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from Natural Halloysite and ItsApplication in Methylene Blue Adsor ption
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Abstract: Avoiding the use of templates and employing natural minerals as raw materials could promote the

cost-efficient preparation of mesoporous materials. This work demonstrated a template-free route to process natural

halloysite into mesoporous silica with high specific surface area (SSA) up to 767 m*/g and pore size of about 5 nm.

The halloysite was successively calcined, alkali-treated and acid-treated. The transformation of calcined halloysite into

crystalline sodium aluminosilicate (zeolite LTA) by longtime alkali-treating, was found to be the key for obtaining

high-SSA mesoporous silica in the final acid treatment. The optimized mesoporous silica showed a monolayer adsorp-

tion capacity as high as 741 mg/g for methylene blue, suggesting its great potential in adsorption applications.
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Mesoporous materials are featured by the moderate
pore size of 2-50 nm and large specific surface area, at-
tracting great attention in applications such as adsorption,
catalysis and separation!' 2!, Templating is the most prev-
alent strategy for preparing mesoporous materials but
suffers from extremely costly templates®*. Clay miner-
als are cheap on account of their abundant reserves in
nature. It would be cost-efficient to prepare mesoporous
materials from natural clay minerals via a template-free
route. Halloysite is a typical clay mineral with a
structural formula of Al,(OH),;Si,05-nH,O and is dis-
tinctive for the tubular morphology™. The nanotube wall
of halloysite consists of curved layers of crystalline alu-
minosilicate, and each layer unit is composed of a corner-
shared tetrahedral [SiO4] sheet stacked with an edge-
shared octahedral [A10]'®".

Selective etching chemistry is feasible in preparing
mesoporous materials from halloysite. For example, Ab-
dullayev, et al'”! and Zhang, et al'® treated halloysite
with sulphuric acid to etch the aluminum oxide compo-
nent, and obtained the nanoporous silica nanotube with
specific surface area (SSA) of 250 m%/g and 267 m%/g,
respectively. Shu, et al®” found that pre-calcining hallo-
ysite could activate the tubewall framework, and then,
acid-etching resulted in mesoporous silica nanotube with
enlarged SSA of 415 m%/g. In order to further improve
SSA, Shu, et al'” introduced a short-term NaOH treat-
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ment on the pre-calcined halloysite, and then etched it
with acid, producing mesoporous silica nanotubes with
SSA as high as 608 m?%g. Nevertheless, the SSA is still
limited compared to those of the mesoporous silica fab-
ricated by the traditional template methods (700 m?/g-
1000 m*/g) for FDU-1"" SBA-15!"% KIT-6!"*!. Thus, it
is still of urgency to develop new processes for preparing
halloysite-derived mesoporous silica with further im-
proved SSA.

In this work, the authors demonstrated that, a long-
term alkali hydrothermal treatment coupled with the
subsequent acid treatment, could process the calcined
halloysite into mesoporous silica with further enlarged
SSA up to 767 m*/g. The effects of alkali treatments on
the composition, morphology and porosity characteristics
of halloysite-derived mesoporous silica were investigated
and the mechanism of the evolution of mesoporosity was
revealed. The adsorption behavior toward methylene blue
(MB) of the mesoporous silica with optimized SSA was
also investigated.

1 Experimental

1.1 Preparation of mesoporous silica from

halloysite
Halloysite, purchased from Danjiangkou Shunhe Clay
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Fig. 1 SEM image (a) and TEM image (b) of halloysite, and SEM image (c) of the calcined halloysite

Co, Ltd., was calcined at 850°C for 4 h. Then 7 g of cal-
cined halloysite was magnetically stirred with NaOH
aqueous solution (140 mL, 4 mol/L) in a sealed Teflon
vessel at 80°C for controlled time periods (0.5, 1, 2, 4
and 6 h), then filtered, purified with deionized water and
dried at 110°C. Afterwards, 5 g of the dried solid reacted
with HCI aqueous solution (100 mL, 5 mol/L) at 80°C
for 6 h in a sealed glass bottle, then filtered, washed with
deionized water and dried at 110°C, becoming mesopor-
ous silica product. The alkali-treated pre-calcined-
halloysite is named as NaOH-X, where X represents the
alkali treating time. Correspondingly, the final acid-
etched product is named as NaOH-x-HCI.
1.2 Dye adsorption test

