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SBA-15 shows great potential as a carrier for heavy metal adsorbents. However, the lack of effective adsorption active sites on
its surface limits its further application in the field of adsorption. To address this issue, 3-phosphonopropionic acid was used as a
functionalizing reagent to prepare carboxyl-functionalized SBA-15 (denoted as SBA-15C and SBA-15C-g) via one-step co-
condensation as well as post-grafting modification, respectively. The results showed that the carboxyl-functionalized SBA-15
retained an ordered two-dimensional hexagonal mesoporous structure, and the surface of the SBA-15 was successfully
functionalized with carboxyl groups. SBA-15, SBA-15C-2 and SBA-15C-g were used as adsorbents to study their adsorption
performance on Cu(Il) in solution. Under the optimized conditions, the adsorption capacity of Cu(Il) by SBA-15, SBA-15C-2
and SBA-15C-g reached 30.4, 65.7 and 44.9 mg-g™", respectively. Adsorption kinetics and isotherm analysis indicated that the
adsorption of Cu(Il) onto the three materials was better described by the pseudo-second-order kinetic model and the Langmuir
adsorption isotherm model. In addition, SBA-15C-2 maintained a high adsorption capacity of Cu(ll) after five cycles. These

results provide a theoretical basis for the carboxyl functionalization modification and practical application of SBA-15.
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1. Introduction

Ordered mesoporous silica has attracted the attention of
researchers due to its important applications such as cata-
lysis!' 2, adsorption of heavy metals from aqueous solu-
tions™®™), removal of organic pollutants'®, capture of volatile
organic compounds!”’, and medical applications™. Among
various mesoporous silica, SBA-15 demonstrates superior
suitability as a carrier for heavy metal adsorption benefiting
from its large specific surface area, tunable pore size, and
excellent hydrothermal stability!®'%!.

However, the surface of pure SBA-15 contains only
Si—OH groups and lacks effective active sites for adsorbing
Cu(Il), resulting in poor adsorption performance. Surface
modification is required to introduce functional groups!'' "%,
The main methods for introducing functional groups into

*Corresponding author. zhangyb0130@outlook.com (ZHANG Yibo);
hujl863@163.com (HU Jianglei)
Executive editor: CHANG Yingfei

mesoporous silica are co-condensation and post-grafting.
Co-condensation enables uniform functional group dis-
tribution and strong bonding within the material framework.
Post-grafting offers simplicity and flexibility yet suffers
from uneven functional group distribution and limited
grafting efficiency.

In current studies, carboxyl groups exhibit strong chelat-
ing ability toward Cu(Il), making them ideal adsorbent
functional groupst'®. Carboxyl-functionalized SBA-15
combines the advantages of mesoporous mass transfer with
the high adsorption activity of carboxyl groups, offering
enhanced selectivity and adsorption capacity for Cu(ll).

Herein, 3-phosphonopropionic acid was employed as a
carboxyl-functionalizing reagent to prepare carboxyl-func-
tionalized SBA-15 via a co-condensation followed by post-
grafting, addressing the issue of insufficient active sites for
Cu(Il) adsorption in pure SBA-15. Through material char-
acterization, adsorption Kkinetics, isotherm modeling, and
evaluation of cycling performance, the adsorption mechan-
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ism of carboxyl-functionalized SBA-15 toward Cu(Il) was
elucidated, providing both theoretical and experimental re-
ferences for its modification and application.

2. Experimental section

2.1 Materials

Triblock copolymer P123 (EO»PO70EO,y), Cu(NO;),-3H,0,
3-phosphonopropionic acid, and tetraethyl orthosilicate
(TEOS), were purchased from Sigma-Aldrich. HCI (36%—
38% by mass) was purchased from Beijing Chemical Works.

