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Cr(v) is a great threat to the ecological environment and human health, so it is urgent to remove Cr(vi) from
the environment. In this study, a novel silica gel adsorbent SiO,—CHO-APBA containing phenylboronic
acids and aldehyde groups was prepared, evaluated and applied for removing Cr(v)) from water and soil
samples. The adsorption conditions including pH, adsorbent dosage, initial concentration of Cr(v),
temperature and time were optimized. Its ability in removing Cr(vi) was investigated and compared with
three other common adsorbents, SiO,—NH,, SiO,—SH and SiO,—EDTA. Data showed SiO,—CHO-APBA
had the highest adsorption capacity of 58.14 mg g~* at pH 2 and could reach adsorption equilibrium in
about 3 h. When 50 mg SiO,-~CHO-APBA was added in 20 mL of 50 mg L™* Cr(v) solution, more than
97% of Cr(v) was removed. A mechanism study revealed that a cooperative interaction of both the
aldehyde and boronic acid groups is attributed to Cr(vi) removal. The reducing function was gradually
weakened with the consumption of the aldehyde group, which was oxidized to a carboxyl group by
Cr(wi). This SiO,—CHO-APBA adsorbent was successfully used for the removal of Cr(vi) from soil samples
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1. Introduction

Water pollution with toxic metal ions has become one of the
most serious environmental problems.* Those toxic metal ions
enter water through human activities and natural pathways,
posing a threat to human health.> Chromium is a common
metal and is widely used in diverse industrial processes,
including the metal industry, electroplating, leather processing,
cooling tower blowdown, dyeing and pigment synthesis.*?
Hexavalent (vi) and trivalent (m) are the main existing valences
of chromium. Cr(vi) is more toxic and mobile compared to
Cr(m), and is 100 times more toxic than Cr(m).*” Cr(vi) is carci-
nogenic and mutagenic to living organisms and even if Cr(vi) is
present in very low concentrations, it can also cause skin
dermatitis, kidney damage, respiratory sensitization, and car-
cinogenicity to humans,**° so it is urgent to remove Cr(vi) from
waste water.® The maximum discharge limit of Cr(vi) to the
aquatic environment is 1 mg L' in EU Member States.'* In
drinking water, the United States Environmental Protection
Agency identified it as a Group A contaminant and set the
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with satisfactory results which indicates a good potential in agriculture and other fields.

maximum contaminant limits for total chromium of 100 pg L™
in 1991,° and the World Health Organization required that the
content must not exceed 50 pg L',

To date, chemical methods, biological methods, and phys-
ical methods have been developed for the elimination of the
Cr(vi) from aqueous solutions, such as reduction and neutrali-
zation precipitation, electrochemical processes, photocatalysis,
ion exchange, membrane separation and adsorption
methods.**** The most common conventional method for Cr(vi)
removal is reduction to Cr(m) at acid condition and precipitated
to Cr(OH); under alkaline conditions. However, the disadvan-
tage of the method is that it will generate solid waste, while is
easy to cause secondary pollution. The electrochemical method
has a high consumption of electricity, more side-reactions and
is not suitable for the treatment of wastewater with low
concentration of heavy metal ions. The big problem of ion
exchange and membrane separation method is that it is diffi-
cult to avoid contamination to the membrane and the equip-
ment maintenance cost is very high. Nowadays, adsorption has
become by far the most versatile and widely used technology.
Adsorption is considered as the most promising method due to
its high efficiency, easy to operate, economical, renewable, and
technological feasibility.”>** Numerous adsorbents including
silica gel,'>** various types of nanomaterials,**"** nanofibers,'**®
biochar,***” hydrogel,”® functionalized polymers,*** metal
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composite* and metal-organic frameworks® have been used
for Cr(vi) removal.

On top of the selection of base materials, surface modifica-
tion can be used as an efficient means of improving the effec-
tiveness of adsorption of the selected material. After
modification, the number of binding sites in the adsorbents can
be enhanced and thereby the adsorption capacity is increased.*
Many compounds can be used to modify the adsorbent. For
example, organic materials such as nitrogen-containing
groups,®*** inorganic materials,*>*® biological materials,***
ionic liquid materials,* polymeric materials**** have all been
used for absorbent surface modifications. The combination of
surface modified and adsorption methods for the removal of
heavy metals from the environment has been the subject of
many studies. For example, JinHyeong Lee,** Shunquan Shi,*
Joanna, Dobrzynska' had chosen amino groups as modified
functional groups on mesoporous silica, magnetic biochar, and
SBA-15 surfaces respectively for exploring the removal of Cr(vi)
from solution. Wachiraporn Kettum?* prepared boronic acid-
functionalized carbon-based adsorbent, which showed good
adsorption of Cu(u), Ni(u), and Cr(vi) ions. Huihui Mao*
modified TiO, on the surface of silica-pillared clay and inves-
tigated the adsorption of Cr(vi), which showed very high effi-
ciency and sensitivity for removing Cr(vi). However, most of the
aforementioned compounds was used to generate a single
functional group with the exception that a few of them multiple
functional, such as the thiol/amino bi-functionalized adsor-
bent,” mercaptopropyl and ethylenediamine triacetate-
modified silica gels,® thiol/sulfonic acid bi-functionalized
materials,”” and amino/carboxyl bi-functionalized adsorbent.*
Compared to single functional group modifications, bifunc-
tional group modifications are more effective as in the removal
of Cr(v1).

In this paper, a novel phenylboronic acid and aldehyde
modified bifunctional absorbent (SiO,~CHO-APBA) was
proposed and prepared. After a series of characterizations, the
Si0,~CHO-APBA was used to remove Cr(vi) and reduce part of it
to Cr(m) for the first time. Its adsorption mechanism, adsorp-
tion kinetics, isotherms, and relating parameters such as pH,
temperature, amount of adsorbent, time and initial concentra-
tion of Cr(vi) were investigated. Its absorption ability to Cr(vi)
was evaluated and compared with the other three common
absorbents. Finally, this adsorbent was used in removal of Cr(vi)
in soil.