20 mg of NaOH-6h-HCI1 was added into 20 mL MB
solution in a 40 mL sealed glass vessel. The vessel was
placed in a water-bath shaker at 170 r/min for 24 h at
25°C to achieve equilibrium state. The suspension was
strained by 0.22 um cellulose filter and the transudate
was determined by a UV-Vis spectrophotometer (V-
1600PC, MAPADA, China) at 664 nm. The adsorption
quantity (Q.) at equilibrium was calculated by the follow
equation:
Q=GN Mce il (1)
Where C, and C, (mg/L) are the initial and equilibrium
concentrations of MB in solution, respectively, V (L) is
the solution volume, and M (g) is the adsorbent dosage.

The effect of solution pH on adsorption efficiency was
investigated firstly. The initial MB concentration was
fixed at 400 mg/L and pH was adjusted from 2 to 12 by
HCI and NaOH solutions. In the subsequent adsorption
isotherm study, a constant pH of 8 was employed and the
initial MB concentration was set to 150, 200, 300, 500,
700 and 1000 mg/L. The adsorption isotherms were
evaluated by three classical adsorption isotherm models:
Langmuir, Freundlich, and Redlich and Peterson, the
details of which are presented in the Supporting Infor-
mation.
1.3 Characterizations

Chemical compositions were analyzed by PANalytical
B.V. AXIOSmAX X-ray fluorescence (XRF) spectrome-

try. X-ray powder diffraction (XRD) patterns were re-
corded by a Bruker AXS DS8-Focus diffractometer. Field
emission scanning electron microscopy (SEM) analysis
was performed on a Hitachi SU8010 electron microscope.
Field emission transmission electron microscopy (TEM)
analysis was conducted on a JEOL 200CX electron mi-
croscope. N, adsorption/desorption isotherms at 77 K
were measured using a Micromeritics TriStar 3020 po-
rosimeter. Specific surface area (SSA) was calculated by
the Brunauer-Emmett-Teller (BET) method. Pore size dis-
tributions were analyzed by the Barrett-Joyner-Halenda
(BJH) method.

2 Resultsand discussion

2.1 Halloysite and calcined counter part
Halloysite shows the distinctive nanotube shape (Fig.
1(a) and (b)). XRD patterns (Fig. 2) reveal that raw hal-
loysite is composed of 0.7 nm halloysite (PDF 29-487) as
well as traces of quartz impurity (PDF 46-1045). XRF
data (Table 1) indicates that halloysite are composed of
silica and alumina, and the Si/Al molar ratio (1.03 : 1) is
consistent with the theoretical value (1 : 1). The calcined
halloysite retains the nanotube shape (Fig. 1(c)), while
the crystalline 0.7 nm halloysite transforms into the
amorphous phase (Fig.2). The transformation can be
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Fig. 2 XRD patterns of halloysite, calcined halloyiste, alkali-
treated pre-calcinedhalloysite (NaOH-0.5/1/2/4/6 h), and final
acid-etched samples (NaOH-0.5/1/2/4/6 h-HCI)
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Tablel XRF resultsof halloysite and calcined halloysite (wt%)

Si/AI? Si0, Al,O4 Fe,05 MgO CaO Na,O K,0 Others Lor®
Halloysite 1.03 45.2 37.2 0.305 0.008 0.738 0.022 0.057 1.35 15.1
Calcined halloysite 1.03 52.8 43.5 0.356 0.009 0.862 0.026 0.067 1.58 0.8

2Si/Al: the molar ratio of Si to Al. ® LOI: loss on ignition.

