.15 K 298.15 K 308.15 K 318.15 K
NH,-1HGeo 0.9631 11.0932 0.0380 -0.2762 -0.6402 -1.0002 -1.3602
NH,-2HGeo 0.9819 18.1944 0.0671 -1.6165 -2.2835 -2.9435 -3.6035
NH,-3HGeo 0.9803 131.5485 0.4639 -11.2636 -15.9529 -19.816 6 —24.9509
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Extended Abstract

Introduction  This paper was to prepare amino-modified porous geopolymer (NH2-3HGeo) based on geopolymer via acid treatment
and post-grafting, and investigate its adsorption performance and mechanism for lead in water. Acid treatment increased the specific
surface area of the geopolymer and optimized its pore structure. The maximum adsorption capacity of NH2-3HGeo for Ph?* reached
521.6 mg-g~*. The adsorption process followed the pseudo-second-order kinetics and the Langmuir model, indicating a monolayer
chemical adsorption. Geopolymer could mainly adsorb Pb?* through ion exchange, while NH2-3HGeo primarily complexe with Pb?*
through functional groups. After five cycles, the Pb?* removal rate of NH2-3HGeo still reached 90.6%, demonstrating a good
recyclability. The results indicated that the material could have a great potential in the field of heavy metal pollution control in water
bodies.

Methods In the preparation process of amino-modified porous geopolymer, 400 g of metakaolin and 100 g of white carbon black
were uniformly mixed, and then put in a sodium hydroxide solution prepared via dissolving 200 g of NaOH in 400 mL of deionized
water as an alkaline activator and 10 mL of hydrogen peroxide solution under stirring. The resulting slurry was cast into
polypropylene cubic molds and finally cured in an oven at 80 ‘C for 24 h to obtain the geopolymer (Geo). Subsequently, Geo was
crushed and sieved to a fine powder with the sizes of 20—40 mesh. 80 g of Geo was added into 400 mL of nitric acid solutions at
different concentrations (i.e.,1, 2, 3, and 4 mol-L). The mixtures were placed in a constant temperature oscillator and agitated in 200
r-min~t at 80 °C for 5h. After the reaction, the mixtures were filtered through a 0.45 um membrane, and the products were collected,
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washed until neutral, and dried in an oven at 105 °C for 12 h, resulting in acid-treated porous geopolymers (i.e., 1HGeo, 2HGeo,
3HGeo, and 4HGeo). Finally, 20 g of acid-treated porous geopolymer was placed in a round-bottom flask containing 100 mL of
xylene and stirred for 30 min. Afterwars, 20 mL of aminopropyltriethoxysilane (APTES) dissolved in 100 mL of xylene was added to
a flask and stirred with 200 r-min=t at 80 °C for 12 h. The solid product was collected, cleaned with xylene, and dried at 80 °Cfor 12 h
to obtain the amino-modified porous geopolymers (i.e., NH2-1HGeo, NH2-2HGeo, and NH2-3HGeo).In addition, the control sample
NH2-Geo was also prepared by the same procedure.

Results and discussion  This study prepares amino-modified porous geopolymers via acid treatment and post-grafting with porous
geopolymers as a base material. The results of the BET specific surface area measurement indicate that acid treatment significantly
increases the BET specific surface area of the geopolymer material. The specific surface area of sample 3HGeo (i.e., 343.87 m2.g~1)
and pore volume (i.e., 0.1679 cm3-g~) are 12.94 times and 3.29 times greater than the specific surface area (i.e., 26.57 m2-g~!) and
pore volume (i.e., 0.0511 cm3.g~t) of sample Geo, respectively. The XRD patterns, FTIR spectra, and thermogravimetric analysis
show that acid treatment increases the porosity and silanol content of the porous geopolymers, thereby increasing the grafting amount
of amino groups. The amino groups are grafted onto the geopolymers. The results of adsorption test show that the adsorption amount
is positively correlated to the BET specific surface area and amino content. The adsorption rate of NH2-3HGeo for Pb?* rapidly
increases and stabilize as the adsorbent dosage increases. of adsorption time, the removal rates of NHz2-1HGeo, NH2-2HGeo, and
NH-3HGeo for Pb?* are 48.1%, 70.1%, and 99.9% at 360 min, 300 min, and 240 min, respectively, with the increase of adsorption
time. The adsorption amount of Pb® increases as the temperature increases. The adsorption capacities of NH2-1HGeo,
NH2-2HGeo, and NH2-3HGeo increase as the initial Pb?* concentration increases from 100 mg-L™* to 700 mg-L-%. The adsorption
amount continuously increases as the solution pH vale increases. Different coexisting ions (i.e., K*, Na*, Ca?*, and Mg?*) affect the
adsorption performance of NH2-3HGeo for Pb?*, with divalent cations having a greater impact than monovalent cations. The
adsorption kinetics follows the pseudo-second-order model, indicating the chemical adsorption. The results of adsorption isotherm
indicate that the adsorption process involves monolayer adsorption. The adsorption thermodynamic results show that moderately
increasing the temperature is beneficial to adsorption. The results of recycling experiment show that after five cycles of
adsorption-desorption, the adsorption rate of NH2-3HGeo remains 90.2%, having a good recyclability. The contribution of different
adsorption mechanisms indicates that Geo mainly adsorbs Pb?* through ion exchange, while NH2-3HGeo primarily relies on a
functional group chelation.

Conclusions Amino-modified porous geopolymers with a high specific surface area and a multi-pore structure were prepared by
acid treatment and amino modification with porous geopolymers as a base material. The results of nitrogen adsorption showed that
acid treatment significantly increased the specific surface area of the geopolymer and effectively improved the pore structure. The
thermogravimetric analysis indicated that acid treatment created more active sites on the surface of the geopolymer (such as silanol
groups Si—OH), which could act as active centers for subsequent grafting reactions. The prepared NH2-3HGeo sample had a high
adsorption capacity for Pb?* and a good recyclability, with a maximum adsorption capacity for Pb>* of 521.6 mg-g'. After five
adsorption-desorption cycles, the adsorption rate was still 90.2%, providing an effective approach for the application of geopolymer
materials in the treatment of heavy metal-containing wastewater. The results of XPS analysis showed that the complexation between
—NH: and Pb?* essentially involved the protonation of —NH: to form —NHs*. The adsorption mechanisms indicated that Geo
mainly adsorbed Pb?* through ion exchange, while NH2-3HGeo primarily did that through functional group chelation. This work
could lay a certain theoretical foundation for understanding the microstructure of geopolymers and modified geopolymers, as well as
the mechanism of their adsorption of heavy metal ions.
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