2.2 Synthesis of materials

SBA-15 was prepared on the basis of Ref.[14]. The synth-
esis of the co-condensed SBA-15C was carried out as fol-
lows. Firstly, 7.5 mL of distilled water and 60 mL of
2 mol-L™" HCI were added to 2 g of P123 and continuously
stirred by a magnetic stirrer until completely dissolved; then,
4 g of TEOS and different doses of 3-phosphonopropionic
acid (0.23, 0.37, and 0.52 g, respectively) were added to the
above-mentioned mixture, which was continuously stirred at
35 °C for 24 h; subsequently, the mixture was transferred to
a PTFE-lined autoclave and aged at 100 °C for 24 h; after
the reactor was naturally cooled, the reaction product was
filtered and washed several times with distilled water and
ethanol, followed by drying in a vacuum oven at 60 °C for
12 h. Finally, the carboxyl-functionalized SBA-15 was
treated under refluxing conditions to 400 mL of the ethanol-
hydrochloric acid solution (containing 5 mL of HCI) and
refluxed at 80 °C for 24 h to remove P123. The product was
washed several times with ethanol and distilled water, and
dried in a vacuum oven at 60 °C for 12 h'"*. The white
powder obtained was denoted as SBA-15C-x (x =1, 2 and 3,
corresponding to 3-phosphonopropionic acid additions of
0.23, 0.37 and 0.52 g, respectively).

The synthesis of the post-grafting modification SBA-15C
was carried out as follows. First, 0.5 g of SBA-15 was ad-
ded to 20 mL of an ethanol/water mixture with a volume
ratio of 95/5. Subsequently, 0.16 g of 3-phosphonopropionic
acid was added. The mixture was then subjected to ultra-
sonic treatment for 0.5 h, followed by refluxing at 80 °C for
2 h. The resulting product was separated by centrifugation
and washed three times with ethanol. Finally, the modified
SBA-15 was dried in a vacuum oven at 60 °C for 24 h. The
obtained white solid was denoted as SBA-15C-g.

2.3 Adsorption experiment

A total of 40.0 mg of adsorbent was added to 40.0 mL of
Cu(I solution with initial concentrations of 20, 40, 60, 100,
and 140 mg-L™'; followed by pH adjustment. Place all
flasks in an automatic shaker with a water bath and agitated
at 20, 25, 30, 35, and 40 °C for 300 min to achieve ad-
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sorption equilibrium. Subsequently, the solid adsorbent was
removed by filtration through a syringe filter, and the Cu(Il)
concentration was determined by atomic absorption spectra.
The adsorption capacity g. (mg-g™") is calculated using
Equation (1)!'*
g =L)X ()
where ¢y and ¢, are the initial and final concentrations at
adsorption equilibrium of Cu(II) (mg-L™"), respectively; Vis
the volume of the suspension (L); and m is the mass of the
adsorbent (g).
The percentage removal (R) of Cu(Il) at adsorption
equilibrium is calculated by

Co—C
R:OC—OexloO%. ()

3. Results and discussion

3.1 Characterization of SBA-15C and SBA-15C-g

The low-angle XRD pattern of the sample was shown in
Figure la. Three characteristic diffraction peaks were ob-
served at approximately 0.88°, 1.51°, and 1.73°, corre-
sponding to the (100), (110), and (200) crystal planes, which
were basically consistent with the positions of the char-
acteristic peaks of SBA-15 in the literature, suggesting that
the material prepared in this experiment had a typical or-
dered 2D hexagonal mesoporous structure!'”. As shown in
Figure 1b, all samples exhibited a broad diffraction peak in
the range of 15°-30°. This characteristic diffraction peak
was attributed to amorphous silica'®, indicating that the
pore structure of SBA-15 remained unchanged.

As shown in Figure lc, the N, adsorption-desorption
isotherms of all samples were type IV isotherms with H1-
type hysteresis loops. However, with the functionalization of
the carboxyl group on the surface of SBA-15, the adsorption
capacities of SBA-15C-1, SBA-15C-2, SBA-15C-3, and
SBA-15C-g decreased, but still maintained the type IV
isotherm with H1 hysteresis loop. The pore sizes of all four
adsorbents were reduced, which could be attributed to
3-phosphonopropionic acid was involved in the formation of
SBA-15, partially occupying the pore channels.