Fig. 3 SEM images of the alkali-treated pre-calcined hallo-
ysite and the final acid-etched samples

Alkali-treated pre-calcined halloysite: (al) NaOH-0.5h; (b1) NaOH-1h;
(c1) NaOH-2h; (d1) NaOH-4h; (e1) NaOH-6h

Final acid-etched samples: (a2) NaOH-0.5h-HCl; (b2) NaOH-1h-HCI;
(c2) NaOH-2h-HClI; (d2) NaOH-4h-HCI; (e2) NaOH-6h-HCl

explicated via the well-known dehydroxylation process
(Reaction (1))®!, during which crystalline phase is thermal-
activated into amorphous Si-O-Al network!'*.
Al,05-28i0,°2H,0 — Al,05-28i0, +2H,0 (2)

2.2 Alkali treatment of the pre-calcined hal-
loysite

After 0.5 h of alkali treatment, the calcined halloysite
generally kept the tubular shape (Fig. 3(al), SEM). When
the treatment extends to 1 h and 2 h, the alkali-treated
sample gradually lost the tubular morphology (Fig. 3(b1)
and (cl)). Moreover, they become microscale granules

after 4 h or longer treatment (Fig. 3(d1) and (e1)). XRD
(Fig. 2) and EDS (Table 2) results indicated that, the
samples alkali-treated for less than 2 h are amorphous
sodium aluminumsiliate. Beyond 4 h, the sample became
crystalline zeolite LTA (PDF 73-2340), which is a type of
sodium aluminosilicate crystal. The Si-O-Al network of
calcined halloysite is supposed to be etched by concentrated
OH™ and react with Na' to form new sodium alumi-
nosilicate framework during alkali- hydrothermal treat-
ment!'”). The long-enough treatment (above 4 h) leaded to
the formation of zeolite LTA crystals.

2.3 Acid-etching of the alkali-treated pre-

calcined halloysite

An HCI treatment was implemented on the alkali-
treated pre-calcined halloysite (NaOH-0.5/1/2/4/6 h).
SEM images (Fig. 3) showed that the acid-treated sam-
ples are irregular microscale granules, and wormlike nano-
pores are evenly distributed in the granules (Fig. 4, TEM).
All the acid-treated samples are amorphous (Fig. 2) and
composed of mainly SiO, (above 95%) and traces of Al

Table2 EDSdata of the alkali-treated samples and
their acid-treated counterparts.

Si Al Na (0]
NaOH-0.5h 18.39 16.79 1.93 62.91
NaOH-1h 20.92 15.16 6.50 57.41
NaOH-2h 20.06 15.25 7.94 56.71
NaOH-4h 19.23 15.08 9.76 55.88
NaOH-6h 20.34 13.70 9.85 56.05
NaOH-0.5h-HC1 ~ 32.37 0.81 0.39 66.43
NaOH-1h-HCl 32.43 0.83 0.43 66.31
NaOH-2h-HC1 32.71 0.67 0.14 66.49
NaOH-4h-HC1 32.37 0.90 0.42 66.31
NaOH-6h-HC1 32.61 0.59 0.48 66.33

@ 100 nm ?F 2

Fig. 4 TEM images of NaOH-6h-HCI (a) and magnified one (b)
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Table3 Porosity parameters of the acid-etched samples
Samples SAmM*g")  Sne/m g Swemad/m’g)  Vem’'g)  Viieoem’ g Vieo/(em®g™)
NaOH-0.5h-HCl 547 17.2 530 0.762 0.002 0.760
NaOH-1h-HCl 573 33.8 539 0.826 0.007 0.819
NaOH-2h-HCl 709 12.7 696 0.725 0 0.725
NaOH-4h-HCl 749 13.4 736 0.703 0 0.703
NaOH-6h-HCl 767 8.64 759 0.669 0 0.669

and Na species (Table 2). The majority of Al-O and
Na-O in the alkali-treated samples (amorphous or crys-
talline sodium aluminosilicate) is believed to be dis-
solved by acid, and the Si—-O component precipitated due
to the acid environment. They formed hydrated SiO,
nanoparticles and aggregated into microscale granules
containing inter- particle nanopores. The SSA of
acid-etched samples (Table 3) reaches up to 767 m?/g,
which is much superior to those of the halloysite-derived
nanoporous silica in literatures (below 608 m?/g)""'* ',
The N, adsorption- desorption isotherms (insert in Fig. 5)
are typical Langmuir IV curves with H, hysteresis loops,
indicating that the nanopores are ink-bottle mesopores
with pore sizes centralized around 5 nm (Fig. 5).