2. Materials and methods
2.1 Materials

Thin-layer chromatography (TLC) grade silica gel purchased
from Qingdao Haiyang Chemical Plant (Shandong, China) was
used as the base material of the adsorbents. Toluene, diethyl
ether absolute and hydrochloric acid (HCl, 36-38%) were from
Rionlon Pharmaceutical Chemical Co., Ltd (Tianjin, China).
Anhydrous ethanol was from Jiangtian Chemical Technology
Co., Ltd (Tianjin, China). Acetone and phosphoric acid (H;POy,,
98%) were from Bohua Chemical Reagent Co. Ltd (Tianjin,
China). Dichloromethane and hydroxylamine hydrochloride
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(H,N-OH-HCl) were from Jindongtianzheng Precision Chem-
ical Reagent Factory (Tianjin, China). Sulphuric acid (H,SOy,,
95-98%), sodium hydroxide (NaOH, 96%) and potassium per-
sulfate (K,S,0g, 99.5%) were from Damao Chemical Reagent
Factory (Tianjin, China). Disodium hydrogen phosphate
(Nay,HPO,, 99%), sodium dihydrogen phosphate (NaH,PO,,
97%), 3-aminopropyltriethoxysilane (APTES, 98%), and 3-ami-
nophenylboronic acid (APBA, 98%) were from Heowns Biochem
Technology (Tianjin, China). Glutaraldehyde (GA, 25% water
solution) was from Kermel Chemical Reagent Co., Ltd (Tianjin,
China). Sodium cyanoborohydride (NaBH3;CN, 95%) and 1,5-
diphenylcarbohydrazide (DPC, 98%) were from Meryer Chem-
ical Technology Co., Ltd (Shanghai, China). Potassium dichro-
mate (K,Cr,05, 99.8%) was from Tianjin North Chemical Glass
Purchase and Sales Center (Tianjin, China). Catechol (99.5%)
was from Rhawn Chemical Technology Co., Ltd (Shanghai,
China). All these chemicals were analytical grade and used
without further purification. Ultrapure water was obtained in-
house through a SCI-10-B Ultra-pure water system from Kerun
Water Treatment Equipment Co., Ltd (Chongqing, China). The
mercaptopropyl-functionalized silica gel (SiO,-SH) and
carboxyl functionalized silica gel (SiO,-EDTA) were purchased
from Anhui Biomics Biopharmaceutical Research Institute Co.,
Ltd (Anhui, China).

2.2 Instruments

A series of instruments were used to characterize SiO,~-CHO-
APBA and its intermediates. Fourier-transform infrared spectra
were analyzed with a TENSOR 27 FT-IR Spectroscopy (Bruker,
Germany) by the KBr method. The morphology of SiO,-CHO-
APBA was characterized by Nanosem 430 Field emission scan-
ning electron microscope (FEI, USA) and JEM100CXII trans-
mission electron microscope (JEOL, Japan). Its specific surface
was measured using a Brunauer-Emmett-Teller surface area
analyzer with NAVO Station (Quantachrome, USA) based on the
nitrogen adsorption and desorption method. The content of B
element in SiO,-CHO-APBA was determined by inductively
coupled plasma mass spectrometer (Agilent 5110, USA).
Thermal analysis of SiO,~-CHO-APBA was carried out with
a TGA 550 analyzer (Discovery, USA) under N, flow at a heating
rate of 10 °C min~ " in the range of 30-600 °C. The concentration
of Cr(vi) and Cr(m) in the supernatant was measured by Cary 60
UV-Vis spectrophotometer (Agilent, USA).

2.3 Preparation of boronic acid and aldehyde bifunctional
groups modified absorbent

2.3.1 Preparation of amino-modified silica gel (SiO,-NH5).
Silica gel of 50 g was dispersed in 200 mL 6 mol L™* HCI and
stirred at 60 °C. After 6 h, it was taken out and washed with
ultrapure water to neutral and dried in vacuum oven overnight.
The silica gel was activated in a vacuum oven at 130 °C for 3 h.
The activated silica gel of 10 g was dispersed in 50 mL anhy-
drous toluene. After adding 12 mL APTES, the mixture was
stirred for 24 h at 110 °C. The product was washed by toluene,
anhydrous ethanol, acetone in turns three times. After drying,
SiO,-NH, was obtained.

RSC Adv, 2023, 13, 15554-15565 | 15555
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2.3.2 Preparation of SiO,~CHO-APBA. Phosphate buffer
solution (PBS, 0.1 mol L™, pH 7.4) was prepared from NaH,PO,
and Na,HPO,. SiO,-NH, of 2.5 g was added into a mixture of
40 mL PBS buffer solution (0.1 mol L™, pH 7.4) and 10 mL of
25% glutaraldehyde. After adding 1 mL NaBH;CN of 0.1 mg
mL " and 6 h of machinery stir (400 rpm) at room temperature,
red solid of aldehyde modified silica gel (SiO,~CHO) was fil-
trated and washed with distilled water. The SiO,~-CHO was
placed in vacuum oven until dry. SiO,~CHO of 1.0 g was
dispersed in 50 mL 0.1 mol L " PBS solution (pH 7.4). APBA of
400 mg and NaBH;CN of 200 mg were added and the mixture
was stirred (400 rpm) for 6 h at room temperature. The final
product was washed by dichloromethane, acetone and diethyl
ether in turns three times. After drying, SiO,~CHO-APBA was
obtained. The synthetic route of SiO,—~CHO-APBA was shown in
Fig. 1.