The FTIR spectra of the samples were shown in Figure 1d.
In the spectra, the peaks at 470, 800, and 1087 cm™! be-
longed to the bending vibration, symmetric stretching, and
asymmetric stretching of the Si—O—Si, respectively; the
peaks at 962 and 1630 cm™' belonged to the bending vi-
bration of Si—OH and O—H, respectively!'**". For SBA-
15C-1, SBA-15C-2, and SBA-15C-3, a new characteristic
peak appeared at 1720 cm™', which corresponded to the
stretching vibration of the —COOH group!*"). In contrast, for
SBA-15C-g, the intensity of the characteristic peak at
1720 cm™" was weaker, which may be attributed to the lower
grafting degree of 3-phosphonopropionic acid.
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Figure 1

The morphological characterization of the samples is
shown in Figure 2. The SEM images of both SBA-15 and
SBA-15C-2 reveal short rod-like structures, indicating that
carboxyl functionalization did not alter the morphology of
SBA-15. In contrast, the TEM images reveal regularly or-
dered alternating bright and dark channels, confirming that
SBA-15C-2 retains an ordered two-dimensional hexagonal
mesoporous structure.

3.2 Adsorption performance

First, the effect of pH on the adsorption of Cu(Il) was in-
vestigated. As shown in Figure 3a, the adsorption capacities
of SBA-15, SBA-15C-2, and SBA-15C-g for Cu(ll) in-
creased with the increasing pH in the range of 1-6. When
the pH increased from 6.0 to 7.0, the adsorption capacities
of all adsorbents increased sharply. This was attributed to
the precipitation of Cu(ll) as hydroxide at pH above 6.01%%).
Therefore, pH = 5.0 was selected for subsequent adsorption
experiments.

Secondly, the effect of adsorption time on the adsorption
capacity of Cu(Il) was investigated. As shown in Figure 3b,
the adsorption capacities of SBA-15, SBA-15C-2 and SBA-
15C-g for Cu(Il) increased rapidly in the initial stage, and
equilibrium was reached within 30 min. Meanwhile, the
adsorption of Cu(Il) by the three adsorbents remained nearly
constant. Compared to SBA-15C-g, during the synthesis of

0.0 0.2 0.4 0.6 0.8 1.0

4000 3500 3000 2500 2000 1500 1000 500

Wavenumer/cm™

Low-angle (a) and wide-angle (b) XRD spectra, N, adsorption-desorption isotherms and pore size distribution (c), and FTIR spectra (d) of samples

SBA-15C-2, 3-phosphonopropionic acid participated in the
formation of the SBA-15 framework. This resulted in the
uniform dispersion and greater quantity of carboxyl groups
on the surface of SBA-15C-2. Consequently, upon reaching
equilibrium, SBA-15C-2 exhibited a higher adsorption ca-
pacity for Cu(Il). To ensure adsorption equilibrium, the
adsorption time was selected as 120 min for the subsequent
experiments.

The effect of solution temperature on Cu(Il) adsorption
was shown in Figure 3c. For SBA-15, SBA-15C-2, and
SBA-15C-g, the adsorption capacities of Cu(Il) increased
slightly with increasing temperature. These results indicated
that elevated adsorption temperatures enhance the mobility
of Cu(Il) in the solution, thereby facilitating the adsorption
process. However, considering energy consumption, 25 °C
was selected as the optimal temperature for subsequent ad-
sorption experiments.

Finally, the influence of initial concentration ¢, on Cu(Il)
adsorption was investigated. As shown in Figure 3d, the
adsorption capacities of SBA-15, SBA-15C-2 and SBA-
15C-g for Cu(ll) increased with increasing c,. When ¢,
exceeded 100 mg-L™', the adsorption capacity of all three
adsorbents for Cu(Il) reached equilibrium and remained es-
sentially unchanged. However, the three materials exhibit dif-
fering adsorption capacity for Cu(Il). This was because
carboxyl groups possess superior adsorption capacity for
Cu(Il) relative to silanol groups, resulting in SBA-15C-2 de-
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Figure 3 The influence of pH (a), time (b), temperature (c), and initial concentration (d) on the adsorption capacity of Cu(Il) by SBA-15, SBA-15C-2, and

SBA-15C-g
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monstrating a higher adsorption capacity for Cu(II).