The alkali-treatment time has a significant impact on
the porosity of final acid-treated samples. NaOH-0.5h-
HCI, undergoing the shortest alkali-treatment, has the
lowest SSA of 547 m*/g. Prolonging alkali-treatment to
1 h and 2 h gradually enlargeed the SSA of acid-treated
sample to 573 m?/g and 709 m?/g. Further prolonged
alkali-treatment of 4 h and 6 h results in SSA as high as
749 m?/g and 767 m*/g, respectively. XRD results (Fig. 2)
showed that, the prolonged alkali-treatment from 0.5 h to
4 h mainly contributes to the transformation of amor-
phous calcined-halloysite into crystalline zeolite LTA.
Thus, the reorganization of Si-O-Al network of calcined
halloysite into the sodium aluminosilicate framework of
zeolite LTA by longtime alkali-treating, should be the key
for obtaining high-SSA mesoporous silica in acid-treatment.

b 800 OH-0.5h-HCI
~—NaOH-0.5h-H
1.4 g 700 o NaOH-1h-HCI
= 8 £600 [ ~—NaOH-2h-HCl
=E S v 500 [ —~NaOH-4h-HCI
2 g .- ——NaOH-6h-HCI
-~ | 5 400 [ )
o < 8o
> =0T
0.8 100 | 4

0 1 1 1 1
0 02 04 06 08 10
Relative pressure (®/po)

0.4

2 4 § 12 16 20 24 28
Pore width / nm

Fig. 5 BJH pore size distribution plots and N, adsorption-

desorption isotherm (insert) of the final samples

It is supposed that the crystalline sodium aluminosilicate
framework of zeolite LTA deconstructed in acid via sodium/
aluminum dissolving and became amorphous residual
topologies of hydrated silica nanoparticles. Then, the
intermediate hydrated silica nanoparticles bonded with
each other through the dehydration condensation of si-
lanol groups, and constructed irregular granules with
inner mesopores, i.e. mesoporous silica with high SSA.
2.4 Adsorption performance of the mesoporous
silica

The effect of solution pH on the MB adsorption effi-
ciency of NaOH-6h-HCl was shown in the insert of
Fig. 6. When the pH value raises from 2 to 8, the MB
removal efficiency increased from 61.3% to 95.9% and
maintained above 95% at further elevated pH. The supe-
rior adsorption efficiency at high pH values can be at-
tributed to the increased negative charges on the adsorb-
ent in alkali environment, which promotes the adsorption
of the positively charged MB cations''®). The pH of 8 was
chosen for the subsequent adsorption isotherm study.
Adsorption isotherms and non-linear fitting plots are
presented in Fig. 6. Detailed parameters of three adsorp-
tion isotherm models are shown in Table S1. The fitting
quality follows the order Redlich-Peterson (R*= 0.991) >
Langmuir (R*= 0.986) > Freundlich (R*= 0.932) in view
of the R? value of three models. Thus, the MB adsorption
is assumed to primarily occur by monolayer adsorption
on heterogeneous surfaces with different intensity and

800

w
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m Experimental
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a— Langrnuir E
Il b— Freundlich
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Fig. 6 Effect of solution pH on MB adsorption efficiency
(insert), and Langmuir, Freundlich and Redlich-Peterson iso-
therms for MB adsorption on NaOH-6h-HCI
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Table4 MB adsorption capacities of NaOH-6h-HCI and other excellent adsor bents