2.4 Determination of bi-functional group content

The adsorption of Cr(vi) mainly relies on the participation of
aldehyde and boronic acid functional groups on the material
surface. Thus, the content of both functional groups is impor-
tant for the adsorption effect.

To characterize the prepared SiO,-CHO-APBA, the content
of aldehyde and boronic acid were determined. The determi-
nation principle of aldehyde group is indirect titration.** Firstly,
hydroxylamine hydrochloride (H,N-OH-HCI) react with the
aldehyde group which will produce oxime and hydrochloric
acid. Then, sodium hydroxide is used to titrated the produced
HCI. In this paper, 20 mg of SiO,~-CHO-APBA were accurately
weighed and transferred into tube. After adding 10 mL of
0.25 mol L™' H,N-OH-HCI solution and 2 drops of 0.05%
methyl orange as indicator, the tube was shaken for 2 h. Then,
5 mL of supernatant was taken out and titrated by 0.03 mol L ™"
NaOH solution until the color change from red to yellow and no
fading within 30 min. The analytical blank was parallel per-
formed by replacing SiO,~CHO-APBA with SiO,-NH,, recording
the volume of NaOH consumed and all experiments were in
parallel three times.

OH
EtO Anhydrous toluene
OH 4+  EO3si_~_NH,
OH EtO” 110°C, 24 h

(3-Aminopropyl)triethoxysilane

Activated Silica Gel

1" on

H
Owc: N N B
>Si~"~ W\r \,
OH :
07 5 an \©/ PBS buffer pH 7.4
O OH

RT,6h
O3i~~ A CHO
H

Si0,-CHO-APBA

Fig. 1 The synthetic route of SiO,—CHO-APBA.

15556 | RSC Adv, 2023, 13, 15554-15565

View Article Online

Paper

The content of the aldehyde group (mmol g~') was calcu-
lated by the following eqn (1):
x (Vi = Vo) x Cnaon
m

2
0=

(1)

where V,, and V; are the volume (mL) of NaOH in blank and
experimental group respectively, Cnaon iS the concentration
(mol L") of NaOH and m is the mass (g) of Si0,~CHO-APBA.

The determination principle of the boronic acid group is that
boronic acid can bind specifically with cis-diol. Catechol has
a cis-diol structure and has a maximum absorption wavelength
at 275 nm, which can be used for quantitative calculations. In
this paper, 0.35 mg mL~" catechol solution was prepared with 1/
15 mol L™ pH 8.5 NaH,PO,-Na,HPO, solution. SiO,~CHO-
APBA of 25 mg and 10 mL catechol solution of 0.35 mg mL ™"
were added into centrifuge tube and shaken for 4 h. After
adsorption, the supernatant solution was diluted and deter-
mined by UV-Vis spectrophotometer. A series of different
concentration catechol standard solutions (0.014, 0.0175, 0.021,
0.0245, 0.028, and 0.035 mg mL™") were prepared for the stan-
dard curve. All of processes were protected from light and all
experiments were in parallel three times.

The content of the boronic acid group (mmol g™ ') was
calculated by the following eqn (2):

(C()—Ce) x V

0= mx M

(2)

where C, and C. are the concentrations (mg mL ") of initial and
equilibrium catechol solution, respectively. V is the volume
(mL) of catechol solution and m is the mass (g) of SiO,~-CHO-
APBA. M is the molar mass (g mol ") of catechol.

2.5 Adsorption and reduction of SiO,-CHO-APBA to Cr(vi)

The stock solution of 10 mg mL~" Cr(vi) was prepared by dis-
solving 0.2828 g of K,Cr,0; into 10 mL of ultrapure water and
the stock was diluted to get different concentrations of Cr(vi)
testing solutions. H;PO,, NaH,PO,, and Na,HPO, were used to
adjust the pH because they can form a series of phosphate
buffer solutions and maintain the pH stability of the system.

O\
=Si NH > )
&3/ I~ W, 4+ OHC \/\/( HO
Glutaraldehyde
SiO,-NH, <
= |2
Tl
=
=
@
Q
NH 0 N
HO. 07 Y "CHO
+ QB &
HO’
0. -
3-Aminophenylboronic acid 0— SiTN N /l\/\/( HO
H

Si0,-CHO
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Batch adsorption experiments were conducted in a tempera-
ture-controlled water bath shaker at 200 rpm. The concentra-
tion of Cr(vi) was measured according to the 1,5-
diphenylcarbohydrazide colorimetric (DPC) method.* Its prin-
ciple is that Cr(vi) can reacted with DPC to form Cr(vi)-DPC
purple complexes under acidic condition, which can be quan-
tified by UV-Vis (Anax 540 nm). In this paper, H,SO, of 50 mL,
H;PO, of 50 mL and ultrapure water of 100 mL were mixed well
to obtain the acid solution. DPC solution was prepared through
dissolving 0.2 g DPC in 50 mL of acetone and diluting to 100 mL
using the above acid solution. Then, 500 pL of Cr(vi) sample and
1 mL of DPC solution were added to 25 mL colorimetric tube
and diluted to 25 mL using ultrapure water. The mixture was
stood for 10 min and measured at 540 nm. The concentration of
Cr(m) is obtained by the difference between the total chromium
concentration and the Cr(vi) concentration. Oxidation method
was used to determine the total chromium content.**** The
sample solution containing chromium was taken in a test tube,
10 mL of ultrapure water and 200 pL of 5% potassium persulfate
(K,S,0g) were added and boiled for 20 min to oxidize Cr(m) to
Cr(vi). The cooled solution was transferred to a 25 mL colori-
metric tube, derivatized and determined according to the DPC
method.