Table 1 presented the adsorption capacities of Cu(Il) by
SBA-15, SBA-15C-2, and SBA-15C-g under optimal con-
ditions. As shown in Table 1, the carboxyl-functionalized
SBA-15 synthesized via the co-condensation achieved a
Cu(Il) adsorption capacity of 65.7 mg-g~". This can be at-
tributed to the involvement of 3-phosphonopropionic acid in
the formation of the SBA-15 framework, which promotes
uniform dispersion of carboxyl groups and increases their
surface density on SBA-15. Moreover, the ordered mesoporous
structure of SBA-15C-2 provided an optimal environment for
Cu(1l), thereby enhancing its adsorption capacity. Table 1 also
compares the adsorption capacity of different SBA-15-based
materials. It can be observed that SBA-15C-2 exhibited a
relatively high adsorption capacity for Cu(Il), although it
remains lower than those of certain adsorbents functiona-
lized with branched chelating ligands.
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3.3 Adsorption kinetics and isotherm analysis

To further investigate the adsorption mechanism, pseudo-
first-order and pseudo-second-order kinetic models were
applied based on the experimental data, as shown in Equa-
tions (3) and (4):

k
lg(¢e—4,) = lgg.— 53051 3)

t 1 t
T EARR @
where, g. and ¢, are the adsorption capacity at equilibrium
and time ¢, k; and k&, are the rate constants of the pseudo-
first-order and pseudo-second-order kinetic models, re-
spectively.

The fitted pseudo-first-order and pseudo-second-order
adsorption kinetic curves were shown in Figures 4a and 4b,
respectively.

Table 1  Adsorption capacity of Cu(Il) by different SBA-15 materials
. 1 Conditions
Materials q./(mg-g™) Reference
pH Temperature/°C
SBA-15C-2 65.7 5 25 This study
SBA-15C-g 449 5 25 This study
SBA-15 304 5 25 This study
NH,-SBA-15-f 19.8 6 30 [23]
G-SBA-15-NN-E 53.1 Unmentioned 25 [24]
MDA-SBA-15 78.3 4.0 25 [25]
SA-SBA-15 57.2 4.8 Room temperature [26]
a C b
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Figure 4 Linear fitting plots of the pseudo-first-order kinetic model (a) and pseudo-second-order kinetic model (b) for SBA-15C-2, isotherm fitting plots of
the Langmuir model (c¢) and Freundlich model (d) for Cu(Il) adsorption on different adsorbents
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Figure 5 Reusability of SBA-15, SBA-15C-2 and SBA-15C-g for Cu(ll) adsorption (a) and FTIR spectra of SBA-15C-2 before and after cycling (b)

For the pseudo-second-order adsorption kinetic model, its
correlation coefficient (R”) was significantly higher than that
of the pseudo-first-order adsorption kinetic model. Conse-
quently, the adsorption experimental data for SBA-15C-2
were better fitted by the pseudo-second-order kinetic model.
According to the assumptions of the pseudo-second-order
kinetic model, the adsorption of metal ions by adsorbents
may represent a chemical adsorption process between the
metal ions and the adsorbent. This chemical adsorption was
attributed to covalent forces arising from electron exchange
or sharing?..

To further elucidate the adsorption mechanism, Langmuir
model and Freundlich isotherm model were applied, as
shown in Equations (5) and (6):

1 1 1
% QOKLce - G’ (5)

1
1gqe = ngF + ﬁlgcen (6)

where Q, is the saturated adsorption capacity, and K| and Kp
are the adsorption equilibrium constants for Langmuir
model and Freundlich isotherm model, respectively. 7 is the
adsorption intensity parameter reflecting the favorability of
the adsorption process.