Adsorbent Qu/(mg-g™h SSA/(m? g™ (Qu/SSAY/(mg'm™>) Ref.
NaOH-6h-HC1 741 767 0.966 This work
Mesoporous silica nanotubes 618 608 1.020 [10]
Mesoporous silica nanotubes 427 415 1.030 [9]
Bamboo activated-carbon 454 1896 0.240 [18]
Mesoporous silica SBA-15 280 668 0.419 [19]
Graphene 154 295 0.522 [20]

energy. The active energetic heterogeneity of mesopor-
ous silica may result from the irregular pore shape,
wide-distributed pore size, surface functional groups and
impurities!'”. According to the Langmuir isotherm model,
NaOH-6h-HCI has a monolayer MB adsorption capacity
of 714 mg/g, equivalent and even superior to the reported
181 ordered
mesoporous silica!'” and graphene!*” (Table 4), indicat-
ing its promising perspective in adsorption applications.

excellent adsorbents such as activated carbon

3 Conclusions

A route of successive calcination, alkali treatment and
acid treatment, was developed to process natural hallo-
ysite into mesoporous silica with SSA as high as
767 m*/g and pore size of about 5 nm, which demon-
strated an excellent monolayer MB adsorption capacity
of 714 mg/g at pH=8. The crystalline halloysite becomes
amorphous aluminosilicate in calcination, then reacts
with concentrated sodium hydroxide to form sodium
aluminosilicate during alkali treatment, and finally de-
composes into mesoporous silica due to the dissolving of
sodium and aluminum components in acid treatment. The
formation of crystalline sodium aluminosilicate (zeolite
LTA) by longtime alkali-treatment, is the key to obtain
high-SSA mesoporous silica in subsequent acid-treatment.
This technique could be cost-efficient on account of the
template-free feature and the particular use of natural
mineral as the sole raw materials.
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Supporting infor mation:

Template-free Synthesis of M esoporous Silica with High Specific Surface Area
from Natural Halloysite and ItsApplication in Methylene Blue Adsor ption

CHEN Meng-Qiu', CHEN Yun?, SHU Zhu?, WANG Yu', WU Hong-Juan', Guo Li-Min'
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The adsorption isotherms were evaluated by three
classical adsorption isotherm models: Langmuir!',
Freundlich®, and Redlich and Peterson™, which follow
the equations (S1), (S2) and (S3), respectively.
_QubC,
1+ bC,

Where Q. (mg/g) is the quantity of adsorbed MB at equi-
librium. C, (mg/L) is the equilibrium MB concentration
in solution. Qn, (mg/g) is a constant which indicates the
maximum monolayer adsorption capacity of adsorbent. b
is a constant corresponding to the affinity of adsorbent
towards adsorbate, the increased value of b suggesting
stronger affinity. Langmuir isotherm model assumes that
adsorption occurs on the homogenous surface and no
interaction happens between the adsorbates on the plane
of surface.

Freundilch: Q. =KeC" (S2)
Where Kg is a constant representing the amount of ad-
sorbate in per unit of adsorbent. The slope 1/n, between 0
and 1, represents the surface heterogeneity of the ad-
sorbent, and the value of 1/n closer to 0 implies the
higher heterogeneity. Freundlich equation is an empirical
equation and supposes the adsorption occurring on het-
erogeneous surfaces with different energy of adsorption.

AC

- S3
Q 1+ BCY (83)

The Redlich-Peterson isotherm model involves the

(ShH

Langmuir: Q.

Redlich-Peterson:

Table S1 Parameters of three adsor ption isotherm
models for M B adsor ption on NaOH-6 h-HCI

Isotherm models Parameters Value
Langmuir Qu/(mg-g™h) 741
b/(mg-L™") 0.053
R 0.986
Freundlich Kg 139
I/n 0.300
R 0.936
Redlich—Peterson g 0.912
A(L-g™h 51.2
B/(L-mg™") 0.111
R 0.991

features of both Langmuir and Freundlich isotherm mod-
els. A, B, and g are constants. g indicates the tendency
towards the Langmuir or Freundlich model. When g = 1,
the Redlich-Peterson model equals to the Langmuir mod-
el.
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