In order to optimize Cr(vi) adsorption conditions, the effect
of initial pH, initial Cr(vi) concentration, time, temperature and
amount of adsorbents were investigated. Cr(vi) solution of
20 mL was mixed with adsorbents (20-50 mg) at different pH
value (2-8) with different concentration (5-200 mg L™ ') and
temperature (20-70 °C) for different time (5-720 min).

The amount of the Cr(vi) adsorbed (mg g~ ') was calculated by
the following eqn (3):

Qt _ (C() — CC) x V (3)

m

The removal rate of the Cr(vi) (%) was calculated by the
following eqn (4):

Co =S 1o0v (4)
Co

Removal rate (%) =
where C, and C. are the initial and equilibrium Cr(vi) concen-
trations (mg L"), respectively, V is the volume (mL) of initial
solution and m is the mass (mg) of adsorbent.

2.6 Regeneration and reuse of SiO,~-CHO-APBA

The regeneration performance of the adsorbents is one of the
important criteria to evaluate the applicability of the adsor-
bents. For desorption investigation, the Cr(vi)}-adsorbed to SiO,~
CHO-APBA in 0.2 mol L™! Na;PO, solution was desorbed at
200 rpm for 4 h at 20 °C. The adsorption-desorption process of
the same SiO,~-CHO-APBA was repeated five times to test the
repeatability.

The desorption rate of the Cr(vi) (%) was calculated by the
following eqn (5):

Cd X Vd

Desorption rate(%) = VX (Co—Cy)
0= Le

% 100% (5)
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where C4 and Vy4 are the concentrations (mg L™ ') and volume
(mL) of the desorbed Cr(vi) solution, respectively, V, C, and Ce
are same as eqn (4).

3. Results and discussion
3.1 Characterization

The FT-IR results were shown in Fig. 2(a). We could observe the
stretching vibration of ~OH at 3450 cm ™', asymmetric stretch-
ing vibration of Si-O-Si appeared at 1090 cm™ ' and Si-OH
bending bands between 800 cm™", which were consistent with
report.”” The peaks at 2945 cm ™" and 2879 cm ™' in the spectrum
of SiO,-NH, were attributed from the asymmetric and
symmetric stretching vibration of methylene.>*® It indicated
that the aminopropyl was successfully bonded which could
provide the amino site for the next reaction.*® After glutaralde-
hyde modification, a new band at 1681 cm™ " in IR spectrum of
SiO,-CHO was observed, which represented the presence of
aldehyde groups.*’*>** The peak at 1446 cm ™" in IR spectrum of
SiO,-CHO-APBA which was the skeleton vibration of benzene
ring.”®> The peak at 1357 cm™ ' was from the B-O stretching
vibration, which was the characteristic absorption peak of
boronic acid group.®® These indicated the phenylboronic acid
had been bonded to SiO,~CHO.

The adsorption and desorption isotherms of N, and the pore
size distribution curve of SiO,—~CHO-APBA were shown in
Fig. 2(b). Based on the adsorption isotherm classification of the
IUPAC, the N, adsorption of SiO,~-CHO-APBA was a typical IV
isotherm.>*** Its hysteresis loop appeared between 0.45 and 0.90
which belonged to H1-type with disordered pores.** The pore
size of 6.56 nm and the narrow range of between 3.05 and
12.42 nm indicated SiO,-CHO-APBA with mesopores.>® The
Brunauer-Emmett-Teller specific surface area of SiO,—~CHO-
APBA calculated from the nitrogen adsorption analysis was
194.34 m* g~

The morphology and structure of the SiO,~-CHO-APBA were
observed by scanning electron microscope (SEM), and the
results were shown in Fig. 2(c) and (d). It was obvious that SiO,-
CHO-APBA was irregular shape and the particle size was 30-100
um. After increasing the magnification, it could be seen the
surface was rough and uneven due to pores and concavities,
which could effectively provide a large number of adsorption
sites and facilitated the adsorption of targets. Transmission
electron microscope (TEM) was used to observe the micro-
structural characteristics of the adsorbent (shown in Fig. 2(e)).
The light and dark images indicated the existence of pores in
the Si0,-~CHO-APBA.

The content of aldehyde group on the surface of SiO,~CHO-
APBA was 0.8074 mmol g~ by the oxime reaction of aldehyde
with H,N-OH-HCl. The content of boronic acid group was
measured as 0.1257 mmol g~ by the affinity interaction of
boronic acid with cis-diol. The B content from ICP-MS was
0.24% which was corresponding to 0.2233 mmol g '. These
indicated that both functional groups were successfully bonded
to the surface of the material.

TGA curve of SiO,~CHO-APBA was shown in Fig. 2(f). From
the data, a weight loss of 1.04% for the material was observed in

RSC Adv, 2023, 13, 15554-15565 | 15557
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Fig. 2 (a) The FT-IR spectra of SiO,—CHO-APBA and its intermediates

; (b) nitrogen adsorption—desorption isotherm of SiO,—CHO-APBA; (c)

and (d) the SEM images of SiO,—CHO-APBA; (e) the TEM image of SiO,—CHO-APBA; (f) the TGA curve of SiO,-CHO-APBA.

the range of 30-61.80 °C due to water evaporation.”® A weight
loss of 3.94% observed in the range of 61.80-275.43 °C was
attributed to the loss of boronic group, which was higher than
the boiling point of phenylboronic acid (265.9 °C).*” There was
a weight loss of 9.18% in the range of 275.43-460.64 °C which
may be attributed to the degradation of decomposition of the
amino-propyl group on the surface.*® As the temperature up to
600 °C and continued to lose weight 8.56%, presumably due to
dehydration condensation of the -OH on the silica gel surface.*®
The SiO,-CHO-APBA was thermostable under low temperature.