The results were shown in Figures 4c and 4d. The
Langmuir adsorption isotherm model more accurately de-
scribed the adsorption process of Cu(Il) than the Freundlich
adsorption isotherm model. According to the theory of the
Langmuir adsorption isotherm model*® the active adsorp-
tion sites were likely uniformly distributed across its sur-
face, resulting in monolayer adsorption. Meanwhile, the
carboxyl groups grafted onto SBA-15 interact with Cu(Il)
through coordination bonds.

3.4 Reusability study

Finally, the reusability of SBA-15, SBA-15C-2, and SBA-
15C-g was evaluated. As shown in Figure 5a, after five
cycles, the adsorption capacity of SBA-15C-2 decreased
from 65.7 to 59.9 mg-g~"; the adsorption capacity of SBA-

15C-g decreased from 44.9 to 33.9 mg-g™'; and the ad-
sorption capacity of SBA-15 decreased from 30.4 to
24.1 mg-g~'. As shown in Figure 5b, for SBA-15C-2, the
intensity of the characteristic peak at 1720 cm™' remained
essentially unchanged after five cycles. This stability was
attributed to 3-phosphonopropionic acid participates in the
formation of SBA-15, which led to the stable immobiliza-
tion of carboxyl functional groups on the surface of SBA-
15C-2. Consequently, SBA-15C-2 maintained a relatively
high adsorption capacity after repeated use.

4. Conclusion

Carboxyl-functionalized SBA-15 was successfully prepared
via one-step co-condensation and post-grafting modifica-
tion. The modified material retained their ordered meso-
porous structure and high specific surface area, with the
successful introduction of carboxyl groups. Under optimized
conditions, SBA-15C-2 exhibited the highest adsorption
capacity for Cu(Il). The adsorption process followed pseu-
do-second-order kinetics and the Langmuir monolayer ad-
sorption model, and SBA-15C-2 maintained high adsorption
capacity even after five adsorption-desorption cycles. This
study provided new insights into the adsorption mechanism
of carboxyl-functionalized SBA-15, enriching the theore-
tical understanding of mesoporous materials for heavy metal
adsorption. Furthermore, it presented a highly efficient and
stable Cu(Il) adsorbent, offering a technical reference for
the treatment of Cu(Il)-containing wastewater. In the future,
the adsorption capacity of the material for other heavy
metals such as Pb(I) and Cd(IT) will be further investigated.
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REI B P FL ZEALRERY I &
R E A Cu(T) BRIt BE BT 5

XAt AR R HAFR?, T a3

1. 2R TP RO B AR 22 5 A0 2 TR 22 B8 3 R AR i 5 R AT se =, &4k F4k 132013;
2. RO TR, LI 200237;
3. KF LIRS TR, HAk K& 130012

FZE  SBA-15 fENEEBEWIH A EE RS RIS TR, (HILRE B G 2S5, BRI T L AE R PR AT 30— 25 i
o Ak, AHEFTA3-BEEEES T IR 9 T BEAGARGR, 23 il i — 5 LG5 TRVE RN JE e R ) 4% T R AR T BB AL HISBA-15 (43 dilid
SBA-15CHISBA-15C-g) . RIFLRRY, RILINBALIE MISBA-ISTHRFEE I e AL, BRI RIBIANE AR LA
SBA-15. SBA-15C-2F1SBA-15C-g N 57, #F 50 FL 0 A Cu(ID IR BT RE . ZEARAL 261 R, =3 X Cu(TD) MR B 25 2 43 Sk 2
30.4. 65.7f144.9 mg-g'. WRPHBN ) ZEAR IR L AT R W, Cu(T)FE WA b AR BRAT 3 4 & 1 = 2 3y ) S MR B RS 28UR
WGBSR AR . kAh, SBA-15C-27E SURAEHR J5 A3 -7 48 i 1) Cu (1) W Ff

THAB K
XgiIE NILMEL SBA-15; WRft; BREThEREM; Cu)

. ERAIRIVSBA-15HIFRIEDIREML TN K b R I B fft
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