3.2 Evaluation of SiO,~-CHO-APBA

3.2.1 Effect of pH on absorption of SiO,~-CHO-APBA to
Cr(vi). As we known, the initial pH value has a significant impact
on the adsorption process, because it can affect the surface

15558 | RSC Adv, 2023, 13, 15554-15565

charge of the adsorbents®* and the presence form of chromium
ions in the solution. Under strong acidic environment (pH < 2),
Cr mainly exists as H,CrO,. In the range of pH 2-6, HCrO, co-
exists as Cr,0,>~ from hydrolysis of HCrO,~ and generally
HCrO,~ is more than Cr,0,>". When pH is greater than 6,
Cr0,>” is the main form.>* Thus, the effect of pH was investi-
gated. SiO,~CHO-APBA adsorbent of 20 mg and the other
common used adsorbents (SiO,-NH,, SiO,-SH, and SiO,—
EDTA) were separately added into 20 mL 50 mg L™" Cr(v)
solution with pH from 2 to 8. The mixture were shaken for 4 h at
room temperature. The supernates were analyzed by UV spec-
trophotometer and results were shown in Fig. 3(a).

From the data, it was obvious that the absorption of SiO,-
CHO-APBA to Cr(vi) was maximum which was up to 41.55 mg
g " at pH 2. Under acidic conditions, the boronic acid group on

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Effect of pH; (b) effect of amount of adsorbent; (c) effect of temperature on the adsorption of Cr(vi) by four adsorbents.

the surface was positively charged and could be electrostatically
attracted to HCrO, .*** Meanwhile, the aldehyde group may be
important which could reduce HCrO,  to Cr*" under acidic
conditions. The reaction equation may be as follows.

Si0, CHO-APBA + 3HCrO, + 8H* — SiO, COOH-
[APBA]'[HcrO,4]~ + 2Crs* + 5H,O

Under alkaline conditions, neither surface protonation nor
reduction reactions were favored.** Thus, the adsorption
amount decreased significantly to 3.16 mg g~ * with pH increase
to 8.

The results showed the other three absorbents also had
a good adsorption effect under acidic conditions, with the best
adsorption at pH 2. However, their maximum were only 1/2 to 1/
3 of SiO0,-CHO-APBA, which was significantly low. The
adsorption effect also showed a decreasing trend as the acidity
decreased. Under low pH, the amino group on the surface of
SiO,-NH, was protonated to -NH;" of positive charge, which
could electrostatically attract the negative ionic HCrO, and
formed SiO,~[NH;]'[HCrO4]~ complex. The best absorption
(22.5 mg g ") of Si0,-NH, to Cr(vi) was obtained at pH 2. With
the increase of pH from 3 to 8, the protonation degree of amino
group decreases, meanwhile the increasing OH~ would effec-
tively compete amino group with CrO,>~, which could induce
a significant decrease of adsorption amount.?*** The lowest

© 2023 The Author(s). Published by the Royal Society of Chemistry

was only 3.08 mg g '. Mercaptopropyl in SiO,~SH has
a reducing effect and can reduce chromium from hexavalent to
trivalent. Under acidic conditions, the sulfhydryl group could
reduce HCrO,~ to Cr’*,%34#1% The adsorption effect gradually
decreased from 16.54 (pH 2) to 3.44 mg g ' (pH 8) with the
decrease of H' participation, which was consistent with the
results of the existing study.® SiO,-EDTA was rich in carboxyl
groups which was differently charged with the change of pH.
When the pH was 2, the surface of the material was positively
charged and could electrostatically attract HCrO, .'>** As the
pH increases, the surface gradually becomes positively charged
and HCrO,~ could be converted to CrO,>".%> The adsorption
free energy change for HCrO,~ was lower than CrO4>~, which
was more difficult to occur.’”* Thus, pH 2 was selected under
the following experiments.

3.2.2 Effect of the amount of SiO,—~CHO-APBA. The
amount of adsorbent directly affects the adsorption of target. To
explore the effect of the amount of adsorbents, 20, 30, 40, or
50 mg adsorbent was added into 20 mL Cr(vi) solution of
50 mg L' at pH 2 and stood for 4 h. Results were shown in
Fig. 3(b). Data indicated the best adsorption was obtained at
20 mg adsorbents. For SiO,-NH,, SiO,-SH, SiO,-EDTA and
Si0,~CHO-APBA, their adsorption amount to Cr(vi) were 20.01,
15.02, 12.31 and 39.33 mg g, respectively. Si0,~-CHO-APBA
showed the highest absorption ability to Cr(vi) among the four
absorbents. The adsorption amount tended to decrease with the
increase of adsorbent amount. The reason maybe the more the
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adsorbent amount, the more sites provided for adsorption and
the more favorable the adsorption occurs.'®** In contrast,
a decrease in the driving force leaded to partial saturation of the
active sites on the surface of the adsorbent so that adsorption
capacity decreased.” To absorb maximum of Cr(vi), 20 mg of
SiO,-CHO-APBA should be selected. The removal rate showed
different trends. It obviously increased with adsorbent amount.
The removal rate of Cr(vi) for 20-50 mg SiO,-NH,, SiO,-SH,
SiO,-EDTA and SiO,-CHO-APBA increased from 40.43% to
67.38%, 24.36% to 42.27%, 30.63% to 65.96%, 78.66% to
97.34%, respectively. Among the four absorbents, SiO,~-CHO-
APBA also showed the best ability for removal of Cr(vi). The
removal rate was more than 97% when its dosage was 50 mg. To
pursue the maximum removal rate of Cr(vi), 50 mg of SiO,-
CHO-APBA should be selected. These results verified that SiO,—
CHO-APBA has a significant advantage than the other three
common used absorbents.

3.2.3 Effect of temperature on absorption of SiO,-CHO-
APBA to Cr(vi). Temperature may have an effect on the
adsorption effect. If adsorption occurs endothermically, the
adsorption amount will increase with the temperature rise. On
the contrary, it is reversed for exothermic reactions.”” Thus,
temperature was investigated. Each adsorbent of 20 mg was
added into 20 mL Cr(vi) solution of 50 mg L " at pH 2 and stood
for 4 h. The temperature was set at 20 °C, 30 °C, 40 °C, 50 °C,
60 °C, or 70 °C. The results were showed in Fig. 4(c). Data
showed the adsorption capacities of SiO,-NH,, SiO,-SH and
Si0,~EDTA decreased from 20.05 mg g ' to 6.41 mg g *,
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Fig. 4 (a) Adsorption kinetics of Cr(vi) by four adsorbents and the
model fitting for pseudo-first-order and pseudo-second-order
equation; (b) fitted curves of pseudo-first-order models and (c)
pseudo-second-order models of the adsorption.
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15.01 mgg 't09.18 mgg ', and 11.06 mg g ' t0o 6.78 mg g ',
respectively. The decrease trend indicated that adsorption was
an exothermic process.®''** In contrast, the adsorption
capacity of SiO,~-CHO-APBA increased from 39.54 mg g~ to
47.29 mg g '. The increased adsorption with temperature
indicated that the adsorption was endothermic.'*****%* It was
presumed that the increase in temperature and the acceleration
of ion motion lead to the acceleration of electrostatic attraction
and reduction reactions. It was consistent with the rate change
of a redox reaction with temperature.**® From an economic
point of view, the high temperature (70 °C) needs to consume
more energy to create the little increase of Cr(vi) adsorption.
Thus, 20 °C was selected in the following experiment.

3.2.4 Effect of the time on absorption of SiO,~-CHO-APBA
to Cr(v1). Valuable information about the adsorb rate and other
details on the overall adsorption process by adsorption kinetics
research.” To explore the adsorption kinetics, each adsorbent of
20 mg was added into 20 mL Cr(vi) solution of 50 mg L ™" at pH 2
and stood at room temperature. The supernatant was sampled
at 5, 15, 30, 60, 120, 180, 240, 360, and 720 min and measured
the adsorption amount of Cr(vi). Results shown in Fig. 4(a)
pointed out that the adsorption started at a fast rate, then the
adsorption rate gradually slowed down. After 180 min, adsorp-
tion amounts were stable, which indicated that the functional
sites of absorbents were involved and the adsorption had
reached the equilibrium.®” The adsorption amounts of SiO,-
NH,, SiO,-SH, SiO,-EDTA and SiO,-CHO-APBA at 180 min
were 19.49, 16.82, 14.14 and 38.60 mg g ', respectively. SiO,~
CHO-APBA still showed a higher absorption ability than the
other absorbents.

To further analyze the Cr(vi) removal performance, the
pseudo-first-order and pseudo-second-order kinetic models*
were exploited to fit the data in Fig. 4(a). The equations of the
two models were as follows eqn (6) and (7).

The pseudo-first-order equation is:

ln(Qe - Qt) =In Qe — Kjt (6)

The pseudo-second-order equation is:

lil+ 1
O, Oe szQe2

where K; (min~") and K, (g (mg min~")) are the constants of
pseudo-first-order rate and pseudo-second-order rate. Q, (mg
¢ ') and Q. (mg g~ ') represent the adsorption amount for Cr(vi)
at ¢ time and equilibrium, respectively.

The quantitative results including the kinetic constants,

(7)

equilibrium adsorption capacity, correlation coefficient (R*) of
four adsorbents for Cr(vi) of the two model were shown in the
Table 1, Fig. 4(b) and (c). It was found that the pseudo-second
order model has a better agreement, all four R*> were above
0.99. This demonstrated that the adsorption processes of the
four absorbents could be well represented by pseudo-second-
order (P-S-O) kinetics. In addition, the Q,, calculated by P-S-O
(20.84, 17.77, 15.06, and 41.44 mg g~ ') were in accordance with
the values obtained from the actual experiment (20.59, 17.33,
14.53, and 39.54 mg g ). The fitted curves of the P-5-O model

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Pseudo-first-order and pseudo-second-order adsorption kinetics model parameters

Pseudo-first-order

Pseudo-second-order

Absorbent k (min™) Om (mgg™) R k (g mg ' min™Y) Om (mgg™ R

Si0,-NH, 0.0003788 24.44 0.6407 0.004705 20.84 0.9994
Si0,-SH 0.0005479 12.65 0.6024 0.007214 17.77 0.9998
SiO,-EDTA 0.0004884 19.20 0.4952 0.005722 15.06 0.9999
Si0,-CHO-APBA 0.0008610 27.40 0.5996 0.001984 41.44 0.9990

didn't pass through the origin, indicating that intra-particle
diffusion was not the only control step of adsorption,® and the
adsorption process was dominated by a chemical process.*

3.2.5 Effect of concentration and adsorption isotherm.
Adsorption isotherm reveals the specific relationship between
the degree of deposition and adsorbate concentration on the
adsorbent surface at constant temperature.”” It can be used to
not only evaluate the adsorption capacity, but also describe how
the adsorbate and adsorbent interact with each other.® Thus, the
effect of concentration on the adsorption of the adsorbents were
investigated at room temperature. Each adsorbent of 20 mg was
added into 20 mL of 5, 10, 15, 20, 25, 50, 100, 150, or 200 mg L "
Cr(v) solution at pH 2 and stood for 4 h. To understand the
relationship between Q. and C. under equilibrium conditions,
the adsorption isotherms of four adsorbents were analyzed by
fitting with the Langmuir and Freundlich model.*

The Langmuir model assumes a monolayer adsorption and
applicable for homogenous surfaces. It assumes each adsorption
site has the same activation energy for adsorption, only one
molecule can be adsorbed at each site. Freundlich model
assumes a multilayer adsorption and applicable for heter-
ogonous surfaces, which means the adsorption sites have
different free energy and each site can adsorb multiple mole-
cules.” These two models can be expressed using eqn (8) and (9):

c_1.c ©
0. bQy O
1
In Q. =In K; + Eln C, 9)

where Q. is the equilibrium adsorption capacity (mg g™ %), C. is
the concentration of the equilibrium solution (mg mL™"), Q is
the saturation adsorption capacity (mg g~ '), and b is the
adsorption constant represents the adsorption affinity, n is the
Freundlich constant represents the ease with which the reaction
occurs. When n > 1, the adsorption process is easy to occur,
when n < 0.5 means it is difficult to adsorb, K¢ is the binding
constant.

The results were shown in Fig. 5(a). In the initial stage (5-
100 mg L"), the adsorption amount increased with the increase
of concentration. The adsorption of SiO,-NH,, SiO,-SH, SiO,-
EDTA and SiO,~CHO-APBA to Cr(vi) of 100 mg L~ " were 32.84,
21.72, 18.32 and 53.35 mg g, respectively. However, with the
further increase of the Cr(vi) concentration, the adsorption
amount gradually stabilized, indicating that the sites were all
involved in the adsorption process and the adsorption reached
the equilibrium. The parameters obtained from fitting two

© 2023 The Author(s). Published by the Royal Society of Chemistry

isotherm models with the experimental isotherm data were
shown in Table 2. The better fit of the Freundlich model to the
experimental data was observed in the case of adsorption of
Cr(v1) onto SiO,~EDTA (see Table 2 and Fig. 5(b)). Good matching
of the experimental data to the Freundlich model proved the
surface energetic heterogeneity in relation to the adsorbed ions."
For SiO,-NH,, SiO,-SH and SiO,—~CHO-APBA, the results indi-
cated the adsorption data were better fitted by the Langmuir
isotherm (see Table 2 and Fig. 5(c)), which indicated that the
uptake of Cr(vi) by the three adsorbents were dependent on the
monolayer adsorption model and the fixed available bonding
sites for metals.»®**%* The saturated adsorption amounts of
SiO,-NH,, SiO,-SH, SiO,-EDTA and SiO,-CHO-APBA calculated
by Langmuir isothermal adsorption model are 40.65,27.17,29.85
and 58.14 mg g ', respectively. It was obviously that the
adsorption capacity of bi-functional material SiO,~-CHO-APBA
was much higher than others, which indicated that simulta-
neous modification of multiple functional groups could effec-
tively enhance the adsorption capacity.**

70 1
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Fig. 5 (a) Adsorption isotherm of Cr(vi) by four adsorbents and the
model fitting for Langmuir and Freundlich models; (b) fitted curves of
Langmuir model and (c) Freundlich model of the adsorption.
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Table 2 Langmuir and Freundlich isotherm model and parameters

Langmuir parameters Freundlich parameters

Absorbent Qo K, R,? Kg n R

Si0,-NH, 40.65 0.06900 0.9923  3.8624 2.0404 0.9735
Si0,-SH 27.17 0.05521 0.9984 2.1795 1.9294 0.9610
Si0,~EDTA 29.85 0.01630 0.9775 0.7404 1.4413 0.9864
Si0,~CHO-APBA 58.14 0.3489  0.9983 12.1133 2.6903 0.9278

3.3 Regeneration performance

From the results, it was obvious that SiO,~CHO-APBA had
a significant advantage in the removal of Cr(vi) among the four
absorbents. For economic benefits, the regeneration perfor-
mance of adsorbent is a necessary indicator to evaluate the
feasibility of adsorbents utilization in industry.”>”* Therefore,
the regeneration conditions of the material were investigated.
Si0,~CHO-APBA of 20 mg was added into 10 mL of 100 mg L ™"
Cr(vi) solution at pH 2. After exploring several desorption
solutions, 0.2 M NazPO, showed the highest desorption rate,
but it couldn't completely eluted Cr. Because of limitation of
silica gel matrix, the stronger base wasn't tried and 0.2 M
NazPO, was selected. After the adsorption equilibrium, the
adsorbent was separated from the liquid, and the adsorbed
adsorbent was dispersed in 10 mL of NazPO, to dissociate the
adsorbed Cr(v1) species on the surface, then proceed to the next
cycle. Five cycles was performed.

The results were shown in Fig. 6. Data showed the state of Cr
present in the solution before and after adsorption. When the
adsorbent was not added, the solution was entirely Cr(vi). After
the addition of SiO,~CHO-APBA, parts of the Cr(vi) was absor-
bed in the form of electrostatic attraction to remove Cr(vi). In
determination of the supernatant, it was unexpectedly observed
both Cr(ur) and Cr(vi). The Cr(vi) was the residual Cr(vi) (16.8%)
that was not completely adsorbed and Cr(m) (20.4%) was
reduced by aldehyde group, in which the similar phenomenon
was observed in reduction Cr by hydroxyl group.? It indicated
that the removal of Cr(vi) occurred under multiple effects. From
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Fig. 6 (a) Recycle adsorption amount of SiO,—CHO-APBA; (b) the
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the cycling results, the adsorption amount was 41.68 mg g~ in
the 1st run, decreased significantly to 29.46 mg g~ " in the 2nd
run, and 21.02 mg g ' in the 3rd run, which showed
a decreasing trend and then stabilized. It is presumed that the
desorption could only remove the part involved in the electro-
static attraction, and at the same time there was some irre-
versible adsorption occupying the adsorption sites® and the
loss of adsorbent.>”* After the 3rd cycle, it was presumed that
the aldehyde group as a reducing role was depleted so that the
adsorption amount gradually stabilized.

3.4 Speculation of the adsorption mechanism

The mechanism of Cr(vi) adsorption by SiO,~CHO-APBA was
investigated and results were showed in Fig. 7. Under acidic
conditions, Cr(vi) existed as HCrO, , while at the same time -B-
OH was protonated and existed as -B-OH,", which achieved the
adsorption of Cr(vi) under electrostatic attraction as Mechanism I
shown.*?** Mechanism II demonstrated the process of reduction
reaction. The aldehyde group was reductive, which was similar to
-SH.>* Under acidic conditions, it reduced HCrO,~ to trivalent
chromium which was non-toxic. In the supernatant after
adsorption, there were presence of not only Cr(vi), which was not
completely adsorbed, but also Cr(u) be restored (see Fig. 6(b)). To
verify that the aldehyde group was involved in the removal of
Cr(v1), the following experiments were performed. SiO,~CHO of
20 mg was taken and 10 mL of 100 mg L~ * Cr(vi) was added, and
the adsorption amount was measured after 4 h. The adsorption
amount was calculated according to eqn (3). The adsorption
amount of SiO,~CHO was obtained as 33.48 mg g '. The
adsorption amount of SiO,~CHO-APBA obtained under the same
conditions was 40.49 mg g '. The results showed that the
introduction of bi-functional groups produced a facilitative effect
on the adsorption of Cr(vi), and the adsorption amount was
increased by about 20.9%. After the solid-liquid separation,
10 mL of 100 mg L™" Cr(vi) was re-added and repeated another
twice. The adsorption amounts of Cr(vi) to SiO,~CHO were 8.24
and 2.39 mg g, respectively. The decreasing trend indicated
that the participation of aldehyde groups in the adsorption
gradually decreased with the increase of the number of repeti-
tions. It proved that the participation of aldehyde group in this
process was irreversible. It was consistent with the above results
that the adsorption amount of SiO,~CHO-APBA gradually
decreased after repeated use. After drying the aldehyde-based
silica gel from three repetitions, it was analyzed using chemical
analysis and determined to contain carboxyl groups (0.58 mmol
g~ 1). It further verified the involvement of aldehyde groups in the
reduction. In addition, it was speculated that the hydroxyl group
in boric acid complexes with oxygen of chromate and held Cr(vi)
by hydrogen bonding as shown in mechanism III.

3.5 Application of SiO,~-CHO-APBA in removing Cr(vi) from
soil

To investigate the effectiveness of adsorbents in practical
applications, four adsorbents were used to remove Cr(vi) in
soils. The blank soil sample was thoroughly dried by oven. Soil
of 20 g was mixed with 10 mL of 1000 mg L " Cr(v1) solution, and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Before and after adsorption images of Cr(vi) in soils by blank,
SiO,—CHO-APBA, SiO,—NH,, SiO,-SH, and SiO,—EDTA.

dried to achieve Cr(vi) soil sample. Each adsorbent of 50 mg was
mixed with 2 g soil sample containing Cr(vi) and the adsorption
was performed under 25 mL pH 2 phosphate buffer for 4 h. The
amount of Cr(vi) in the supernatant was measured after
centrifugation and the removal rate was calculated.

Result was showed in Fig. 8. It was obvious that all color of
the supernatant containing the Cr(vi) and soils became lighter,
indicating that the Cr(vi) was successfully absorbed by adsor-
bents. The supernatant colors from dark to light were SiO,-
EDTA, SiO,-SH, SiO,-NH, and SiO,-CHO-APBA, respectively.
The removal rates of each adsorbent were 10.35%, 25.04%,
37.90% and 72.48%, indicating that the sequence of absorption
ability to Cr(vi) was SiO,~CHO-APBA, SiO,-SH, SiO,-NH, and
SiO,-EDTA, which is also consistent with the results of the
previous experimental investigations. It demonstrated that
SiO,-CHO-APBA had great application value in removing Cr(vi).
If there was an effective reaction to quickly converse back the
aldehyde group, it would be huge potential to remove Cr(vi) in
industry and agriculture.

4. Conclusion

A bi-functional adsorbent containing an aldehyde group and
a phenylboronic acid group was synthesized and applied for the
first time to the removal of heavy metals Cr(vi) from aqueous
solutions and soils in the environment. FTIR, BET, SEM, TEM,

© 2023 The Author(s). Published by the Royal Society of Chemistry

ICP-OES and TGA characterizations were conducted to verify its
structure. Four kinds of materials, SiO,~CHO-APBA, SiO,-NH,,
SiO,-SH and SiO,-EDTA, were used to investigate the optimal
adsorption conditions. SiO,~CHO-APBA exhibited the best
adsorption effect than the other three materials. The adsorption
results showed that the optimal adsorption conditions were pH
2, temperature 70 °C and 20 mg of adsorbent with the best
adsorption capacity and 50 mg of adsorbent with the best
removal rate of Cr(vi). The adsorption kinetics showed that the
adsorption process of four adsorbents follow pseudo-second-
order rate kinetics, and reached adsorption equilibrium after
180 min. The adsorption isotherm was more fitted with
Freundlich isotherm model, which indicated that the adsorp-
tion process was multilayer adsorption. Regeneration experi-
ments were performed on SiO,~CHO-APBA. After five cycles, the
adsorption amount decreased, indicating that irreversible
reactions occurred at some sites of the adsorption process. The
adsorption mechanism indicated that the adsorption occurred
under the combined effect of reduction of aldehyde groups and
electrostatic attraction of phenylboronic acid groups. Applying
the four adsorbents to the removal of Cr(vi) from soil, SiO,-
CHO-APBA showed excellent removal ability to Cr(vi) which was
superior to that of mono-functional adsorbents. The novel SiO,-
CHO-APBA will have good application prospects in Cr(vi)
removal of water and soil samples.
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